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Plasmids and constructs The ClpP gene from S. aureus (Uniprot entry: A6QF76), and N.
meningitidis (Uniprot entry: Q9JZ38) were synthesized by GenScript (Piscataway, NJ, USA) and
cloned into the Ndel and BamHI sites of pET24a+ (Novagen, Madison, WI, USA). The E. coli
ClpP gene (Uniprot entry: POA6G7 - excluding the 14 residue pro-peptide; available in-house)
was cloned into a pET9a+ expression vector. Point mutations were introduced using Quikchange
site-directed mutagenesis (Agilent, Santa Clara, CA, USA). Cleavable N-terminal Hiss-SUMO,
and non-cleavable C-terminal Hise tags were added via Gibson assembly.

Protein expression and purification Transformed Codon+ E. coli BL21(DE3) cells were grown
in minimal M9 D,0 media supplemented with '>NH,CI and d;-glucose as the sole nitrogen and
carbon sources, respectively. Cells were grown at 37 °C and protein overexpression was induced
with 0.1 mM IPTG at ODgg=1.0. Production of [U-*H; Iled1-">CH3; Leu,Val-">CHs/"*CD;; Met-
CHs]-labeled protein samples was achieved by addition of the following precursors 1 hour
prior to induction: 50 mg L™ o-ketobutyrate, 80 mg L™ o-ketoisovalerate, and 100 mg L' *CH;
Met. Samples with ProR *CH;-labeled Leu/Val residues [°CHj, Val/Leu-y1/31(proR)] were
prepared via the addition of 170 mg L™ 2-hydroxy-2-methyl-Ds-3-oxobutanoate-4-">C instead of
a-ketoisovalerate. Expression was allowed to proceed for ca. 18 hr at 25 °C. For samples to be
used in cryo-EM analysis and functional assays, cells were grown in Luria broth (LB) media at
37 °C and induced at ODgpp=0.8 with 0.1 mM IPTG. Expression was allowed to proceed for 4
hours at 37 °C. Proteins were purified using Ni-affinity chromatography, followed by removal of
the SUMO tag using Ulpl protease and, subsequently, passed over a Ni column to remove the
cleaved SUMO tag and other impurities. Finally, the flow-through from the reverse Ni

purification was concentrated using an Amicon Ultra-15 50K MWCO (Millipore) concentrator



and subjected to gel filtration on a HiLoad 16/60 Superdex 200 column (GE). Note that all ClpP
samples with mutations in the N terminal hydrophobic cluster eluted as tetradecameric
complexes, with very similar elution volumes. Constructs used for NMR resonance assignment
contained a non-cleavable C-terminal Hiss tag and were purified similarly. These samples
yielded HMQC spectra that were superimposable with those obtained from tag-free ClpP, and
offered the advantage of faster purification. Protein concentrations were determined
spectrophotometrically (GdnCl-denatured protein) using extinction coefficients obtained from

ExPASy’s ProtParam web-based tool (https://web.expasy.org/protparam/) (WT SaClpP

€80=8940 M cm™). Prior to NMR measurements the samples were buffer exchanged into
Buffer A containing 100 mM KCI, 1 mM EDTA, 5SmM MgCl,, 50 mM imidazole at pH* 7.0
prepared in 99.9% D,0.

Preparation of samples for PRE measurements A Q130C mutant of SaClpP was purified as
described above with the addition of 5 mM DDT in all steps. DDT was removed by buffer
exchanging into 100 mM KCI, 50 mM Tris pH 8.0 using an Amicon Ultra-15 50K MWCO
(Millipore) concentrator. A DMSO stock solution of 200 mM TEMPO (N-(1-oxyl-2,2,6,6-
tetramethyl-4-piperidinyl)maleimide) was added in 10x molar excess to a 0.3 mM solution of
ClpP (total volume ~2.5 mL) and allowed to react overnight at room temperature. The reaction
was terminated by buffer exchange into Buffer A prepared in D,O. The reduced state of the spin
label was prepared by incubating the samples with 100 mM L-ascorbic acid overnight, followed
by buffer exchange into Buffer A.

