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In Escherichia coli MinE induces MinC/MinD to oscillate between
the ends of the cell, contributing to the precise placement of the
Z ring at midcell. To do this, MinE undergoes a remarkable confor-
mational change from a latent 6p-stranded form that diffuses
in the cytoplasm to an active 4f-stranded form bound to the
membrane and MinD. How this conformational switch occurs is
not known. Here, using hydrogen-deuterium exchange coupled
to mass spectrometry (HDX-MS) we rule out a model in which
the two forms are in rapid equilibrium. Furthermore, HDX-MS
revealed that a MinE mutant (D45A/V49A), previously shown to
produce an aberrant oscillation and unable to assemble a MinE
ring, is more rigid than WT MinE. This mutant has a defect in in-
teraction with MinD, suggesting it has difficulty in switching to
the active form. Analysis of intragenic suppressors of this mutant
suggests it has difficulty in releasing the N-terminal membrane
targeting sequences (MTS). These results indicate that the dynamic
association of the MTS with the p-sheet is fine-tuned to balance
MinE’'s need to sense MinD on the membrane with its need to
diffuse in the cytoplasm, both of which are necessary for the os-
cillation. The results lead to models for MinE activation and MinE
ring formation.
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n Escherichia coli the proteins that comprise the Min system

(MinC, MinD, and and MinE) undergo a coupled oscillation
that prevents Z ring assembly away from midcell (1). MinD is a
peripheral membrane ATPase (2) that interacts with two partners,
MinE and MinC (3-5). Interaction with MinE leads to the os-
cillation, whereas interaction with MinC, which is a passenger
in the oscillation, leads to the formation of a potent antagonist
of Z ring assembly (6). During the oscillation MinD and MinC
form a polar zone on the membrane flanked by a MinE ring
near midcell (7-9). As the MinE ring proceeds toward the oc-
cupied pole MinD and MinC are released and reassemble a new
polar zone at the other pole that is again flanked by a MinE ring
near midcell and the process repeats (10, 11). Key elements of
the oscillation are the cooperative binding of MinD to the mem-
brane, the recruitment of MinE, which displaces MinD, and the
ability of MinE to processively remove MinD from the mem-
brane (1, 12).

The oscillatory dynamics of the Min system are driven by the
stimulation of MinD’s ATPase by MinE (13). MinD dimerizes
in the presence of ATP and binds to the membrane (4, 5, 14,
15). MinE, which is also a dimer, binds to MinD at the
membrane, stimulating its ATPase and causing its release from
the membrane (5, 15). Genetic and structural data revealed
that MinE exists in two dramatically different conformations,
designated the latent and active forms (16) (Fig. 1). The latent
conformation is a 6f-stranded structure that diffuses in the
cytoplasm because the segments of MinE that interact with
MinD (1 strand at the dimer interface) and the membrane
(N-terminal amphipathic helices also called membrane tar-
geting sequences, MTS) are masked. In contrast, the active
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conformation consists of a 4p-stranded structure with the MTS
bound to the membrane and the released Bl strand and part of
the loop region (residues 11-28) converted to an alpha helix
bound to MinD (Fig. 1). How MinE is converted to the active
form (i.e., the transition from the 6f- to the 4p-stranded form)
is not clear, although it does not involve a monomer interme-
diate (17).

The latent form of MinE has a hydrophobic core with the six-
stranded p-sheet sandwiched between the MTS on one face and
two long antiparallel helices (aB) forming a coiled coil on the
opposite face (18) (Fig. 1). The analysis of certain mutants has
yielded information about MinE’s conformational switch. The
125R mutation releases the MTS, causing constitutive membrane
binding without disrupting the 6f-stranded structure, suggesting
membrane binding is insufficient to flip the switch (16). Hydro-
philic substitutions for residue 124 also cause constitutive mem-
brane binding by forcing MinE into the 4f-stranded active form.
By forcing MinE into the active form mutations like 124N
suppress a subset of MinD mutants that are unresponsive to
WT MinE (16). This led to a model in which MinE senses
MinD, which promotes the 6f- to 4p-strand switch (i.e., MinE
activation). This is in contrast to an equilibrium model in
which the two forms of MinE interconvert spontaneously and
the equilibrium is pulled toward the 4f form as a result of MinD
binding.

