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1 | INTRODUCTION

Tania A. Baker | Robert T. Sauer

Abstract

AAA+ proteolytic machines play essential roles in maintaining and rebalan-
cing the cellular proteome in response to stress, developmental cues, and envi-
ronmental changes. Of the five AAA+ proteases in Escherichia coli, FtsH is
unique in its attachment to the inner membrane and its function in degrading
both membrane and cytosolic proteins. E. coli dihydrofolate reductase (DHFR)
is a stable and biophysically well-characterized protein, which a previous study
found resisted FtsH degradation despite the presence of an ssrA degron. By
contrast, we find that FtsH degrades DHFR fused to a long peptide linker and
ssrA tag. Surprisingly, we also find that FtsH degrades DHFR with shorter
linkers and ssrA tag, and without any linker or tag. Thus, FtsH must be able to
recognize a sequence element or elements within DHFR. We find that FtsH
degradation of DHFR is noncanonical in the sense that it does not rely upon
recognition of an unstructured polypeptide at or near the N-terminus or C-
terminus of the substrate. Results using peptide-array experiments, mutant
DHFR proteins, and fusion proteins suggest that FtsH recognizes an internal
sequence in a species of DHFR that is partially unfolded. Overall, our findings
provide insight into substrate recognition by FtsH and indicate that its degra-
dation capacity is broader than previously reported.

KEYWORDS
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proteases contain ring-shaped AAA+ hexamers that use
the energy of ATP hydrolysis to mechanically unfold spe-

Intracellular proteases enforce protein quality control
and sculpt the cellular proteome in response to environ-
mental stresses and changing nutritional landscapes.
Within bacteria, most targeted proteolysis is carried out
by proteases that belong to the AAA+ family (ATPases
Associated with various cellular Activities).! These

cific protein substrates and then translocate the unfolded
polypeptide through a central channel and into a degra-
dation chamber for proteolysis. Initiation of degradation
requires recognition of the substrate, usually by binding
to a specific peptide sequence or tag, called a degron.’
Degradation also requires the engagement of an
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FtsH degrades membrane proteins and cytosolic proteins. E. coli FtsH is anchored to the inner membrane and degrades

cytosolic proteins (blue) and membrane proteins (yellow) with appropriate degrons. Each FtsH subunit contains an N-terminal

transmembrane helix, a periplasmic domain, another transmembrane helix, the cytoplasmic AAA+ unfoldase module, and a C-terminal

metallopeptidase domain (colored from N- to C-terminus in light to dark purple). The cut-away view of the cytoplasmic portion of FtsH

shows it pulling on the degron (dark blue) of a soluble substrate using conserved pore loops (white) to apply an unfolding force. After

unfolding, the substrate is translocated through the axial channel and into the peptidase compartment for degradation. Inset. A cytoplasmic

protein (light blue) with a terminal degron (dark blue) is shown in a folded or native state (N, top), a partially unfolded intermediate state (I,

bottom left), and a globally unfolded state (U, bottom right)

unstructured segment of the substrate within the axial
channel of the AAA+ ring.>~ This unstructured peptide
can be the degron itself or located in another substrate
region.

Escherichia coli encodes five AAA+ proteases: FtsH,
ClpXP, CIpAP, Lon, and HslUV.® The membrane-bound
FtsH protease is the only member of this enzyme family
essential for E. coli growth.” Each subunit of the FtsH
homohexamer consists of a transmembrane helix, a peri-
plasmic domain, a second transmembrane helix, a
AAA+ unfoldase module, and a zinc metallopeptidase
domain (Figure 1).* The unfoldase and peptidase compo-
nents, which constitute the proteolytic machinery of
FtsH, reside on the cytoplasmic side of the inner mem-
brane and play important roles in membrane-protein
quality control and the degradation of some cytosolic pro-
teins.”'° Different substrates are targeted for FtsH degra-
dation by their C-terminal sequences, N-terminal
sequences, or internal sequences.”''™*¢

Based on biochemical studies of degron-tagged model
proteins, E. coli FtsH (hereafter called FtsH) was found to
degrade a variety of meta-stable proteins but not to
degrade E. coli dihydrofolate reductase (hereafter called
DHFR) or other stable substrates, unless the latter pro-
teins were destabilized by mutation or circular permuta-
tion."” These results suggested that FtsH is a weak
protein unfoldase, a property that could contribute to
substrate selection in vivo. However, the idea that FtsH

lacks robust unfoldase activity seems inconsistent with its
ability to extract and degrade integral membrane pro-
teins, which requires a substantial enzyme-generated
force."®' In thinking about this apparent paradox, we
reasoned that the location of the FtsH axial channel,
which faces the membrane, might require a sufficiently
long segment of unfolded polypeptide between a protein
and degron to allow recognition and engagement of sub-
strates (Figure 1). By this model, FtsH would only
degrade substrates that unfold completely or partially to
generate an accessible degron (Figure 1, inset), or
degrade stable substrates containing an extended
unstructured tail and degron.

