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Abstract

The PDZ domains of the trimeric DegS protease bind unassembled outer-membrane proteins
(OMPs) that accumulate in the E. coli periplasm. This cooperative binding reaction triggers a
proteolytic cascade that activates a transcriptional stress response. To dissect the mechanism of
allosteric activation, we generated hybrid DegS trimers with different numbers of PDZ domains
and/or protease-domain mutations. By studying the chemical reactivity and enzymatic properties
of these hybrids, we show that all subunits experience a strongly coupled energetic landscape. For
example, OMP-peptide binding to a single PDZ domain stimulates active-site chemical
modification and proteolytic cleavage in the attached and neighboring protease domains. OMP-
peptide binding relieves inhibitory PDZ interactions, whereas the interfaces between protease
domains in the trimeric DegS core mediate positively cooperative activation driven both by
substrate binding and inhibition relief.

HtrA-family proteases consist of a protease domain, which employs a classical Ser-His-Asp
catalytic triad and assembles into a stable trimer, and one or two PDZ domains, which
regulate activity by binding the C-termini of regulatory or substrate molecules®. Human
HtrA enzymes play roles in apoptosis, growth, and differentiation, and have been linked to
arthritis, cancer, vascular disease, and macular and neural degeneration2-8, but much of our
understanding of these proteases is based on studies of DegsS, a bacterial ortholog. E. coli
Degs is a single PDZ-domain protease that senses environmental stress in the periplasm by
binding the C-termini of outer-membrane proteins (OMPs) that fail to assemble®. This
binding event activates DegsS proteolysis of a transmembrane anti-sigma factor, initiating an
intramembrane proteolytic cascade that ultimately results in transcription of envelope-stress
genes in the cytoplasm10.

Degs trimers are anchored to the periplasmic face of the inner membrane, with each subunit
containing a trypsin-like protease domain and a PDZ domain:11, Heat shock and other
stresses slow insertion of OMPs into the outer membrane, and unassembled OMPs
accumulate in the periplasm, where their C-terminal Tyr-Xxx-Phe peptides bind to the DegS
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PDZ domains and activate cleavage of the RseA periplasmic domain (RseAP)°. RseA spans
the inner membrane and its cytoplasmic domain binds and inhibits the oF transcription
factor12-14, DegS cleavage of RseAP creates a new C-terminal residue that recruits RseP, an
integral-membrane protease, resulting in a second cleavage of RseA and release of its
cytoplasmic domain plus bound oF from the membranel®-18, AAA+ proteases then degrade
the RseA portion of this complex19-20, liberating oF to activate transcription.

The core of the DegS enzyme is formed by symmetric packing between its three protease
domains, with peripheral PDZ domains contacting only the protease domain in the same
subunit?1:22 (Fig. 1a). The ligand-free PDZ domains inhibit proteolysis, as RseA is cleaved
more than 100-fold faster by a DegSAPPZ variant than by Degs$ in the absence of OMP
peptides®2324, The site for OMP-peptide binding in each PDZ domain is ~25 A from the
nearest proteolytic active site in the trimer2l, indicating that the mechanism of activation
must be indirect. Many features of OMP activation of DegS cleavage of RseA can be
explained by a Monod-Wyman-Changeux (MWC) model of allostery in which DegS trimers
exist either in an inactive/tense conformation or in an active/relaxed conformation, with the
binding of specific OMP peptides and/or the RseA substrate altering the equilibrium
between these states?4-27. Indeed, the trimeric protease domain displays two basic
conformations, which correspond to active and inactive structures, in a large number of
crystal structures?1-24.27.28 The free energies and percentage of active enzymes for the
different unbound or ligand-bound states of DegS and DegS2PPZ (Fig. 1b) have been
calculated based on MWC modeling of experimental data2426. However, other models of
Degs activation have been proposed in which OMP binding to a specific PDZ domain
selectively tunes the cleavage activity of only one DegS subunit rather than the entire
trimer21:28,

Allostery is widely used to control biological reactions, and the molecular mechanisms that
mediate and control the underlying cooperative conformational changes are therefore of
substantial interest.29-30 To test the mechanism of allosteric activation by OMP peptides,
here we generate and study the enzymatic properties of asymmetric DegS trimers that lack
one or two PDZ domains. By using active-site chemical profiling®! and/or placing mutations
that inactivate specific protease domains in these trimers, we show that OMP-peptide
binding to a single PDZ domain affects the activity of the protease domain in the same
subunit and neighboring subunits. Similarly, mutations that stabilize or destabilize the active
conformation of one protease domain affect the activities of neighboring protease domains.
Our results support a model in which the allosteric conformations and thus the proteolytic
activities of each DegS subunit are cooperatively coupled through a shared free-energy
landscape of the trimeric core. OMP-peptide binding relieves inhibitory PDZ interactions,
allowing positively cooperative proteolytic activation driven in part by the intrinsic energetic
landscape of the trimeric core and in part by substrate binding.