Previously, a MinE mutant was described with two substitu-
tions in exposed residues in the coiled coil (D45A and V49A)
that was unable to restore a WT phenotype (19, 20) (Fig. 1). In
addition, it produced a meandering and slow oscillation of MinD
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Fig. 1. Conformational changes associated with activation of MinE. The
MinE dimer undergoes a dramatic conformational change from a latent
6p-stranded form [Protein Data Bank (PDB) ID code 2KXO] to an active
4p-stranded form (only MinE from the MinE-MinD complex is depicted,
PDB ID code 3R9J). MinE is a dimer and the two subunits are indicated by
darker and lighter shades of magenta and cyan. The region in magenta
in the 6p-stranded form is converted to an a helix (contact helix) in the
4B-stranded form, which is stabilized by binding to MinD (not depicted).
The 6p-stranded form has a hydrophobic core with a coiled coil (aB) on
one side of the p-sheet and a MTS («A) on the other. The MTS is tethered
to the B-sheet by interaction with 125 and 174. Note that the MTS is not
present in the 4f-stranded form, which starts at residue 12. The 124
residue is colored light orange, 125 is red, 174 is green, and D45 and V49
are dark orange.

and did not form a MinE ring. The basis for this behavior was
unclear; however, we suspected that this MinE mutant was de-
fective in conversion to the active form. Here we used hydrogen—
deuterium exchange coupled to mass spectrometry (HDX-MS)
to examine the conformational dynamics of MinE and this mu-
tant to gain insight into the mechanism of MinE activation and
the mutant defect. Our results support the previous model (16)
and indicate that the first step is the release of the MTS. We
propose that release of the MTS frees the loop region to interact
with MinD, inducing it to form an alpha helix (the contact helix,
Fig. 1) that propagates into the p1 strand and flips the switch.
Our results suggest that dynamic tethering of the MTS to the
B-sheet is fine-tuned and has a role in MinE ring formation.

Results

The MinEP#AV49A and MinEP*>* Mutations Impair MinE Activity. Previous
work found that a plasmid encoding minC, minD, and minEP#AV#
could not restore a WT phenotype when introduced into a Amin
strain even though the mutant MinE was stable (19, 20). To fur-
ther explore the effects of these mutations we transformed JS964
(Amin) with pSEB104CD (Ppap:minC minD) and pJB216E
(Prac::minE) or variants encoding either minEP** or mmED 434404
and examined growth and cell morphology in the presence of 0.2%
arabinose with or without isopropyl p-D-1-thiogalactopyranoside
(IPTG). The basal level of MinE (no IPTG) partially suppressed
the inhibitory activity of MinC/MinD, whereas the level induced
by 10 pM IPTG completely suppressed and allowed colony for-
mation (Fig. 24). In contrast, JS964/I£>SEB104CD containing
pIB216E-D45A/V49A (P, mmED45A/ #1) did not grow with
10 uM IPTG and grew poorly at 25 pM ITPG and cells were
extremely filamentous. JS964/pSEB104CD containing pJB216E-
D45A (Ploc:minEP*1) did not grow at 10 uM IPTG but was
able to form colonies at 25 pM IPTG. These results indicate that
the D45A substitution reduces MinE activity, which is further
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reduced by the addition of the V49A mutation, in agreement with
the previous report (19).

In the above test MinE was expressed in #rans. A more physi-
ological assessment of the effect of the mutations is to express
them in cis in the context of the operon and at the physiological
level. Therefore, pSEBlO4CDE (PBAD :minC minD minE) and
variants containing minEPBAPA or minEP*4 were introduced
into JS964 (Amin). In the presence of 0.2% arabinose JS964/
PSEB104CDE grew well and exhibited a WT morphology. Under
these conditions the Min proteins are expressed near the physio-
logical level (21). In contrast, JS964 containing pSEB104CDE-
D45A/V49A or pSEB104CDE-D45A displayed poor colony
formation in the presence of arabinose (Fig. 2B). Examination of
a culture grown in LB medium for several hours after the ad-
dition of arabinose revealed highly filamentous cells, indicating
that the two MinE mutants failed to overcome the inhibitory
activity of MinC/MinD (Fig. 2B).