To test this model, we added tails composed of
unstructured polypeptide linkers of different lengths and
an ssrA degron to the C-terminus of DHFR and tested
FtsH-dependent degradation. Indeed, a DHFR variant
with a long linker and ssrA degron was degraded by
FtsH. Unexpectedly, FtsH also degraded DHFR-ssrA vari-
ants with shorter linkers or no linker. Even more surpris-
ingly, FtsH degraded DHFR with no appended degron.
Our results indicate that FtsH recognizes an internal
sequence in DHFR, which becomes accessible in a par-
tially structured intermediate that equilibrates with
native DHFR in degradation reactions. In contrast to
most substrates of AAA+ proteases, DHFR sequences
near either its N- or C-terminus appear to play little role
in FtsH recognition. We discuss the implications of these
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FIGURE 2 FtsH degrades DHFR-sstA®. (a) Cartoon (a)
depiction of DHFR with the N- and C-termini indicated E. coliDHFR DHFR - ssrA*
(left) and of DHFR with a C-terminal tail consisting of
linker (orange) and ssrA tag (purple; right). (b) SDS- N N .
PAGE of degradation assays. The left lane of the left c linker ssrA c
panel shows DHFR-ssrA®° (20 uM) incubated for 120 min
at 42°C with FtsHg (1 pM), ATP, a creatine kinase \_’Y\/
regeneration mix (CK), and MTX (100 pM). The right
lane shows DHFR-ssrA*’, DHFR-ssrA%°, and DHFR as number of tail residues = X
molecular weight standards (5 pM each). The right panel
shows DHFR-sstA% (4 M) incubated with FtsHg (1 pM), (b) ,6’5@’
ATP, and a creatine-kinase based regeneration mix (CK), plus 8*: 0)\305’
for different times at 42°C in the absence of MTX. The m Qf-'% no MTX io
rightmost lane is a control without DHFR-ssrA®. For time (min) 120 5?{( 0 15 30 45 60 60
both panels, the gel shown is representative of two 100
independent experiments FtsH— e FtsH—| iy G o - o o [7° S
CK4 CK- 50 ;—,
37 5
«Q
DHFR-ssrA50_| oo DHFR-ssrA80_| ;
T - 0 25 O
product 1/- o L
product 2 19 20

findings in terms of the role of FtsH in the degradation of
membrane and cytoplasmic proteins and in light of
recent insights into FtsH structure from cryo-EM studies.

2 | RESULTS

We chose DHFR for several reasons. First, it is well char-
acterized in terms of its structure, thermodynamic and
kinetic stability, dynamics, and the effects of mutations
on these properties.”’*** Second, a prior study reported
that DHFR with a C-terminal ssrA degron was not
degraded by FtsH,'” allowing us to test if extending the
linker between DHFR and the ssrA tag might allow deg-
radation. Third, the methotrexate (MTX) inhibitor stabi-
lizes DHFR and prevents or dramatically slows
degradation by AAA+ proteases.” **

2.1 | FtsH degrades E. coli DHFR with a
60-residue degron tail

We constructed DHFR-sstA®® with a 49-residue linker
plus the 11-residue ssrA tag (60 total tail residues;
Figure 2a), anticipating that FtsH would recognize and
translocate the extended tail of this substrate until reach-
ing the native DHFR domain. Then, we expected the
release of a truncated degradation product consisting of
undegraded DHFR with a portion of the 60-residue tail

attached as an extension, as seen in similar experiments
with other AAA+ proteases.”® We observed this outcome
in degradation reactions in the presence of MTX as
assayed by SDS-PAGE (Figure 2b, left panel). Specifically,
degradation of 20 uM DHFR-sstA® by 1 pM FtsH for
120 min resulted in the undegraded substrate and two
product bands smaller than full-length DHFR-ssrA®,
consistent with proteolytic trimming of the ssrA® tail.
Comparison with DHFR variants containing tails of dif-
ferent lengths suggested that the undegraded extensions
in the partial degradation products were ~28 and ~39
residues long, respectively. The ~28-residue extension is
likely to have been within the FtsH channel or protease
chamber when degradation stopped, suggesting that the
native portion of MTX-bound DHFR in the product was
pulled against the FtsH channel opening. We then
assayed the kinetics of degradation of DHFR-ssrA®® by
FtsH in the absence of MTX (Figure 2b, right panel). Sur-
prisingly, FtsH degraded the entire DHFR-sstA®® protein
as judged by the absence of partial degradation fragments
at the 60-min time point, when little of the original sub-
strate remained.