MMTS labeling EcClpP and NmClIpP with Cys mutations at positions 5 and 10, respectively,

were purified as described above and subsequently incubated with 5 mM DTT for 1 hr. DDT was



removed by buffer exchange with a degassed 100 mM KCIl, 50 mM Tris pH 8.5 solution using an
Amicon Ultra-15 50K MWCO (Millipore) concentrator. A DMSO stock solution of 100 mM
BC-methyl-methanethiosulfonate (*C-MMTS) was added in 20% molar excess to a solution of
the protein (total volume ~2.5 mL) and allowed to react overnight at room temperature. The
reactions were terminated by buffer exchange into Buffer A prepared in D,O. ESI-MS was used
to verify the incorporation of the MMTS moiety.

Preparation of mixed ClpP complexes ClpP complexes containing mixtures of WT:V7A or
WT:S98A protomers were prepared following a procedure described previously (1). Briefly,
ClpP molecules (pure WT and mutant) were mixed to achieve the desired ratio of WT and
mutant protomers and concentrated to ~0.5 mL, followed by the addition of the unfolding buffer
containing 100 mM KCI, 50 mM imidazole, 6 M GdnCl, and 10 mM DTT to a final protein
concentration of 500 uM. The complexes were reconstituted by drop-wise addition into a
refolding buffer containing 100 mM KCl, 50 mM imidazole, 1 M arginine, 10 mM DTT, and
15% glycerol to a final [GdnCl] of 300 uM. This refolded mixture was concentrated to ~1 mL
using an Amicon Ultra-15 50K MWCO (Millipore) centrifugal concentrator and then applied to
a HiLoad 16/60 Superdex 200 gel filtration column. Virtually no protein was found in the void
peak and it eluted similarly to pure WT SaClpP. Fractions were pooled and buffer exchanged
into Buffer A prepared in D,O, followed by NMR spectroscopy. It should be noted that identical
NMR spectra and catalytic activities were measured for samples that were first unfolded in
GdnCl and subsequently refolded as for samples that were not manipulated in this way.

Methyl group assignment Over 95% of the Ile (20/22), Leu (17/17), Met (6/6), and Val (8/8)

correlations in spectra of ClpP, 40 °C, were assigned by a combined mutagenesis and NOE-based
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approach, as described previously (2). Because multiple peaks were observed for many of the
methyl groups each of the 53 ILVM-residues was mutated one at a time, generally Ile to Val and
Met to Leu. Methyl-TROSY based 3D NOE experiments that record chemical shifts as *C[i]-
NOE-"C[j]-'H[j] were measured with mixing times of 250 ms on [U-"H; Iled1-"°CH3; Leu/Val-
BCHs3/"*CDs, Met-""CHs]-labeled samples of WT SaClpP, S98A SaClpP and V7A SaClpP (1.5
mM subunit concentration) to assist in the assignment process.

PRE measurements Relaxation rates for the slowly relaxing component of methyl 'H transverse
magnetization (RL) were quantified on a per-methyl group basis using the pulse scheme of
Tugarinov and Kay (3) for samples where the spin-label was either in a paramagnetic (oxidized)
or diamagnetic (reduced) state. RE, values were obtained from exponential fits of peak intensities,
1, as a function of relaxation delay, 7, using the equation

I = Iyexp(—RET) . [S1]
Subsequently PRE rates, I}, were calculated according to

I = Ri para — Risaia [S2]

and converted to distances, 7, using the relation

1
SSE+OY2 9267 3. \[°
— |5~ T T c
r= l r¥ <4Tc + 1+wh2‘rC2) [S3]
where 7 is the correlation time for the overall tumbling of the protein complex, wj is the proton
Larmor frequency, y is the 'H gyromagnetic ratio, g and f3 are the electronic g-factor, and Bohr

magneton, respectively, and S=1/2 (4). This formula provides an upper bound for the estimated

distance in the sense that a value of 1 is assumed for the order parameter that describes the



amplitude of fluctuations of the bond vector connecting the electron and methyl 'H spin of

interest. A value of 156 ns was used for 7., as described below.