MinEP?3AV49 |5 pefective in MinD Interaction. The above results
clearly indicate that MinE containing the D45A or D45A/V49A
mutations is deficient in overcoming the inhibitory activity of
MinC/MinD. To investigate the basis for this deficiency we pu-
rified MinE-6xHis and MinEP**V*¥A_6xHis to test the in-
teraction with MinD. In the presence of ATP, MinD recruits
MalE-MinC to lipid vesicles (4, 5). The addition of MinE to
the reaction displaces MalE-MinC and stlmulates the MinD
ATPase releasing MinD from the membrane. MinEP**V494 in
contrast, was unable to remove MalE-MinC or MinD from the
vesicles (Fig. 34), indicating that the double mutant (DM) was
defective in competing with MalE-MinC for overlapping binding
sites located at the dimeric interface of MinD. To test directly
whether interaction between MinD and MinE is compromised
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Fig. 2. MiInEP**” and MInEP***V49A mutants have reduced activity.
(A) The effect of expression of MinEP*>A and MinEP**AV49A on suppression of
MinC/MinD in trans. pSEB104CD (Pgap::minC minD) and pJB216E (P,:::minE)
or variants containing minE®#*** or minEP**/V49A  or the vector (pUC18),
were introduced into JS964 (Amin) and grown on LB plates containing am-
picillin, spectinomycin, and 0.2% glucose. A colony of each strain was
resuspended and serially diluted 10-fold and 3 puL of each dilution was
spotted on plates containing glucose or arabinose with increasing IPTG.
(B) MinEP**A and MiInEP**AV49A 3re defective in counteracting MinC/MinD in
cis. Plasmid pSEB104CDE (Pgap::minC minD minE) and variants containing
minEP%A or minEP#*AV494 \ere transformed into JS964 (Amin) and selected
on LB plates containing spectinomycin and 0.2% glucose. Colonies were
picked and spot-tested as described in A. Some of the strains in B were
grown to exponential phase in liquid culture and photographed 3 h after
the addition of 0.2% arabinose.
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Fig. 3. MiInEP#AV49%A s deficient in interaction with MinD in vitro.
(A) MinEP45AV49A fails to displace MinC and MinD from lipid vesicles. MinD,
MalE-MinC, and MiInE and MiInEP4°AV4%A or MInEP#>AVASAITAM \yare in-
cubated with phospholipid vesicles in the presence of ADP or ATP. The
vesicles were collected by centrifugation and the bound proteins (P = pellet)
as well as the supernatants (S) were analyzed by SDS/PAGE. (B) MinEP4°AV49A
exhibits reduced binding to MinD. MinDP%°AA10 was incubated with MinE-
6xHis or MinEP#*AV49A_gxHis in the presence of ADP or ATP. The samples
were loaded on a Ni-NTA column to allow MinE-6xHis or MinEP45AV49A_gxHis
to attach to the column matrix. Bound proteins were eluted with imidazole
and samples run on SDS/PAGE. (C) MinEP#AV49A poorly stimulates MinD’s
ATPase activity. MinD and MinE or MinEP**#V49A (indicated as MinE-DM)
were mixed with lipid vesicles in the presence of ATP and phosphate re-
leased was measured.

we purified MinDP***A10, a MinD catalytic mutant lacking its
C-terminal MTS. As shown previously (16), this protein can be
used for testing direct interaction with MinE because it lacks
ATPase activity, thereby retaining bound MinE. In vitro pull-
down experiments revealed that the binding of MinEP*4/V494
to MinDP**AA10 was significantly diminished compared with
MinE (Fig. 3B).

Our findings suggest that the aberrant Min oscillation observed in
the presence of MinEP**V¥4 is primarily due to weak interaction
between MinEP*4#9A and MinD. However, it was previously
reported that activation of the MinD ATPase by MinEP*AV494 i
similar to that by MinE (22). The result is rather ;)uzzling, because
in the same study it was shown that MinEP**/V49A exhibited
diminished binding to MinD in a bacterial two-hybrid assay.
Hence, to resolve the conundrum we examined the ability of
MinEP#AVH4 14 activate the MinD ATPase. Consistent with
our binding studies, MinEP**V44 wag significantly impaired in
stimulating MinD’s ATPase activity (Fig. 3C).