2.2 | FtsH degrades untagged DHFR
similarly to degron-tagged DHFR variants

We anticipated that FtsH would fail to degrade DHFR
when the ssrA-tail became too short to allow
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FIGURE 3

FtsH degradation of DHFR constructs. (a) Rates of FtsHg (1 pM) degradation of untagged DHFR or different DHFR-ssrA tail

variants (5 uM each) at 42°C. Values are means (1 > 3) + 1 SD, and lines are linear least square fits. (b) Fluorophore-labeled DHFR-ssrA'!
(16 pM) was incubated with FtsHg (0.5 pM), ATP, and a creatine-kinase regeneration mix at 37°C, and degradation kinetics were monitored
by measuring the fluorescence of acid-soluble peptides released. Experiments are also shown in the presence of the actinonin inhibitor

(10 pM), methotrexate (125 pM), or the absence of FtsH. (c) (Left) Rates of FtsH, degradation of different concentrations of untagged DHFR
or DHFR-ssrA tail variants at 37°C. Values are means (n > 3) + 1 SD. Lines are nonlinear least squares fit to the Michaelis-Menten
equation. (Right) Average k4, and Ky values +1 SD from three or four independent experiments

engagement. However, FtsH degraded variants with tails
of 40, 19, and 11 residues and even degraded untagged
DHFR (Figure 3a). Although untagged DHFR was
included as an intended negative control in this experi-
ment, we were surprised to find that it was degraded at a
rate generally similar to the degron-tagged variants in the
SDS-PAGE degradation experiments.

Next, we tested the possibility that FtsH might
degrade the ssrA-tailed and untagged DHFR substrates
with substantially different steady-state kinetic parame-
ters. For these experiments, we labeled the only solvent-
exposed cysteine residue of DHFR, Cys'?, with a
maleimide-fluorophore and used time-dependent
increase in acid-soluble fluorescent peptides as an assay
for the rate of FtsH degradation of DHFR-sstA*°, DHFR-
ssrA'®, DHFR-sstA'!, and untagged DHFR. Figure 3b
shows the linear time-dependent increase in acid-soluble

fluorescent peptides reflecting FtsH degradation of 16 pM
DHFR-ssrA'!. This degradation was prevented or greatly
slowed (Figure 3b) when FtsH was omitted from the
assay, when MTX was added to stabilize DHFR, or in the
presence of actinonin, a small molecule that inhibits the
peptidase activity of FtsH.*

We determined Ky and kg, for degradation of
untagged DHFR or different ssrA-tagged DHFR variants
by measuring degradation rates as a function of substrate
concentration and fitting the results to the Michaelis-
Menten equation (Figure 3c, left panel). Although these
values varied within an ~2-fold range when comparing
different substrates, the only trend was that the two
shortest proteins, untagged DHFR and DHFR-ssrA'’,
were degraded somewhat faster at saturating substrate
concentrations. Overall, however, FtsH degraded
untagged DHFR, DHFR-ssrA'', DHFR-ssrA'®, and
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DHFR-sstA*  with similar degradation parameters
(Figure 3c, right panel), indicating that the addition of an
accessible ssrA-tail does not markedly increase the degra-
dation rate of untagged DHFR.

2.3 | ATP cost of degradation

Substrates typically alter the rate of ATP hydrolysis by
AAA+ proteases.’® Indeed, near-saturating concentra-
tions of untagged DHFR, DHFR-ssrA"', DHFR-ssrA'’, or
DHFR-ssrA* increased the rate of ATP hydrolysis by
FtsH by 10-20% (Figure 4). Although this small increase
may not be mechanistically important, these results sup-
port our model that untagged DHFR and the ssrA-tagged
variants are being engaged, unfolded, and degraded by
FtsH. By dividing the ATP-hydrolysis rates by the corre-
sponding kgeg values for each protein (0.13-0.24 min 1),
we calculated that 430-890 ATPs are hydrolyzed by FtsH
in the time required to bind, unfold, translocate, and
degrade one molecule of each DHFR substrate. For com-
parison, FtsH degradation of the degron-tagged GlpG
membrane protein uses 380-550 ATPs
(kgeg = 0.25 min~*; Reference 18) and ClpXP degradation
of the titin’-ssrA substrate uses ~640 ATPs
(kgeg ~ 0.18 min—'; Reference 26). Hence, the energetic
cost of DHFR degradation by FtsH is on par with degra-
dation of other substrates that are degraded at compara-
bly slow rates by FtsH or ClpXP.

24 | Which molecular DHFR species
does FtsH recognize and degrade?