ra

Uncertainties in PRE rates, I}, were obtained from errors in R)! we and R} values

(generated from a Monte Carlo analysis using 1000 realizations of the decay data sets), o,

25, para

and 0, . The lower and upper bounds

25, dia

, respectively, and calculated as o, = +G;H
2 25, para 2s,dia
of distances between the paramagnetic site and each methyl 'H spin were calculated from

Ff +o, and Ff — 0 respectively, using Eq. [S3], and plotted in Figure 2C (vertical error

bars).

Measurement of order parameters S’ s Rapid (ps-ns) time-scale dynamics of ILVM-methyl
containing residues were quantified using a 'H triple-quantum-based relaxation-violated
coherence transfer scheme, described previously (5). Relaxation delays, during which differential
"H relaxation occurs, of 0.2, 0.4, 0.7, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 12.0, and
14.0 ms were used. A correlation time of 156 ns for the assumed isotropic tumbling of ClpP, 40
°C, was chosen by setting S°,;=1 for the methyl group with the largest n value (Eq. [S4]).

Intensity ratios of peaks in triple-quantum and single-quantum data sets, 7,/1,, were fit to

1,13 ntanh(yn® +35°T) [S4]
I,|  4/n*+8% —Stanh(\Jn* +8°T)

H _pH 2 2 4
,,:Mzi(@) [P (COS Ogype ypy)]2 Seis¥i e
2 10 \4x 2 axis,HH T13H

where 7 is the "H-"H dipolar cross-correlated relaxation rate,  is a fitting term that takes into

account contributions from external 'H spins, RZ, and Rzlj are relaxation rates for fast and
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slowly relaxing components of 'H magnetization, respectively, 7. is the assumed isotropic
molecular tumbling time, y is the vacuum permittivity constant, yy is the gyromagnetic ratio of a
proton spin, ruy is the distance between pairs of methyl protons (1.813 A), and Gaisnu (= 90°) is
the angle between the methyl 3-fold axis and a vector connecting a pair of methyl 'H spins.

Uncertainties in 7, o,, were estimated from a Monte Carlo analysis taking into account the

uncertainties in /,/I, for each residue, calculated as o, |, = \/<[(Ia 11—, 11, )]2>, where the

angular brackets denote the average over all the measured points in the profile. o, was calculated
as the standard deviation of all obtained 7 values from the Monte Carlo run.

Estimation of an upper bound for exchange between conformers A 2D 'H-">C heteronuclear
magnetization exchange experiment was recorded in order to estimate the exchange between
ClpP conformers, exploiting the large multiplicity of peaks observed for residues in the protein
(6). Exchange delay periods of 200, 300, 400, 500 and 600 ms were used, 50 °C, however cross-
peaks were not observed. Following an approach described previously (7), and using a simple
two-site exchange model, upper bounds for k., were estimated assuming that the absence of
cross-peaks implies that their intensities are less than twice the average spectral noise level.
Upper bounds were estimated to be 0.06 and 0.09 s™ for Ile-4 and Ile-8, respectively.