HDX Reveals a Stable Core and Unveils Differences in Conformational
Dynamics Between MinE and MinEP*AV4%A, The structure of MinE
from Neisseria gonorrhoeae (NgMinE) was determined by NMR
spectroscopy (18). Interestingly, NgMinE™**A, the equivalent of
EcMinEP*A, was used for the structural determination, because
it displayed more favorable solubility characteristics than WT
NgMinE. Nonetheless, circular dichroism and backbone NMR
secondary chemical shifts did not reveal any notable differences
between NgMinE and NgMinEF**A, We suspected that the mu-
tation improves the solubility by making it more difficult for MinE
to release the MTS, avoiding aggregation. To gain insight into the
structural dynamics of MinE and possible differences between
MinE and MinEP®AV%4A we used HDX-MS, because this tech-
nique can detect protein conformations and dynamics in solution.

MinE and MinEP**V4#4 were diluted 10-fold into a neutral-
pH deuterated buffer for initiation of the HDX reaction (final
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protein concentration of 5 pM, in 90% D,0). At different time
points samples were removed and subjected to pepsin digestion
and MS analysis (details are described in Materials and Methods).
Monitoring deuterium content as a function of time showed
that most secondary structural elements of both MinE and
MinEP®AV#4A could take up deuterium (Fig. 4 and Fig. S1).
Importantly, following data consolidation analysis (23), central
residues in the Pl strand and in the coiled coil, including the
D45/V49 tetrad that packs against the p1 strand, did not undergo
HDX in either protein (Fig. 4). This result indicates that the
1 strand is tightly packed against the coiled coil and is not ex-
posed to solvent during extended incubation. The central regions
of the p1 strand and the coiled coil did not undergo exchange,
which indicates the 4p and 6p forms of MinE do not spontane-
ously interconvert, ruling out an equilibrium model.

The mass spectra indicated that most regions of the two pro-
teins display EX2 kinetic signatures characterized by rapid
monophasic increases in average mass. However, a region of the
protein (peptide "FLSRKNTANIAKERL?) in the N-terminal
region of MinEP**4V49A ynderwent EX1 exchange kinetics,
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Fig. 4. HDX-MS analysis of MinE and MInEP**V494  (A) Butterfly plot
summarizing the analysis of deuterium content in peptides obtained fol-
lowing pepsin digestion of MinE at different time points following the ini-
tiation of the HDX reaction. Total deuterium uptake for each peptide
(repeated twice) at the end of the 2 h of exchange (Fig. S1 and Table S1) is
summarized in the butterfly plot. The blue line is for the WT protein and the
red line is for the D45A/V49A (DM) protein. The green line represents the
difference in total deuterium uptake of the WT protein relative to the DM.
(B) Summary of the deuterium uptake and the secondary structure of MinE.
The colored bar (see key) illustrates the relative position of the main dif-
ferences in deuterium uptake between the two proteins. (C) Exchange in-
dicated on the 3D structure of MinE. The cartoon diagrams were generated
using the program VMD (Theoretical Biophysics Group, University of lllinois
at Urbana—-Champaign) and the NMR structure of MinE (PDB ID code 2KXO)
from N. gonorrhoeae. The color coding indicates differences in either total
deuterium content or in the rates of exchange as indicated in the Key.
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Fig. 5. Kinetics of deuterium labeling of a peptide corresponding to the
loop region of MinE. Representative isotope peptide profiles at different
times of HDX of the triply charged peptide ("FLSRKNTANIAKERL??) origi-
nating from the loop region of the WT protein undergoes EX2 kinetics,
whereas the same peptide from the DM undergoes EX1 kinetics.

yielding two distinct mass envelopes (Fig. 5). This peptide forms
a loop that connects the MTS to the p1 strand (Fig. 1). During
the first minute of the HDX reaction, 82% of the exchangeable
protons of MinE and 60% of those of MinEP*AV#4 were
rapidly labeled. The second rate was significantly slower for
MinEP*AV49 than for MinE (Fig. S1). This result indicates this
peptide in the D45A/V49A mutant undergoes a slow, cooperative
unfolding event wherein a number of residues in this region are
simultaneously exposed to solvent and labeled. In contrast, in
the WT protein this peptide is more rapidly labeled with EX1
kinetics, suggesting that it has multiple dynamic conformations
(Fig. 5). Overall, our results indicate that MinEP**V494 ig in a
more rigid conformation than the WT protein and may have
difficulty in releasing the MTS. This would be consistent with its
having difficulty in switching to the active conformation.