DegS trimers with one or two PDZ domains

E. coli DegsS variants that lack the N-terminal membrane anchor or that lack this anchor and
the PDZ domain have been used for previous biochemical and structural
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studies®21.23.24.26-28 Both variants form stable trimers in solution. Here, we used two types
of Deg$ subunits to create mixed trimers. Subunits called “S” contain the protease and PDZ
domains (residues 27-355) with an N-terminal Hisg tag replacing the membrane anchor.
Subunits called “A” contain the protease domain alone (residues 27-256) with an N-terminal
Flag tag in place of the anchor sequence. We expressed and purified the SSS trimers and
AAA trimers separately.

To obtain hybrid trimers, we used a strategy (Fig. 1c) employed to obtain mixed oligomers
of other proteins32:33, Purified SSS and AAA trimers were mixed, incubated under
denaturing conditions, and denaturant was removed by dialysis. The resulting mixture was
first run on a gel-filtration column to remove aggregated material and then chromatographed
on an ion-exchange column, allowing purification of individual species corresponding to
SAA, SSA, and SSS DegsS trimers (Fig. 1¢). The AAA enzyme was recovered in the flow-
through fraction but was contaminated with a small amount of at least one species
containing S subunits (Fig. 1c). Thus, for experiments using the AAA enzyme, we denatured
and renatured AAA by itself and then removed aggregated protein by gel filtration.
Following denaturation, renaturation, and purification, AAA cleaved 3°S-RseAP with kinetic
parameters similar to those of native DegS2PPZ (Table 1), which differs only in the tag
sequence. In addition, the activities of SSS and native DegS were similar (Table 1). Trimers
are very stable under non-denaturing conditions, and thus subunit exchange or
rearrangement should be insignificant during the short times (~10 min) used for activity
assays. In the presence of saturating concentrations of an OMP tripeptide (Tyr-Tyr-Phe),
both the SAA and SSA enzymes cleaved 3°S-RseAP at rates that varied linearly with enzyme
concentration (Fig. 1d), establishing that active trimers are the major species populated over
this concentration range. These assays and those presented below used sub-Ky,
concentrations of RseAP to ensure sensitivity to small changes in enzyme activity.

Cleavage activity and the number of PDZ domains

We initially measured the basal rate of cleavage of a sub-Ky; concentration of 35S-RseAP
(200 uM) by the AAA, SAA, SSA, and SSS enzymes and observed an approximately
exponential decrease in activity for each additional PDZ domain (Fig. 2a). This result
supports a model in which each ligand-free PDZ domain stabilizes the inactive trimer
relative to the active trimer by roughly 1.5 + 0.5 kcal/mol.

Next, we measured SAA, SSA, and SSS cleavage of 200 uM 35S-RseAP in the presence of
saturating Tyr-Tyr-Phe tripeptide (Fig. 2b). Strikingly, despite having fewer PDZ domains,
the SAA and SSA variants had peptide-activated cleavage activities that were very similar to
the SSS trimer.

We also assayed initial rates of cleavage of different concentrations of 3°S-RseAP by the
SSS, SSA, and SAA enzymes in the presence of saturating Tyr-Tyr-Phe, and by the AAA
enzyme, which has no PDZ domains and thus does not bind this tripeptide (Fig. 2c; Table 1).
Each cleavage reaction was positively cooperative, with a Hill constant for substrate
between 1.5 and 1.9 and an apparent Ky, between 300 and 490 uM (Table 1). Thus,
removing PDZ domains causes only minor changes in the positive cooperativity and
apparent strength of substrate binding. In terms of Viax, SSA had the highest value, SAA and
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SSS were similar, and AAA was lowest. Previous studies showed that DegSAPPZ, which is
almost identical to AAA in sequence, had a somewhat low Vax, at least in part, because the
relative stabilities of the active and inactive conformations result in only ~50% of trimers
assuming the functional conformation at saturating RseAP substrate concentrations (ref. 24).
The Vmax Values of the AAA, SAA, SSA, and SSS trimers are probably dictated by a
combination of direct and indirect effects, in which the contribution of any subunit depends
on the identities of its neighbors (see Discussion).