Calculation of protomer distributions in particles generated from mixing experiments In what
follows we consider the mixing of pypr WT and (1- pyr) mutant protomers, where pyr is the
fractional population of WT protomers that are mixed. The protomers are unfolded prior to
mixing and subsequently allowed to refold to produce 14-mer complexes whose composition can

be readily calculated, assuming random mixing, according to the relation,



C' pyr(1=p,)"" [S5]

!
where £ is the number of WT protomers in the complex and C,l“ =L . The £k WT

k\(14—k)!

protomers can be distributed between the two heptameric rings of the 14-mer in a number of
different ways that, in turn, can also be calculated. This is readily done by first focusing on each
of the 7-mer rings individually and noting that the probability of a ring containing / WT

protomers is

71 7-1
C Dy (1= pyr) [S6]
Suppose that the two rings of the 14-mer contain / and j WT rings, such that /+j=k. Then the

fraction of 14-mers with £ WT protomers in total and / and j WT subunits in each 7-mer is given
by

2C) py, (1= p,,. )" Cpy (1= p, ) = 2C]Cl py, (1= p, )™ [S7]
where the factor of 2 takes into account that there are two ways of distributing the / and j WT
subunits in the pair of rings (/ in 1 ring and j in the other), so long as /#j (if /=j the factor of 2 is
removed). It is straightforward to show that by adding the probabilities corresponding to all of
the permutations for which /+j=k the probability given in Eq. [S5] is obtained.

Degradation assays The catalytic activities of a number of ClpP constructs were measured using
the fluorogenic substrates, succinyl-L-leucyl-L-tyrosyl-AMC (LY-AMC) (Aex/Aem: 355/460 nm)
and a-casein-FITC (Aex/Aem: 490/525 nm). An EnSpire (Perkin Elmer) 96-well microplate reader
was used to monitor the assay for 120 minutes in 30-second increments, with shaking between

each measurement. Each well contained 1 uM ClpP (monomer concentration) and 200 pM LY-



AMC or 15 uM a-casein-FITC incubated at 40 °C in Buffer A in a volume of 200 uL. ADEP-7
(prepared in house) was added to select wells at 2.5 pM. In the case of SaClpP all activities,
established on the basis of initial rates of substrate degradation, are reported relative to apo WT
SaClpP (LY-AMC) or ADEP-bound WT SaClpP (a-casein) samples. Activities are based on
initial rates, extracted and analyzed using a python script written in-house. Standard errors are
calculated from repeating each reaction a total of eight times within two independent sample
preparations.

Electron cryomicroscopy All purified SaClpP constructs were concentrated to ~30 mg/mL in
Buffer A. Immediately before freezing, 0.025 % (wt/vol) IGEPAL CA-630 (Sigma-Aldrich) was
added to each protein solution to increase the number of particles adopting side-views on the EM
grid. The addition of IGEPAL CA-630 reduced the particle density in the holes ~8 to 10 fold,
requiring higher protein concentrations (~30 mg/mL) than is usual in cryoEM. A total of 2.5 pL
of sample was applied to nanofabricated holey gold grids (8, 9), with a hole size of ~1 um and
blotted using a modified FEI Vitribot for 4.5 s before plunge freezing in a liquid ethane/propane
mixture (ratio of ~3:2) at liquid nitrogen temperature.

For the WT SaClpP, A3 SaClpP, and V7A SaClpP + ADEP datasets, movies consisting
of 30 frames at 2 frames/second were collected with defocuses ranging from 1.2 to 2.9 pm using
a FEI Tecnai F20 microscope operating at 200 kV and equipped with a Gatan K2 Summit DDD
camera. Movies were collected in counting mode at a nominal magnification of 25,000x
corresponding to a calibrated pixel size of 1.45 A and with an exposure of 5 electrons/pixel/s,

giving a total exposure of 35 electrons/A>. For the WT SaClpP dataset 104 movies were



collected and processed, while for the V7A SaClpP + ADEP and AN SaClpP datasets 75 movies
were collected and processed.