Most substrates of AAA+ proteases have unstructured
degrons at or near a terminus, which provide both a spe-
cific recognition region and an unstructured peptide seg-
ment where the protease initiates the translocation/
unfolding cycles required for degradation."® However,
the N- and C-terminal residues of native DHFR make
interactions that are part of its three-dimensional
fold.?>?” Thus, the termini of native DHFR are unlikely
to function as FtsH recognition and/or initiation ele-
ments. Moreover, we show later that the M20 loop of
DHEFR is not required for FtsH degradation, even though
this loop contains the only unstructured residues in the
crystal structure of DHFR without bound ligands.*
Hence, native DHFR is unlikely to be recognized and
engaged by FtsH.

If FtsH only degrades the small population of DHFR
molecules that is globally unfolded under equilibrium
conditions, then a mutation that increases the thermody-
namic stability of native DHFR relative to globally

*k

* 15+2
109%2 405+ 3

*k

100 971

50 <

ATP hydrolyzed (min-1 enz-1)

FIGURE 4 ATP hydrolysis. Rates of ATP hydrolysis at 37°C by
FtsHg (0.5 pM) were measured in the absence of substrate or
presence of untagged or ssrA-tagged DHFR proteins (20 pM each).
A control reaction with no FtsH is included to show the
background. Values are means (n = 3) + 1 SD. Statistics (*p < .05
and **p < .005) were calculated by unpaired t-tests with Welch's
correction (Welch's t-test), comparing each “plus substrate” group
to the “FtsH alone” group

unfolded DHFR should decrease the degradation rate.
This model predicts that the A145T mutation, which
increases DHFR stability by ~3 kcal/mol,*® would
decrease the equilibrium fraction of unfolded DHFR by a
factor of ~100-fold and thus slow FtsH degradation dra-
matically. By contrast, as shown in Figure 5a, FtsH
degraded “'*"DHFR slightly faster than untagged wild-
type DHFR (W'DHFR). We interpret this result as evi-
dence that globally unfolded DHFR is not the primary
FtsH degradation target.

Next, we tested FtsH degradation of two destabilized
mutants, “13VDHFR and M SADHFR, which are
~4 kcal/mol less stable than “TDHFR,>*° FtsH
degraded these variants ~3-fold faster than “'DHFR
(Figure 5b). However, these degradation rates would be
expected to be substantially faster if FtsH exclusively rec-
ognized and degraded globally denatured DHFR. Hence,
the rates of FtsH degradation of both stabilized and desta-
bilized variants are inconsistent with a model in which
globally unfolded DHFR is the major recognition target.
Nevertheless, the W133V and [155A mutations appear to
increase the equilibrium population of a molecular spe-
cies that FtsH does recognize and degrade. Structural
intermediates between fully denatured and native DHFR
have been identified in folding/unfolding experiments
and would be expected to represent a fraction of the equi-
librium population at the 37-42°C temperatures of our
degradation experiments.>'**> Unfolded regions in these
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FIGURE 5

Effect of DHFR mutations on FtsH degradation. (c) WTDHEFR or #***TDHFR (5 pM each) were incubated with FtsHg (1 pM),

ATP, and a creatine-kinase regeneration mix at different times at 42°C, prior to assessing degradation by SDS-PAGE. The lines are linear
least square fits. Data points are means (1 > 3) + 1 SD. (b) FtsH degradation of W 'DHFR, V'**VDHFR, and "*>**DHFR using panel

(a) conditions. A linear least-squares fit is shown for V' TDHFR and single-exponential fits are shown for ¥ '**VDHFR and "***DHFR.

(c) Fluctuation map of DHFR (PDB code 5DFR) with colors of different segments based on the fraction of deuterium incorporation from 0.00
(purple) to 1.00 (dark red) at the beginning (left) and end (right) of an H/D exchange experiment>*

intermediates are likely to correspond to those that
exchange rapidly in H/D studies (Figure 5c).** It seems
likely, therefore, that one or more of these partially
folded protein species is recognized and degraded
by FtsH.

2.5 | Sequence determinants of DHFR
recognition

To investigate potential FtsH binding sites in DHFR, we
used **S-FtsH to probe a peptide microarray consisting of
15-residue DHFR peptides offset from each other by two
amino acids (Figure 6a). FtsH bound a group of overlap-
ping peptides from three internal regions of DHFR: resi-
dues 19-47 (region 1); residues 43-67 (region 2); and
residues 93-117 (region 3) (Figure 6a-c).

The DHFR peptides bound by FtsH surround the
MTX-binding site in the three-dimensional structure
(Figure 6c) and also overlap sequences with high B-
factors in the crystal structure of unliganded DHFR.***’
The peptide-binding regions also include a-helical
regions of DHFR and regions that experience the highest
degree of H/D exchange (Figure 5c). Notably, FtsH did

not bind to either N- or C-terminal peptides of DHFR in
the peptide array.