PDZ domains regulate cis and trans subunits

To determine if PDZ domains in hybrid trimers affect the activities of the attached (cis)
protease domain and/or neighboring (trans) protease domains, we used chemical profiling to
probe active-site reactivity in the SSA and SAA hybrids with TAMRA-fluorophosphonate
(TAMRA-FP). This fluorescent reagent covalently modifies the side-chain hydroxyl of the
active-site Ser201 residue when the oxyanion hole and catalytic triad are properly
formed26:31, Because S subunits are ~10 kDa larger than A subunits, we used SDS-PAGE
followed by fluorescence imaging to determine the extent of TAMRA-FP labeling of each
type of subunit.

For the SSA hybrid, neither S nor A subunits were labeled efficiently by TAMRA-FP
without activating peptide, but both subunit types were labeled when Tyr-Tyr-Phe was
present (Fig. 3a). Thus, the active-site reactivity of the A subunit is repressed by one or both
of the unliganded PDZ domains in the neighboring S subunits and is stimulated by one or
both of the peptide-bound PDZ domains in the neighboring subunits. For the SAA hybrid,
substantial TAMRA-FP modification of S and A subunits was observed without OMP
peptide, consistent with the higher basal activity of this enzyme, and OMP peptide increased
the reactivity of both types of subunits ~3-fold (Fig. 3b, c). In combination, these results
provide strong evidence that unliganded PDZ domains repress activity and OMP-peptide
binding activates proteolysis in both the cisand trans protease domains. OMP-bound S
subunits were ~2-fold more reactive than A subunits after normalizing the rate of TAMRA-
FP modification for subunit number, suggesting some degree of asymmetry in intrinsic
subunit activity and/or OMP-peptide activation of cis versus trans subunits.

As a second method to test how the cleavage activities of S and A subunits in hybrid trimers
are regulated by OMP-peptide binding in cisor trans subunits, we inactivated the catalytic
triad by replacing the Ser201 nucleophile2! with alanine (henceforth called SA) in just S
subunits or just A subunits to generate SSASSAA, SSAAA, SSASA, and SASAASA variants. For
each of these enzymes, addition of Tyr-Tyr-Phe enhanced the rate of cleavage of a sub-Ky,
concentration of RseAP (Fig. 3d). Importantly, peptide binding to the single PDZ domain in
SASANSA activated cleavage in the cis subunit, whereas peptide binding to the single PDZ
domain in SSAAA activated cleavage in trans subunits (Fig. 3d). Conversely, a single
unliganded PDZ domain in a hybrid trimer suppressed the proteolytic activity of the attached
protease domain or the protease domains in adjacent subunits. The ratio of stimulated/basal
activities was 14 + 6 for SASAASA and 7 + 1 for SSAAA. Thus, cis activation may be
somewhat more efficient than trans activation, although the difference is close to the error
and may not be significant.
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Mutating inactive subunits can increase trimer activity

The His198 side chain is close to the oxyanion hole of DegsS, and the His198-Pro mutation
(henceforth called HP) increases basal activity and OMP-activated cleavage of sub-Kp,
concentrations of RseAP (ref. 26). In crystal structures of the active HP enzyme, the Pro198
side chain makes favorable energetic contacts that would not be expected to be made in the
inactive enzyme?4:27, suggesting that the HP substitution increases activity indirectly by
narrowing the free-energy gap between the inactive and active conformations. If HP does act
indirectly by changing conformational preferences and the conformations of all protease
domains in a trimer are tightly coupled, then HP mutations in catalytically inactive subunits
should enhance proteolytic activity in neighboring subunits. By contrast, if the HP mutation
acts directly by improving catalysis or only affects the conformational preference of the
subunit in which it resides, then it should only increase activity in the context of a
catalytically active subunit. To distinguish between these models, we generated hybrid
trimers containing mixtures of S or A subunits with different combinations of the HP and
active-site SA mutations.

We initially determined cleavage activities of the SSAAA and SHP/SAAA variants. At low
substrate concentrations, Tyr-Tyr-Phe activated cleavage by SHP/SAAA was faster than by
SSAAA (Supplementary Results, Supplementary Fig. 1a), suggesting that less substrate-
binding energy is required to drive the conformational change from the inactive to the active
SHPISAAA structure. Similarly, when we generated the SHP/SASHP/SAA and SSASSAA hybrid
trimers, the HP mutations in the catalytically inactive subunits resulted in stronger apparent
substrate binding as assayed by cleavage by the single active A subunit (Supplementary Fig.
1b). These results support a model in which HP mutations in some subunits reduce the free-
energy gap between the inactive and active conformations of all subunits in hybrid trimers.