The V7A SaClpP structure was calculated from movies consisting of 44 frames, obtained
over a 60 second exposure with defocuses ranging from 1.0 to 3.9 um recorded with a FEI Titan
Krios G3 microscope operating at 300 kV and equipped with a FEI Falcon III DDD camera.
Movies were collected in counting mode at a nominal magnification of 75000% corresponding to
a calibrated pixel size of 1.06 A and with an exposure of 0.8 electrons/pixel/s, giving a total
exposure of 43 electrons/A*. 1837 movies were collected using the microscope’s EPU software.
EM image analysis For all datasets, whole frame alignment was performed with
alignframes Imbfgs (10) and the resulting averages of frames were used for contrast transfer
function (CTF) determination with CTFFIND4 (11) and automated particle selection with
RELION (12). Particle coordinates were used to extract particles in 160-pixel boxes for the K2
Summit data and 192-pixel boxes for the Falcon IIl data from the unaligned movies, while
performing individual particle alignment and exposure weighting with alignparts Imbfgs (10).

Particle image stacks were imported into cryoSPARC (13) for further analysis. For the
WT SaClpP dataset consisting of 77789 particle images, ab initio map calculation was performed
with two classes, one of which yielded the familiar symmetric barrel, while the other remained
uninterpretable. The symmetric barrel was then used as a “good” reference and four copies of the
un-interpretable map were used as “junk” references in a subsequent round of heterogeneous
refinement designed to remove particles that were not contributing to the consensus structure.
The 37218 particle images from the well-ordered class were then refined using D7 symmetry,

resulting in a map at 3.6 A resolution. Further attempts at classification with 3 to 5 classes did
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not improve the resolution or increase the interpretability of the apical loops. Omitting symmetry
during map refinement resulted in a map at 4.2 A resolution, however this map did not show
marked asymmetry or improvement of the density in the apical region. The map determined
without symmetry was used for subsequent MD calculations. Additional focused classification
was performed, concentrating on the N-terminus of a single protomer, using masking and signal
subtraction (12), however this procedure did not result in the identification of additional
conformations. Map resolutions were assessed using the “gold standard” method of keeping the
two halves of the datasets entirely independent and Fourier Shell Correlation curves were
corrected for the effects of masking.

For the V7A SaClpP dataset of 878240 particle images, ab initio map calculation was
performed with two classes, resulting in a 3D class with clear C2 symmetry from a broken-barrel
structure. As with the WT SaClpP data, heterogeneous refinement using “good” and “junk”
starting references was used to remove images that did not contribute high-resolution
information, repeated twice to yield a class of 324522 particle images that were subsequently
refined with C2 symmetry to 3.7 A resolution.

The V7A SaClpP + ADEP dataset, comprising 76614 particle images, was treated in the
same manner as for the WT SaClpP dataset, as the dominant class from ab initio map calculation
was observed to be the D7 symmetric barrel conformation. Refinement of 37133 selected particle
images led to a map at 5.6 A resolution. For the A3 SaClpP dataset 48894 particle images were
subjected to 2D classified with 50 classes in cryoSPARC.

Model building into EM density for V7A SaClpP Previous crystal structures of the extended

(PDB 3V5E) (14) and compact forms (PDB 3QWD) (15) of ClpP were rigidly fitted into the EM
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density with UCSF Chimera (16). Six out of the seven subunits in each half fit the extended form
well, while the remaining subunit (with the bent handle a-helix) was a better fit with the compact
form. The protomers with an extended conformation in the 3.7 A map were of sufficient quality
to distinguish sidechains, while the protomer with a bent handle a-helix was only sufficient to
build a poly-alanine model. These rigidly fit protomers were then subjected to successive rounds
of manual model building in Coof (17) and real space refinement with geometry restraints
in Phenix (18), resulting in a final model with an EMringer score (19)of 2.62 and
a molprobity score (20) of 1.85 (Table 1).