The side chains of Leu®® and Ala*® are exposed on the
surface of a-helix 1 in DHFR and are present in the first
five peptide spots of region 1 (Figure 6a—c). When we
mutated both residues to aspartic acids (L28D/A29D), the
rate of FtsH degradation was reduced 2- to 3-fold com-
pared to " 'DHFR (Figure 6d), suggesting that the wild-
type side chains at these positions contribute to recogni-
tion. However, the modest decrease in degradation also
indicates that the full recognition element is more com-
plex. We probed the effects of additional mutations
throughout DHFR in an attempt to find alterations that
slowed FtsH degradation by weakening binding. For
example, we introduced the N23D/L24D, K32A/R33A/
K38A, R33A, R33D, or R52D mutations, but FtsH
degraded each mutant at a rate similar to" 'DHFR. We
did find that FtsH degraded variants with the A6D/A7D,
R52A, K58A, K58D, R52A/R57A/K58A, G67T, or K106A/
K109A mutations 2- to 3-fold faster than “'DHFR.
Enhanced degradation of these variants probably results
from an increase in the equilibrium population of a par-
tially folded species that are recognized and degraded
by FtsH.
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FIGURE 6 DHEFR peptides that bind FtsH. (a) **S-FtsH binding to an array of DHFR peptides detected by autoradiography. Each circle

represents a 15-residue DHFR peptide (every other spot labeled in italics), with the rightward neighboring spot shifted toward the C-
terminus by two amino acids. Circles with solid lines mark peptides that bound **S-FtsH. (b) DHFR sequence and secondary structure. The
M20 loop is labeled and Leu?® and Ala are colored red. Underlined residues are present in one or more FtsH-binding peptides from panel
(a). (c) DHFR (PDB code 1RG7) is shown as an outlined transparent surface with methotrexate (blue) shown in ball-and-stick
representation. Secondary structural elements in regions 1 (orange), 2 (green), and 3 (purple) are shown in the cartoon representation.

(d) FtsHg (3 pM) degradation of VTDHFR, M*"*PDHFR, and L28D/A2DRHER (5 puM each) at 42°C in the presence of ATP and a creatine-
kinase (CK) regeneration mix was monitored by SDS-PAGE. Values are means (n = 3) + 1 SD; lines are single-exponential fits

The M20 loop is highly dynamic in H/D exchange
experiments (Figure 5c), and residues 16-20 of this loop
are the only amino acids without electron density in the
crystal structure of DHFR without bound ligands.** To
test if engagement/initiation of FtsH degradation requires
this loop, we replaced the complete M20 sequence (resi-
dues 9-24) with a GGGGS linker. However, FtsH
degraded the resulting variant (“°"PDHFR) at a rate
similar to “"DHFR (Figure 6d). Thus, the M20 loop is
dispensable for FtsH degradation.

2.6 | Domain fusions provide insight
into initiation of degradation

If the FtsH recognition element in DHFR is accessible in
a partially unfolded species, then residues at either the N
or C terminus of DHFR might still serve as sites where
FtsH begins translocation and subsequent unfolding. To
test this model, we fused a HaloTag domain (Halo) to
both termini of DHFR to create Halo-DHFR-Halo
(Figure 7a). We chose Halo because it is not degraded by
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FtsH and can be covalently modified with tetramethylr-
hodamine (TMR), allowing visualization of any Halo-
containing degradation products using fluorescence.*>*°
FtsH degraded Halo-DHFR-Halo, albeit slowly, generat-
ing fluorescent products (Figure 7a). This result indicates
that access to residues at the N or C terminus of DHFR is
not necessary for FtsH degradation and provides addi-
tional support for engagement of an internal sequence or
sequences in DHFR for initiation of degradation.

We also tested the degradation of DHFR blocked with
Halo at just the N-terminus (Halo-DHFR-C) or just the
C-terminus (N-DHFR-Halo), where the italicized letter
indicates the native DHFR terminus (Figure 7b). FtsH
degraded Halo-DHFR-C more rapidly than N-DHFR-
Halo. The presence of an easily identifiable major degra-
dation product of Halo-DHFR-C allowed the determina-
tion of steady-state kinetic parameters for its degradation
by FtsH (Figure 7c). Compared to ' DHFR, kgeg for the
fusion protein decreased ~6-fold, whereas Ky, increased
~6-fold. These changes in k4.5 and Ky, suggest that fusion
of the Halo domain to the N-terminus affects FtsH bind-
ing to DHFR as well as the DHFR-unfolding step, pre-
sumed to be rate limiting for degradation. It is plausible

panel (a). (c) H (c) Rates of FtsHg
(0.5 pM) degradation of different
concentrations of Halo-DHFR-C at
37°C were determined by SDS-
PAGE. The line is a non-linear least
square fit of the data to the
Michaelis-Menten equation;
Kdeg = 0.03 + 0.02 min~" enz~
Ky = 18 + 6.9 pM. Values are
means (n > 3) + 1 SD

Land

that fusions to either terminus of DHFR hinder FtsH sub-
strate recognition and unfolding by steric interference.