We also assayed the Tyr-Tyr-Phe dependence of cleavage of a sub- Ky, concentration of
RseAP by the SHP/SAAA and SSAAA enzymes (Supplementary Fig. 1c) and by the
SHPISAGHPISAA and SSASSAA enzymes (Supplementary Fig. 1d). For the first pair, the HP
mutation in the inactive subunit increased the maximal peptide-stimulated activity ~2-fold
and decreased the peptide concentration required for half-stimulation ~3-fold compared to
the otherwise identical enzyme without this mutation (Table 1). Basal activity was also ~5-
fold higher for SHP/SAAA than SSAAA. These results support a model in which the HP
mutation in the inactive SHP/SA subunit stabilizes the active conformations of neighboring A
subunits. For the second pair, the HP mutations in both inactive subunits increased basal
activity ~100-fold, increased maximal peptide-stimulated activity ~4-fold, and decreased the
peptide concentration required for half-stimulation ~5-fold (Supplementary Fig. 1d; Table
1). Again, these results indicate that HP mutations in the inactive subunits of SHP/SAGHPISAp
stabilize the active conformation of the single catalytically competent A subunit. These
stabilizing effects allow the one functional A subunit of SHP/SASHPISAA to have OMP-
peptide stimulated cleavage activity similar to the combined activities of both functional A
subunits of SHP/SAAA (Table 1).
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Additional evidence for a common subunit energy landscape

Contacts made by the side chain of Tyrl62 in the protease domain appear to be important
for stabilizing the active conformation of DegS?L. Indeed, the Tyr162-Ala mutation
(henceforth called YA) eliminates RseAP cleavage in DegS and DegS APDZ
backgrounds21:23.24, We generated and purified SSAYA and SAYAAYA variants and
measured the dependence of cleavage of a sub-Kjy, concentration of RseAP on Tyr-Tyr-Phe
concentration (Fig. 4a, b). Compared to the same enzymes without the YA substitutions, the
maximum activated levels of cleavage were suppressed to extents far greater than would be
expected if the AYA subunits did not reduce the proteolytic activities of the neighboring S
subunits. For example, at saturating Tyr-Tyr-Phe tripeptide, the cleavage activity of SSA
was ~8-fold higher than that of SSAYA, and the cleavage activity of SAA was ~13-fold
higher than that of SAYAAYA (Fig 4a, b). By contrast, a model in which the AYA subunits
themselves are inactive but do not affect the activities of neighboring subunits predicts much
smaller differences.

TAMRA-FP did not modify the YA variant of DegSAPDZ, consistent with the active sites of
this mutant trimer adopting an inactive conformation. Similarly, without OMP peptide, we
found that neither the S nor AYA subunits of the SSAYA and SAYAAYA variantswere
appreciably modified by TAMRA-FP. Importantly, however, saturating Tyr-Tyr-Phe
supported TAMRA-FP labeling of both the S and AYA subunits of the SSAYA and SAYAAYA
enzymes (Fig. 4c), although the normalized extent of modification was ~2-fold greater for
the S subunits than the AYA subunits.

In combination, these results support a model in which all subunits of hybrid trimers
experience a common energy landscape in which mutations that affect the conformational
preferences of one subunit to adopt the active or inactive conformation also affect these
preferences in neighboring subunits.

Discussion

How does OMP-peptide binding to the PDZ domains of trimeric DegS regulate proteolytic
activity? Others had proposed that the penultimate side chain of a bound OMP peptide
initiates a network of interactions that remodels the oxyanion hole in the active site of just
the neighboring counterclockwise subunit?1:28:34 By contrast, we find that OMP-peptide
binding to a single PDZ domain in a hybrid trimer activates both the same subunit and
neighboring subunits. Additional studies show that the penultimate OMP-peptide residue,
which is poorly conserved, is not an important activation determinant®23.26, Rather, the
activation trigger is likely to involve the highly conserved C-terminal phenylalanine of
OMPs, as the binding of this side chain requires movement of Met319 in the PDZ docking
site from its position in inactive structures to one that should clash with and destabilize the
inactive conformation of the protease domain. Indeed, the inactive conformation is stabilized
by salt bridges between PDZ residues in the same helix as Met319 (e.g., Asp320) and
residues in the protease domain (e.g., Arg178) (Fig. 5a). Deletion of the PDZ domain
removes these inhibitory salt bridges, resulting in peptide-independent activation®23.24,
However, only ~50% of otherwise wild-type DegSAPPZ trimers assume the active
conformation in the presence of saturating substrate24, suggesting that structural features
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within the protease domain also contribute to the relative stabilities of the inactive and active
conformations of this domain.