Restrained molecular dynamics simulations Metainference (21) was used to produce an
ensemble of models consistent both with the cryo-EM map of WT SaClpP and physico-chemical
information about the system (22), the latter provided by the AMBER99SB-ILDN atomistic
force field (23) and the GBSA implicit water model (24). An initial model was built from the
crystal structure of SaClpP in the active, extended conformation (PDB code 3VS5E (14)). The N-
terminal residues 1-3 and 10-15 were added to each chain using MODELLER v9.17 (25). The
initial model was first energy-minimized and then equilibrated at 300K for 5 ns. Subsequently,
molecular dynamics simulations were carried out on a metainference ensemble of 24 replicas
using a time step of 2 fs together with LINCS constraints (26). Van der Waals and Coulomb
interactions were cut off at 2.0 nm and neighbor lists for all long-range interactions were
similarly cut off at 2.0 nm and updated every 10 molecular dynamics steps. Simulations were
carried out using a non-periodic cell in the canonical ensemble at 300K, enforced by the Bussi-
Donadio-Parrinello thermostat (27). The cryo-EM map of WT SaClpP was fit with a Gaussian

Mixture Model (GMM) using a divide-and-conquer approach (28). The GMM was composed of
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15993 Gaussians and resulted in a cross-correlation with the experimental map equal to 0.98. A
total aggregated simulation time of 0.8 ps was used, with each of the 24 replicas initialized from
a random conformation extracted from the equilibration run. All simulations were performed
with GROMACS 4.5.7 (29) and the PLUMED-ISDB module (30) of the PLUMED library (31).
Methyl chemical shifts were back-calculated from the metainference ensemble using SHIFTX2
(32).

To assess the extent that an individual structural model or an ensemble of models is
consistent with the cryo-EM density map of WT SaClpP, we calculated the local cross-
correlation between the experimental density map and the map predicted from the model(s). The
gmconvert (33) utility was used to predict a density map from a structural model. The local
cross-correlation was calculated using Chimera (16) on a sliding window corresponding to a
cubic box with dimensions of 5 voxels (7.25 A). This analysis was carried out for three cases:
(A) a model constructed from the X-ray structure (PDB code 3V5E (14)) after adding missing
residues, as described above; (B) a cryo-EM-refined model constructed from the X-ray structure
and optimized with the same force field used to model the metainference ensemble; (C) the
metainference ensemble. In the latter case, the predicted map was calculated as the average of
the maps generated using 11943 models randomly extracted from the metainference ensemble

(see Fig. S8).
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Figure S1. Conformational heterogeneity of SaClpP as observed by methyl-TROSY NMR. (A)
Leu/Val and (B) Met region of the 'H-""C correlation map of [U-"H Iled1-">CHj; Leu/Val-
BCH3/'*CDs; Met-""CHj]-labeled WT SaClpP, 40 °C, 18.8 T. Methyl chemical shift assignments
are included. (C) Comparison of measured distances between a spin label attached to position
130 of WT SaClpP and methyl groups from well-ordered regions of the protein as derived from
PRE measurements (vertical axis) with the corresponding distances calculated from an X-ray
structure (horizontal axis) (PDB 3VS5E (14)). Effective distances in the crystal structure are

calculated as 7.7y = |Xi* 17®, where r; is the distance from the oxygen atom of the