3 | DISCUSSION

We began this study by testing the hypothesis that FtsH
might degrade DHFR with a degron presented on a suffi-
ciently long, unstructured, and exposed polypeptide. At a
minimum, we expected to see a DHFR product with a
partially trimmed extension that would provide informa-
tion about how closely degron-tagged DHFR could
approach FtsH. Instead, we discovered that FtsH can
degrade DHFR attached to C-terminal ssrA tails of differ-
ent lengths and DHFR lacking an appended degron. We
do not know why a previous study failed to observe FtsH
degradation of DHFR with an appended ssrA degron.'’
Because the concentration of the radiolabeled substrate
in that study was not known, it is possible that degrada-
tion could have been very slow if this concentration was
far below the K,,. Differences in how FtsH or the sub-
strates were purified might also account for the discrep-
ancy between our results and the previous report.
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FIGURE 8

recognized, unfolded,
and degraded by FtsH

Model for FtsH recognition and degradation of DHFR. Native DHFR (left, missing density in the M20 loop shown as a

dotted line) equilibrates with a species (right) in which the dark blue segment unfolds, and is then degraded by FtsH. In principle, numerous

partially denatured species could exist that are recognized, unfolded, and degraded by FtsH

Although the steady-state degradation parameters are
similar for ssrA-tagged and untagged DHFR variants,
untagged DHFR and DHFR-ssrA'" have slightly weaker
Ky and slightly higher kge; values compared to DHFR-
sstA" and DHFR-ssrA*°. These small differences proba-
bly reflect the fact that degradation of the ssrA-tagged
substrates can initiate at the ssrA tag or within DHFR,
potentially altering binding and/or how force is applied
to unfold the substrate,>”*® and the fact that fewer amino
acids need to be translocated to complete degradation of
the shorter substrates.

3.1 | FtsH recognition of partially
unfolded DHFR

In the simplest case, a single short unstructured pep-
tide exposed to a native protein can act both as a recog-
nition determinant and as the initiation site where
translocation through the axial channel begins the
unfolding and subsequent degradation of a substrate by
a AAA+ protease. For example, appending just the C-
terminal pentapeptide of the ssrA tag to the last struc-
tured residue at the C-terminus of GFP is sufficient for
its degradation by ClpXP.** However, the only unstruc-
tured region in native DHFR is a small segment of the
M20 loop,** which is dispensable for FtsH degradation.
Thus, it is highly unlikely that FtsH recognizes native
DHFR. In globally denatured DHFR, the N and C ter-
mini and other peptide sequences would be exposed
and could be bound by FtsH. Importantly, however,
FtsH degrades the hyper-stable A145T variant of DHFR
slightly faster than the parental protein. As globally
denatured “'**TDHFR should be present at ~1% of the
concentration of denatured wild-type DHFR under
assay conditions, the fully denatured recognition model
incorrectly predicts that “'“TDHFR should be
degraded far more slowly than “V"DHFR. We conclude
that FtsH is also unlikely to recognize fully denatured
DHFR as its primary target.

Because biophysical studies have identified meta-
stable intermediates in DHFR folding/unfolding, —>**°
we propose that one or more of these species are recog-
nized by FtsH (Figure 8). At the temperatures (37-42°C)
we used for degradation, these partially folded molecules
should be populated at reasonable levels in equilibrium
with native DHFR and would have unstructured regions
for engagement as well as native regions that might pro-
vide additional recognition determinants.*”*' We note
that this model predicts that any DHFR mutation that
increases the equilibrium population of the intermediate
without directly affecting recognition would result in fas-
ter degradation by FtsH, a result that we observed for
many mutant DHFR variants.

3.2 | Possibility of multiple degrons
within DHFR

Mutation of residues 28 and 29, present in peptide-
binding region 1, slowed FtsH degradation modestly, sug-
gesting that these residues make up a part of a more com-
plex recognition element. It is possible that one sequence
element in partially unfolded DHFR binds FtsH, allowing
a second disordered region to bind non-specifically in the
axial channel to initiate engagement and translocation.
There are multiple precedents for two-part-degron
models in other AAA+ proteases. For example, most sub-
strates of the 26S proteasome have a polyubiquitin moi-
ety that binds to the 19S regulatory particle and an
unstructured region that is needed to initiate proteoly-
sis.*>* Similarly, some substrates of ClpXP and CIpAP
have one sequence that tethers the substrate to the N-
terminal domains of these proteases and another
sequence that is engaged in the axial pore.***