The principal result of the present work is that different protease domains in a DegS trimer
share a cooperatively coupled energy landscape. This coupling allows OMP-peptide binding
to a single PDZ domain to affect the conformations of cisand trans subunits in a trimer and
allows sequence substitutions in one subunit of a trimer to affect the conformational
preferences and thus the activities of neighboring subunits. The active conformation of the
Degs protease-domain trimer contains a network of interactions involving side-chain and/or
main-chain atoms of ~15 residues from each subunit (Fig. 5b, ¢)21:23.24.27.28 Many
interactions within this network are absent in the inactive structures, including hydrogen
bonds between the side chains of Thr167, Arg178, and GIn19. Indeed, in the inactive
structure, Arg178 makes an inhibitory salt bridge with the PDZ domain (Fig. 5a). We
propose that the cooperatively coupled energy landscape arises because the entire interaction
network is substantially more stable than the sum of its parts, as expected in any highly
coupled system in which each additional interaction reduces the entropic cost of successive
interactions3®. Supporting this model, the Thr167-Val, Arg178-Lys, and GIn191-Ala
mutants of DegS2PPZ are each missing only a small fraction of the network but have no
detectable activity and crystallize in the inactive conformation24,

Two of the mutations studied here, Tyr162-Ala and His198-Pro, affect the interaction
network in opposite ways. Tyr162-Ala removes a packing interaction with residue 198 and
thus destabilizes the active network (Fig. 5¢). We find that a Tyr162-Ala substitution in one
subunit reduces the activity of neighboring wild-type subunits, as expected if fewer trimers
adopt the active conformation. By contrast, the His198-Pro substitution adds additional
contacts with the Tyr162 side chain and stabilizes the active conformation2428, Introduction
of His198-Pro into DegS APDZ increases Vinay and almost completely eliminates the positive
cooperativity of substrate binding, as expected if this variant predominantly assumes the
active conformation, even in the absence of substrate24. Our current results show that the
His198-Pro mutation in a catalytically inactive subunit increases the activity of a
neighboring APDZ subunit, as expected for cooperative stabilization of the functional trimer
via formation of additional network contacts.

How does substrate binding stabilize the active conformation? There are no structures of the
substrate-bound protease domain, but structures of diisopropylfluorophosphate-modified
enzymes provide an important clue, as the isopropyl group of the modified Ser201 side
chain mimics a valine side chain at the substrate P1 position2427, This substrate mimic adds
an additional network contact, helping tie together the active sites of each subunit of the
active trimer (Fig. 5b, c).

OMP activation of DegS and mutant variants is fit well by the MWC model of allostery in
which substrates and OMP-peptide effectors simply alter the equilibrium populations of
inactive trimers versus active trimers, with the unliganded PDZ domain stabilizing inactive
trimers25:26, Qur present finding that basal enzyme activity is inversely proportional to the
number of PDZ domains in the trimer supports this inhibitory role. We also find that hybrid
DegsS trimers with one or two PDZ domains have OMP-stimulated activities equal to or
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greater than trimers with three PDZ domains. These results suggest that the activities of
these hybrid trimers are dictated, at least in part, by the effects of each type of subunit on the
energy difference between the active and inactive conformational states. Because there is no
simple trend between OMP-stimulated activities and the number of S or A subunits in
different hybrids, the contribution of each subunit must depend, at least in part, on the
identities of both neighboring subunits.

Within the context of an individual hybrid trimer, we find that the active sites of PDZ-
containing subunits react with the chemical-profiling reagent TAMRA-FP ~2-fold faster
than APDZ subunits. Because altered reactivity suggests altered structure, this result is not
expected by the MWC model2®, which posits that all protease domains in a trimer should be
symmetric and have the same structure irrespective of the presence of the PDZ domain.
DegS might be better described by a general allosteric model that allows mixtures of active
and inactive subunits within the same trimer36:37. Because the general model contains all
species allowed by the MWC model, both models make similar predictions as long as DegS
trimers with mixtures of active and inactive subunits are poorly populated relative to
symmetric species. Alternatively, a variation of the MWC model in which minor structural
asymmetry is allowed in terms of active-subunit conformations could also explain the small
differences that we observe between S and A subunits. Indeed, in crystal structures of

DegSAPDZ. some catalytic triads in a given trimer are well formed, whereas others are
Not23.24.27

OMPs represent one of the major macromolecular components of the outer membrane of
Gram-negative bacteria and high rates of synthesis, secretion, and assembly are required to
maintain exponential growth38. Thus, the concentration of unassembled OMPs passing
through the periplasm is probably always significant. From a biological perspective, the
energy landscape of DegS allows positively cooperative switch-like behavior in which
modest increases in periplasmic OMPs, resulting from assembly defects caused by stress,
cause substantial activation of the envelope-stress response.