Isolation of an Intragenic Suppressor of MInEP**AV4*  Ag indicated
above JS964/pSEB104CDE-D45A/V49A and JS964/pSEB104CDE-
DA45A did not grow on LB plates containing 0.2% arabinose;
however, suppressors arose spontaneously. Although most sup-
pressors are likely due to mutations in minC or minD, it is possible
that intragenic suppressors that restore MinE activity might also
be present. Understanding intragenic suppressors should give
further insight into the MinE activation mechanism. As expected
most suppressors contained mutations in minC or minD; however,
we identified one intragenic suppressor of JS964/pSEB104CDE-
D45A/V49A, minE"*M, which rescued MinEP*®V44 (Fig, 64).
It also rescued MinEP*#,

The 174 residue is located in 3 and is involved in tethering the
MTS to the six-stranded B-sheet (18) (Fig. 1). If tethering the MTS
to the 6f-sheet is weakened by mutations like 174M, then the
174M mutant might bind to the membrane in the absence of MinD.
Whereas MinE-GFP is located in the cytoplasm, MinE"*-GFP
is constitutively localized on the membrane, confirming that
the MTS is released (Fig. 6B). Consistent with this, Zheng et al.
(24) found several substitutions at the 174 position (I74A and
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174R) that also caused constitutive membrane binding. Together,
these results demonstrate the 174 is a critical residue for tethering
the MTS to the p-sheet and that even substitutions resulting in
methionine or alanine disrupt this tethering function.

Previously, we showed that mutations that disrupt the 6f-
stranded structure of MinE lead to constitutive membrane binding
(16). Because the 174M is a relatively conservative substitution it
would not be expected to disrupt the 6f-stranded structure. To
check this, we examined the ability of MinE>'317*M to form
6p-stranded heterodimers with WT MinE. Previously, we showed
that a truncated MinE (lacking the MTS and loop region) is
dominant-negative because it forms 6f-stranded heterodimers
with WT MinE that are unable to protect cells from the inhibitory
activity of MinC/MinD (16). In contrast, such a truncated
MinE was unable to inhibit mutants such as MinE>*N, which are
locked in the 4p-stranded conformation (16). As shown in Fig. 5C,
expression of MinE*'=*¥17*M inhibits the growth of JS964/
pSEB104CDE as efficiently as MinE*'*® indicating the 174M
mutation does not affect the ability of the truncated MinE to
form 6p-stranded heterodimers with WT MinE. We also tested
MinE*88174R and found that it is slightly less effective at inhib-
iting the growth of JS964/pSEB104CDE. Thus, we conclude that
the 174M mutation does not affect the 6f-stranded structure,
whereas I74R probably reduces the fraction of MinE that is in the
6p-stranded form.

So far the results indicate that the 174M mutation causes the
release of the MTS without affecting the structure of the 6f-
stranded sheet. If so, the phenotype of cells expressing 174M
would not be WT due to its constitutive membrane binding.
Although a MinE mutant that is constitutively on the membrane
can suppress the inhibitory effect of MinC/MinD, it cannot
support the Min oscillation (16, 24). As expected, JS964/
pSEB104CDE-174M displayed a minicell phenotype when
grown with 0.2% arabinose (Fig. 6D).
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Fig. 6. The minEP*4/V94 and minEP*** mutations are suppressed by the