In the absence of a long unstructured polypeptide that
contains a degron, our results suggest that untagged
DHFR must approach FtsH closely enough to allow rec-
ognition and engagement of a partially folded substrate,
presumably by the FtsH central pore. Recent structural
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insights from bacterial FtsH homologs in membranous
environments indicate that it may be possible for the
cytosolic portion of FtsH to engage a cytosolic substrate
of considerable size without requiring a degron to be at
the end of a long, flexible segment. For example, cryo-
EM structures of FtsH from Aquifex aeolicus and Thermo-
toga maritima show that the cytoplasmic domain of FtsH
can tilt with respect to the membrane, leaving a gap of
~30 A, which could allow interaction with a partially
unfolded DHFR substrate lacking a long degron tail.***’
We also note that our studies used detergent-solubilized
FtsH and thus we do not know how being in a native
membrane environment could affect the ability of FtsH
to degrade DHFR.

3.3 | Implications of internal recognition
The N- or C-terminal sequences of DHFR do not bind
FtsH in peptide-blot experiments, and blocking these
sequences by fusion to Halo did not prevent DHFR deg-
radation. These results suggest that FtsH recognition of
untagged DHFR is noncanonical and involves engage-
ment of internal DHFR sequences. This model, in turn,
predicts that FtsH must be able to translocate multiple
polypeptide strands simultaneously, an activity that has
been demonstrated for the 26S proteasome, ClpXP, and
HslUV.** > FtsH degradation of other substrates has also
been proposed to depend on the engagement of internal
sequences and/or non-native conformations.’*>° One
biological consequence of internal engagement by FtsH
would be an ability to degrade inner-membrane proteins
whose topologies place both their N- and C-termini in
the periplasm. The rate of substrate unfolding by AAA+
proteases can depend on whether the enzyme is pulling
from the N- or C-terminus or an internal position, as
mechanical stability can vary with the direction of the
unfolding force.>**¢37-3%378 In principle, therefore, rec-
ognition of internal degrons might allow FtsH to unfold
proteins that would be more difficult to denature by pull-
ing on a terminal degron.

3.4 | Is FtsH a weak protein unfoldase?

The inability of FtsH to degrade degron-tagged DHFR
was originally cited as one piece of evidence for a weak
unfoldase activity.'” Although we find that FtsH does
degrade DHFR, our results suggest that the actual target
may be a less stable intermediate in folding/unfolding,
leaving the question of unfolding strength open. The
finding that FtsH can extract and degrade the stable
GlpG protein from the membrane provides the strongest

evidence that FtsH possesses a robust unfolding activ-
ity."®! In general, however, we note that AAA+ prote-
ases and substrates co-evolve to allow the degradation of
appropriate cellular proteins when necessary. Thus, we
find it unlikely that the substrate specificity of the only
membrane-bound AAA+ protease in most bacteria and
eukaryotic organelles is limited by an inherently weak
unfoldase activity.

4 | MATERIALS AND METHODS

4.1 | Strains, plasmids, and proteins

E. coli strain T7 Express (NEB) was used for FtsH expres-
sion. For the expression of other proteins, E. coli strain
ER2566 (NEB) was used. Constructs containing E. coli
DHFR were expressed from HTUA vectors. E. coli FtsH
was expressed from a pET21b vector. FtsH was purified
as described.'® For the preparation of **S-labeled FtsH for
the spot-array assay, E. coli T7 Express cells harboring a
pET21-based plasmid with a gene encoding FtsH-myc-Hg
were grown in 750 ml of minimal media (without methi-
onine or cysteine) to log-phase and induced with 0.5 mM
IPTG and EasyTag™ EXPRESS *’S Protein Labeling Mix
(20 pCi/ml, PerkinElmer) for 3 hr at 30°C. The harvested
pellet was subjected to three cycles of freeze-thaw and
then resuspended in lysis buffer (50 mM Tris-HCI,
pH 8.0, 100 mM NaCl, 20 mM imidazole, 10% glycerol)
before incubating with lysozyme and BugBuster reagent
(Sigma Aldrich) at 4°C for 20 min. *>S-FtsH was purified
by Ni**-NTA affinity."> After dialyzing into lysis buffer
overnight at 4°C, the solution was flash frozen for storage
at —80°C.