Evolution produced a highly regulated DegS proteolytic machine with two important
allosteric interfaces, one between the PDZ domain and the attached protease domain (Fig.
5a) and one between neighboring protease domains in the trimeric core (Fig. 5b, ¢). The
unliganded PDZ domain inhibits proteolysis by stabilizing the inactive conformation,
whereas OMP peptide binding to the PDZ domain antagonizes this inhibition. The design of
the trimeric proteolytic core favors the inactive conformation in the absence of substrate and
the active conformation in the substrate-bound state. This allosteric hierarchy allows robust
control of RseA proteolysis linked to the concentrations of both substrate and OMP activator
molecules. Trimers are the basic structural unit of all members of the HtrA family, and it
will be important to determine if the allosteric and functional features of these enzymes
resemble those of DegsS.

Online Methods

Genes encoding E. coli DegS residues 27-355 with an N-terminal Met-Arg-Gly-Ser-Hisg-
Gly-tag (called S subunits) or residues 27-256 with an N-terminal Flag Met-Asp-Tyr-Lys-
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Asp-Asp-Asp-Lys-Gly- tag (called A subunits) were cloned into a modified pet21b vector,
and mutants were generated using the QuikChange PCR protocol. E. coli strain ER2566
harboring specific expression plasmids was grown at 37 °C to an ODgqq of ~0.6, isopropyl
3-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM, and
growth was continued for 4 h. Cells were harvested by centrifugation, resuspended in 50
mM NaPQy,, 300 mM NaCl, and 10 mM imidazole (pH 8.0), and frozen at —80 °C. The cell
suspension was thawed, lysed by sonication, and the lysate was centrifuged at 14,000xg for
30 min to remove insoluble debris. To purify Hisg-tagged SSS trimers, the supernatant was
loaded onto a Ni**-NTA column (Pierce) equilibrated with 50 mM NaPQO,, 300 mM NacCl,
and 10 mM imidazole, pH 8.0. The column was washed extensively and the protein was
eluted by the addition of 50 mM NaPO,4, 300 mM NaCl, 300 mM imidazole, pH 8.0. To
purify Flag-tagged AAA trimers, the supernatant was brought to 20% saturation with
ammonium sulfate, incubated at 4 °C for 1 h, centrifuged at 14000 xg for 20 min, and the
supernatant was discarded. The pellet was resuspended in 10 mM NaPO,, 50 mM NaCl, pH
8.0 (buffer A) and dialyzed extensively against the same buffer to remove residual
ammonium sulfate. This solution was loaded onto a Q-Sepharose fast-flow column (GE
Healthcare), washed extensively with buffer A, washed with buffer A plus 150 mM NaCl,
and the Flag-tagged AAA trimer was eluted with buffer A plus 300 mM NaCl. Both the Hisg-
tagged SSS and Flag-tagged AAA proteins were 95% pure as judged by SDS-PAGE. Each
was concentrated to ~0.5 mM using an Ultracel-50k centrifugal filter (Millipore), 10% v/v
glycerol was added, and the proteins were stored at =80 °C until use.

Generating and purifying hybrid trimers

To generate hybrid trimers, equimolar concentrations of Hisg-tagged SSS trimers and
FLAG-tagged AAA trimers were combined and diluted 15-fold into 7 M guanidinium
chloride, 50 mM NaPO,, 300 mM NaCl (pH 8.0). After incubation at 50 °C for 2-3 h to
promote disassembly of SSS and AAA trimers, the solution was dialyzed extensively against
50 mM NaPOy4, 300 mM NaCl, 5 mM EDTA (pH 8.0) at 4 °C. This mixture was
concentrated by ultrafiltration and chromatographed on a Superdex-200 column (GE
Healthcare) equilibrated with 10 mM NaPO,4, 50 mM NaCl, 1 mM EDTA (pH 6.7) to
remove aggregated protein. Appropriate fractions were combined, concentrated, and loaded
onto a 1 mL ReSource 15S cation-exchange column (GE Healthcare) equilibrated with 10
mM NaPQOy,, 50 mM NaCl, 1 mM EDTA (pH 6.7). AAA trimers were found in the flow-
through fraction. The NaCl concentration was increased to 375 mM using a linear gradient
of 62.5 mM/mL at which point the SAA variant eluted. The gradient was then adjusted to 0.6
mM/mL and the SSA and SSS variants eluted over the course of 20 column volumes. A
shallow gradient was necessary to obtain adequate separation between the SSA and SSS
proteins.