piperidinyloxy moiety of the spin label (main figure) or Cp of Gln-130 (shown as inset) on chain
i to the Cd position of an Ile residue of any given protomer. The line y=x is shown as a guide.
The good agreement observed here provides confidence in distance measurements between the
spin-label and the N-terminal residues reported in Figure 2C. Each data point in the plot
corresponds to an Ile residue, as annotated.
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Figure S2. (A) (Left) Fourier shell correlation (FSC) for WT SaClpP after gold-standard
refinement (resolutions reported at FSC=0.143). Curves for both C1 and D7 reconstructions are
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shown. FSC curves were calculated after masking solvent from the background of the map (cyan
curve) and corrected for the effects of masking using phase randomization (purple curve).
(Right) Euler angle distribution plot for the final refinement of the WT map. (B) FSC curve and
Euler angle distribution for V7A SaClpP. (C) FSC curve and Euler angle distribution for V7A
SaClpP with added ADEP. (D) Local resolution of WT SaClpP map estimated by a local
windowed FSC method using an implementation of the locres (34) algorithm in cryoSPARC (13).
The majority of the map is close to the global resolution estimate, with a long tail of voxels at
lower resolutions. (E) Local resolution estimates for V7A SaClpP. The bimodal distribution
reflects the lower resolution of the flexible protomers with bent handle helices.
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Figure S3. Metainference dynamics analysis of ClpP establishes that the N-domain is
heterogeneous. (A) Schematic of the approach used. To generate an ensemble of models
consistent with the cryo-EM map of WT SaClpP we used metainference (21), a Bayesian
framework to model conformational ensembles by integrating prior information on a system with
noisy, ensemble-averaged experimental data. Metainference models a heterogeneous system and
all sources of error in the input information by simulating N replicas of the system (24 in this
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study) using molecular dynamics (MD). The generation of models is guided by the
metainference score, defined as E,;({X;}) = —kgT logp({X;}), where {X;} are the replica
conformations, kg is Boltzmann’s constant, T the temperature of the system (300 K in this study),
and p the metainference posterior probability, defined for cryo-EM data (22). The metainference
score can be decomposed into two terms Ey; ({X;}) = X1 Eyp (Xp) + Egy ({X;}). Here Eyyp is
the score based on standard molecular dynamics simulations (AMBER99SB-ILDN with the
GBSA implicit water in this study) and Eg,, is the cryo-EM score that, together, are used to
generate forces acting on each of the ensemble replicas to restrain the predicted map averaged
over all replicas to be close to the experimental map. The metainference simulation proceeds as
follows. First, an initial model was built from the crystal structure of SaClpP in the active,
extended conformation (PDB code 3VSE (14)) and equilibrated at 300 K for 5 ns. From this
equilibration run, 24 structures were randomly extracted and used as initial replica conformations.
The initial velocities were randomly extracted from the Maxwell-Boltzmann distribution at 300
K. At each MD step, the MD force field Ey;p was calculated for each individual replica. A
predictor of cryo-EM density maps (22) was then used to generate a synthetic map from the
conformation of each replica. The deviation between the experimental map and the synthetic
map averaged across all replicas was used to calculate the cryo-EM score, Egy,. In the figure the
deviation is visualized by the local cross-correlation (/cc) between the predicted and
experimental density maps, color-coded as red (lcc ~0.7), white (~0.85), and blue (~1). The total
metainference score E); ({X;}) was used to evolve the positions and velocities of all replicas
using the velocity verlet integrator and a time step of 2 fs. The procedure was re-iterated for a
total aggregated simulation time of 0.8 ps. (B,C) The collection of all replica conformations
generated by the procedure described above defines the metainference ensemble and was used to
back-calculate "H and >C chemical shifts, as predicted by SHIFTX?2 (32) for (B) Ile-481 and (C)
Ile-3001. Select conformations from each chemical shift cluster are shown to highlight the
structural differences.
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Figure S4. N-terminal mutants of SaClpP are structurally similar. Overlay of the Ile regions of

'H-*C correlation maps of ILVM-labeled WT (single-contour, black) and N-terminal mutant
(multi-contour, colored) SaClpP, 40 °C, 18.8 T. HMQC spectra of all N-terminal mutants are

nearly indistinguishable from that of V7A SaClpP, indicating that the N domain is unfolded in
each case. The A3, A6 and A18 constructs are deletion mutants lacking residues Asn-2 — Ile-4