Cells expressing untagged DHFR, mutants of
untagged DHFR, and DHFR with ssrA tails were grown
in LB broth to log phase, induced with 1 mM IPTG, har-
vested by centrifugation, and resuspended in Q buffer
(25 mM HEPES, pH 7.5, 50 mM NacCl, and 10% glycerol)
for storage. After thawing, sonication, and centrifugation,
the supernatant was loaded onto a Source-Q anion-
exchange column and eluted using a 0-50% gradient
from Q buffer to Q buffer plus 750 mM NaCl. Fractions
were analyzed by SDS-PAGE, pooled, and further puri-
fied by Superdex-75 size-exclusion chromatography in
DHFR storage buffer (25 mM HEPES, pH 7.5, 150 mM
KCl, and 10% glycerol). Fractions containing pure protein
were pooled, concentrated, and flash frozen for storage
at —80°C.

The C-terminal tail (linker/degron) sequences of
DHFR-ssrA"”, DHFR-sstA*>, DHFR-sstA*, and DHFR-
sstA® were GSHEAANDENYALAA, GSHLGLTSHGAAN-
DENYALAA,
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GSHLGLIEVEKPLYGVEPFVGTSH(AANDENYALAA,
and GSHLGLIEVEKPLYGVEPFVGETAHFEIEL-
SEPDVHGQWKLTSHGgAANDENYALAA, respectively
(V**"titin™” sequences underlined; Hy sequence; ssrA-tag
sequence in italics). DHFR-ssrA'®, DHFR-ssrA*°, DHFR-
sstA*°, and DHFR-ssrA® were purified by Ni**-NTA
affinity chromatography, Source-15Q anion-exchange
chromatography, and Superdex-75 size-exclusion chro-
matography, and stored frozen.

Constructs containing Halo were initially purified
fused to an N-terminal H,-SUMO domain, purified by
Ni*"-NTA affinity chromatography, cleaved with Ulpl
protease overnight in dialysis buffer, and passed over a
second Ni*"-NTA affinity column to remove the cleaved
H,-SUMO protein and His-tagged Ulpl, and finally puri-
fied by Superdex-200 size-exclusion chromatography in
DHEFR storage buffer. Purified Halo fusion proteins were
pooled, concentrated, and then labeled at molar ratios of
1 HaloTag TMR ligand (Promega) to 3 proteins for
15 min at room temperature. TMR-ligand-bound proteins
were desalted using Zeba columns (Thermo Scientific)
into DHFR storage buffer and flash frozen for storage at
—80°C before use in degradation reactions.

4.2 | Gel assays of degradation

Substrates and enzymes were incubated at 37°C or 42°C
in PD buffer (50 mM Tris—-HCI, pH 8.0, 10 mM KClI,
5 mM MgSO,, 10 pM ZnCl,, 10% glycerol, 2 mM f-mer-
captoethanol, and 0.1% Igepal CA-630) supplemented
with ATP (4 mM) and a regeneration system (16 mM cre-
atine phosphate, 75 pg/ml creatine kinase). Samples were
quenched at different times by the addition of SDS-
loading buffer and heated before separation by SDS-
PAGE, and visualized by Coomassie staining or by TMR
fluorescence. Gels were imaged using a Typhoon
FLA7000 (GE Healthcare) with the Coomassie setting or
Alexa 532 setting. ATP-hydrolysis rates were measured
using a NADH-coupled continuous spectrophotometric
assay.”’

4.3 | Enzyme kinetics

Alexa 488-maleimide (Thermo Fisher) was used to label
DHFR or its ssrA-tail variants. Different concentrations
of fluorescent protein were incubated at 37°C with FtsHg
(0.5 pM) in PD buffer with ATP (4 mM) and a creatine-
kinase regeneration system. At different times, samples
were quenched by the addition of trichloroacetic acid
(final 10% v/v) and allowed to precipitate overnight at
4°C. After centrifugation, the soluble fraction was
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monitored for fluorescence (excitation 495 nm; emission
515 nm).

4.4 | Peptide array

Peptides of 15 amino acids were synthesized by standard
Fmoc techniques using a ResPep SL peptide synthesizer
(Intavis) linked via their C-termini to a cellulose mem-
brane. Arrays were washed with TBST (TBS + 0.1%
Tween20) 3x, and blocked overnight with blocking solu-
tion (TBST plus 5% bovine serum albumin) at room tem-
perature. Blocked arrays were washed twice with TBST
and then washed twice with binding buffer (50 mM Tris-
HCI, pH 8.0, 100 mM KCI, 5 mM MgSO,, 10 uM ZnCl,,
10% glycerol, 2 mM PME, and 0.03% Igepal CA-630). The
washed array was incubated with binding buffer, 0.5%
BSA, 30 nM *S-FtsH, and 1.25 mM ATPyS for 1 hr at
4°C. After this incubation, the array was washed briefly
with binding buffer and 1 mM ATP for 5 min at 4°C,
dried, exposed to a Storage Phosphor Screen (Amersham)
overnight at room temperature, and imaged using a
Typhoon FLA7000 (GE Healthcare).
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