Enzyme Assays

The periplasmic domain of E. coli RseA (residues 121-216) with an N-terminal Met- Gly-
Ser,-Hisg-Serp-Gly-Leu-Val-Pro-Arg-Gly-Ser-His-Met- tag was purified from E. coli
X90DES3 cells grown in a defined rich medium lacking methionine (TekNova) supplemented
with 35S-methionine (Perkin-Elmer). A cell lysate in 6 M GuHCI was applied to a Ni**-
NTA column (Qiagen), which was subsequent washed with 50 mM NaPO, (pH 8.0), 300
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mM NaCl, and the RseAP protein was eluted with this buffer supplemented with 300 mM
imidazole’. The synthetic Tyr-Tyr-Phe tripeptide was purified by reverse-phase
chromatography on a C18 HPLC column. RseAP cleavage assays were performed in 150
mM NaHPO, (pH 8.3), 380 mM NaCl, 10% glycerol, and 4 mM EDTA at room
temperature23. Different concentrations of 3°S-RseAP were incubated with DegS variants
(0.5-0.8 uM trimer) in the presence or absence of Tyr-Tyr-Phe (150 uM) for different times,
reactions were quenched by rapid dilution into 10% (w/v) trichloroacetic acid, samples were
incubated on ice and centrifuged to remove insoluble material, and the extent of cleavage
was detected by scintillation counting of the acid-soluble fraction. Data were fit using the
nonlinear least squares algorithm implemented in SigmaPlot v12.0.

Active-site modification

Enzyme-modification assays were performed at room temperature in the same buffer used
for cleavage assays and were initiated by adding 1/10 volume of 20 mM TAMRA-FP
(ActivX Biosciences, Inc.) dissolved in anhydrous dimethylsulfoxide. Reactions were
quenched by addition of SDS-loading buffer, samples were subjected to SDS-PAGE, and
protein was detected by staining with Coomassie Blue and fluorescence was detected using a
Typhoon fluorescent imager.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Degs and hybrid trimers containing mixtures of full length (S) and APDZ (A) subunits. (a)
Each subunit of the DegsS trimer contains a trypsin-like protease domain (darker color;
active site shown in red) and a peripheral PDZ domain (lighter color). Contacts between
protease domains stabilize the trimer. OMP peptides (CPK representation) bind to the PDZ
domains. The structure shown (3gcn)?” is the proteolytically active conformation. (b) Free-
energy differences for DegS and DegS2PPZ with and without saturating RseAP substrate
and/or OMP peptide (Tyr-Tyr-Phe) were calculated (AG = - RT In ([active]/[inactive]) from
values taken from references 24 and 26. The right axis shows the percentage of active
trimers for each molecular species. DegSA”PZ has no binding site for OMP peptide. (c) The
denaturation-renaturation protocol used to generate hybrid trimers is shown in the upper
portion of the panel. The lower portion shows separation of hybrid trimers by ion-exchange
chromatography. The inset shows SDS-PAGE of the four major peaks (see Supplementary
Fig. 2 for complete gel). (d) The steady-state rate of RseAP (200 pM) cleavage by the SSA
or SAA variants showed a linear dependence (R2 > 0.98) on enzyme concentration.
Reactions contained 150 uM Tyr-Tyr-Phe tripeptide.
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Figure 2.

Basal and OMP-activated RseAP cleavage by the AAA, SAA, SSA, and SSS (0.5 UM trimer).
(a) Basal cleavage rates divided by the enzyme and substrate (200 uM) concentration
decreased with the number of PDZ domains in a trimer. The line is a fit to a single-
exponential equation. (b) Cleavage rates divided by the enzyme and substrate concentration
are plotted for the SAA, SSA, and SSS trimers in the presence of 150 uM Tyr-Tyr-Phe
tripeptide. Values are averages of 3 independent experiments + 1 SD. (c) Dependence of the
steady-state rate of cleavage on RseAP concentration for the AAA, SAA, SSA, and SSS
trimers. Experiments were performed in the presence of 150 UM Tyr-Tyr-Phe tripeptide. The
lines are fits to the Hill form of the Michaelis-Menten equation,

rate=Viax ® [RseA]”/(K,,"+[RseA]").
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Figure 3.
OMP-peptide binding activates cisand trans subunits. (a) SSA (1 uM) was reacted with

TAMRA-FP (20 uM) for different times, subjected to SDS-PAGE, and active-site
modification of the S and A subunits was assayed by quantitative fluorescence imaging.
Experiments were performed with Tyr-Tyr-Phe tripeptide (left panel) or no peptide (right
panel). The fluorescence scan of the complete gel scan is shown in Supplementary Fig. 3.
(b) Reaction of SAA with TAMRA-FP. Same conditions as panel a. The S-subunit doublet
probably results from cleavage of the tag sequence in some trimers. We do not know if both
A subunits are labeled or are equally reactive. The fluorescence scan of the complete gel
scan is shown in Supplementary Fig. 4. (c) Quantification of TAMRA-FP active-site
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modification from the panel-b experiment. Values were not adjusted for different numbers
of S and A subunits. (d) Hybrid trimers (0.6 uM) containing different numbers of
catalytically active S or A subunits and/or catalytically inactive SSA or ASA subunits were
assayed for cleavage of RseAP (200 uM) in the presence or absence of 150 uM Tyr-Tyr-Phe
tripeptide. Values are averages of 3 independent experiments + 1 SD.
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Figure 4.