(A3), Asn-2 — Val-7 (A6) and Asn-2 — Asp-19 (A18).
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Figure S5. (A) Local resolution map of V7A SaClpP. The majority of protomers lie close to the
global resolution estimate of 3.6 A, with the exception of the protomers forming the unique
interface abutting the side pores. The apparent flexibility of these protomers leads to resolution
estimates closer to 4 to 5 A. (B) Model-in map fits for the handle-helix of protomers in
descending order (i.e., 7 protomers of a ring starting from the top protomer of A). For the bent
handle helix in the top protomer, only a poly-alanine model could be fit into the 4 to 5 A
resolution density.
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Figure S6. Structural differences at the ring-ring interface of WT and V7A SaClpP. Regions
from cryo-EM density maps focusing on select protomers from (A,C) WT SaClpP and (B,D)
V7A SaClpP. ClpP full structures are shown to highlight the protomers that are depicted. Key
structural differences are localized to (i) the handle region (A,B) that connects the heptameric
rings as well as to (ii) the N-terminal domains (C,D). In V7A SaClpP the handle a-helix appears
more flexible and density for the handle B-sheet was not observed for the handle. The dashed
lines are drawn to highlight the contraction in the height of the V7A protomers relative to WT
SaClpP. (E) 2D class averages of V7A, A3, and WT SaClpP along with 2D projections from the
3D maps of V7A and WT SaClpP. Projections have been low-pass filtered to 20 A for
comparison to A3 class averages. The similarities of the V7A and A3 2D classes, the A3 2D
classes and the V7A projections, as well as the close correspondence of NMR spectra for these
constructs indicates that A3 also forms the split-ring structure (as is almost certainly the case for
the other mutants considered, Fig. S4).
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Figure S7. ADEP binding to V7A SaClpP repopulates the extended form. Top and side views of
cryo-EM density maps of WT SaClpP and V7A SaClpP bound to ADEP. The WT map was
filtered to match the lower 6.4 A resolution of the V7A SaClpP+ADEP map. Density
corresponding to ADEP is shown in red. Overall, the structure of ADEP-bound V7A SaClpP
resembles the active, extended form with the exception of the N-terminal residues, for which no
density is detected.
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Figure S8. The metainference ensemble of structures better explain cryo-EM density than a
single conformation. As described in SI Materials and Methods, a cross-correlation analysis was
carried out between the experimental cryo-EM density map and density maps generated from (A)
an X-ray model (PDB code 3V5E (14)) after adding missing residues; (B) a model from cryo-
EM; and (C) the metainference ensemble. In each of these three cases, the experimental density
map is visualized at a threshold equal to 0.25 and colored according to the local cross-correlation
(lcc) with the predicted map. Coloring ranges from red (lcc<=0.7), to white (lcc=0.85), to blue
(lcc=1.0). To better quantify the agreement with the experimental map, we calculated the fraction
of voxels with density values between 0.2 and 0.3 and with lcc<=0.7, 0.7<lcc<=0.85, and
lcc>0.85. These fractions are visualized in the pie charts and colored in red, white, and blue,

respectively.
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Table 1. Cryo-EM data acquisition, processing, and atomic model statistics for V7A SaClpP

Data Collection V7A SaClpP
Electron Microscope FEI Titan Krios
Camera Falcon3EC
Voltage 300 kV
Nominal Magnification 75,000X
Calibrated physical pixel size 1.06 A

Total exposure

43 electrons/A®

Exposure rate

0.8 electrons/pixel/s

Number of frames

44

Total exposure time

60 seconds

Defocus range

1.0-3.9 um

Image Processing

Motion correction software

alignparts Imbfgs

CTF estimation software CTFFIND4
Particle selection software RELION 1.4
Micrographs used 1837
Particles selected 878240

3D map classification and refinement software cryoSPARC
Particles contributing to final map 324522
Applied symmetry C2

Applied B-factor 217 A°
Global resolution (FSC = 0.143) 3.7A

Model Building

Modeling software

Coot, Phenix

Number of residues built 2314
RMS (bonds) 0.0101
RMS (angles) 1.18
Ramachandaran outliers 0.00 %
Ramachandran favoured 96.1 %
Clashscore 11.63
MolProbity score 1.85
EMRinger score 2.62
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