Trimers containing A subunits with the Tyr162-Ala mutation have reduced activity
compared to otherwise isogenic trimers without this destabilizing mutation. (a, b) Tyr-Tyr-
Phe activation of RseAP (200 uM) cleavage by 0.8 uM concentrations of mixed trimers.
Panel-a data were fitted to a hyperbolic equation,

rate=basal+Viax ® [ Tyr—Tyr—Phe]/(Kact+[ Tyr—Tyr—Phe]); panel-b data were fitted
to a Hill equation, rate=basal+Vinax ® [ Tyr—Tyr—Phe]" /(Kuct"+[Tyr—Tyr—Phe]").
Parameters are listed in Table 1. (c) Fluorescence imaging of SDS-PAGE showed that the S
and AYA subunits in hybrid trimers reacted with TAMRA-FP (the fluorescence image of the
complete gel lanes is shown in Supplementary Fig. 5). Reactions contained 1 uM trimer, 20
UM fluorophore, and were quenched after 12 min.
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Figure 5.
Structural determinants of stabilization of the inactive and active DegS conformations. (a)

Inactive Deg$S (1te0)22 contains salt bridges between acidic residues in the PDZ domain
(colored cyan) and basic residues in the protease domain (colored green) of the same
subunit. In the active conformation, OMP peptide binds slightly below and behind the 317-
324 helix23 in the view shown. (b) The network shown appears to stabilize the active
conformation of the protease domain trimer. Most residues are shown in stick
representation, with the carbons of each subunit in a different color. The DFP-modified
Ser201 residue is shown in CPK representation. The isopropyl group of the modified side
chain mimics the P1 side chain of a substrate. Hydrogen bonds are shown as dotted lines.
The structure shown (3gdv)27 contains the His198-Pro mutation. (c) A different view of a
part of the network shown in panel b in which the packing interaction between the side
chains of Tyr162 and Pro198 is more evident.
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Table 1
Cleavage activities of DegsS trimers containing different numbers of PDZ domains and/or mutations in specific
subunits
Michaelis-Menten parameters
trimer activating peptide Vinaxd[Etota] (872 trimer™) | Ky (UM) substrate Hill constant
Sss Tyr-Tyr-Phe 27+0.1 300 + 90 17401
@ Deg$S Tyr-Tyr-Phe 26+0.2 370 + 40 14+0.2
ssA Tyr-Tyr-Phe 37+05 360+ 70 19403
SAA Tyr-Tyr-Phe 26+02 490 + 100 1.8+0.4
AAA none 1.0£03 400 + 110 15+0.1
none 08+0.1 570 + 50 17401

(b) DegSAPpZ

Tyr-Tyr-Phe stimulated cleavage of 200 pM

RseAP

(b) DegSAPbZ

basal activity (M s71) | maximal activity (M1s™) | Ka (M) | OMP peptide Hill constant
SHPISANN 590 + 130 1700 + 130 5+2 109
SSAAA 110 £ 17 790 £ 50 18+4 109
SHPISAGHP/SAA 420 + 140 1600 + 410 72 1.3+03
SSAGSAA 45%2 350+ 32 382 13+0.1
SSAYA 27+4 400 + 80 13+1 14+04
SSA 877 3300 + 480 14+2 13+0.1
SAYAAYA 171 220 +39 25+7 1©
SAA 360 + 20 2900 + 380 18+6 1(0)
SSASA 30+9 2200 + 300 199 14+03
SASANSA 95 + 27 1300 + 430 155 1(0)
SSS <5 3180 + 80 16 17
(3) Degs 29+05 2500 + 550 29+3 17+01
AAA 575 + 60 575 £+ 60 n.a. n.a.
590 + 60 590 + 60 n.a. n.a.

@
(b)

©

independent trials (typically 2 or 3). Maximal activities for enzymes containing PDZ domains were determined in the presence of 150 uM Tyr-Tyr-
Phe tripeptide; basal activity was determined in the absence of OMP peptide. Kact is the concentration of Tyr-Tyr-Phe tripeptide required for half-

Data taken from ref. 26.

Data taken from ref. 23.

Data were fitted to a hyperbolic binding isotherm. Errors were calculated as

maximal stimulation of RseAP cleavage. (n.a.) not applicable.

1 n
(an(wlue—mean)z
1

)
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, Where n is the number of