intragenic I74M mutation in vivo. (A) The 174M mutation suppresses the
growth defect of the D45A/V49A and D45A mutations in cis. pSEB104CDE
(Peap::minC minD minE) and variants containing minEP#4, mingP45A49A
minEP#SAN2AN - pjn pDASAIVASANZAN - or minE'7M \were introduced into JS964
(Amin) and spot-tested as in Fig. 2. (B) The 174M mutation causes constitutive
membrane binding. JS964 (Amin) containing plasmids expressing MinE-GFP,
MiInE'7*M_GFP, or MinEP#*AVASAT7AM_GEP (MinE™-GFP) were analyzed by
fluorescence microscopy. (C) The 174M mutation does not affect the ability
of MinE?"®8 to inhibit MInE in trans. JS964 containing J5964 (Amin)/
PSEB104CDE (Pgap::minC minD minE) was transformed with derivative of
pJB216E (Pi.c::minE) variants containing minE?'8, ming?'#8174R or ming?1-88174M
and spot-tested as in Fig. 2. Note that MinE2"88"7*M inhibits as well as MinE>' 8,
(D) Effect of 174M on cell morphology. JS964 (Amin) containing pSEB104CDE
(Peap:minC minD minE) or variants containing minE7#M, mingP454174M,
minEP#SANVA9AI7AM \yere grown to exponential phase in LB with 0.2% arabinose
and samples examined by phase contrast microscopy.
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The presence of 174M in the D45A/V49A background pre-
sumably also favors the release of the MTS and this counteracts
the rigidity caused by the D45A/V49A mutations. To check this,
we examined the localization of MinEP#AV#AMTM 1 contrast to
MinE"*M.GFP, which is on the membrane, the triple mutant (TM),
just as the WT, is in the cytoplasm in the absence of MinD (Fig. 6B,
Bottom). Interestingly, the triple mutant, like the WT, also had the
ability to displace MinC and MinD from vesicles in vitro (Fig. 34).
Together, these results argue that MinEP**V4¥4 hag difficulty in
releasing the MTS, which is counteracted by weakening the MTS
tether with the 174M substitution.

To see to what extent the I74M restored activity to the D45A/
V49A mutant, we checked the cell morphology of the triple mu-
tant D45A/V49A/I74M. Whereas JS964/pSEB104CDE-D45A/V49A
had a filamentous morphology (Fig. 2B), JS964/pSEB104CDE-
D45A/VA9A/ITAM, as well as JS964/pSEB104CDE-D45A/174M,
displayed a more homogeneous cell length distribution with
few minicells present (Fig. 6D). Together, our results indicate
that I74M is an intragenic suppressor of D45/V49A, indicating
that weakening the tether of the MTS compensates for the ri-
gidity caused by the D45A/V49A mutations. These results argue
that the first step in the transition from the 6f- to the 4p-stranded
structure is the release of the MTS. Presumably, releasing the
MTS frees the loop region, which contains residues that con-
tribute to MinD binding, allowing the loop region to sense MinD.
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Fig. 7. The minEP**V49A and minEP*** mutations are suppressed by an
intragenic 124N mutation in vivo. (A) MIinEP#AVAMZIN coynters the in-
hibitory activity of MinC/MinD in trans. pSEB104CD (Pgap::minC minD) and
pJB216E (Pi,c:minE) or variant s containing minEP#*4, mingP4>A124N,
minEP4A494 - or minEP#5AVA9AI24N \yere introduced into JS964 (Amin). A
colony was picked from glucose plates into LB, serially diluted, and spotted
on plates containing various IPTG concentrations and 0.2% arabinose as in
Fig. 2. (B) The minE"?*N mutation suppresses minE®** and minEP**V494 for
colony formation in cis. pSEB104CDE (Pgap::minC minD minE) and variants
Containing minED45A, minED45A/124N’ minED45A/V49A, or minED45A/V49A/124N were
transformed into JS964 (Amin). Cells containing the plasmids were grown
overnight on glucose plates with spectinomycin. A spot test was conducted
as described in Fig. 2A. (C) Cells expressing MinEP4>AVAIAIZAN o \jn ED45AN24N
along with MinC/MinD display a minicell phenotype. JS964 with pSEB104CDE
(PsapzminC minD minE) and variants containing minEP#4V494 or mingP4AVA9AI2aN
were cultured to exponential phase in LB containing 0.2% arabinose before
photography. (D) Bacterial two-hybrid test reveals the intragenic 124N sup-
pressor mutation suppresses the interaction defect of MInEP**AV49A with
MinD. BTH101 (Amin) was transformed with pCT25-MinD and pUT18-MinE,
pUT18 MiInE-D45A/N/49A, or pUT18 MiInE-D45A/N49A/124N. Cells were grown
on glucose plates containing ampicillin and chloramphenicol. Protein expres-
sion was induced with 0.5 mM IPTG at 30 °C and B-galactosidase activity of
each strain was quantitated using a colorimetric assay.
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MinE'>*N |s an Intragenic Suppressor of Some MinEP#*A/V494 pefects.
The 124 residue is located in the middle of the p1 strand and
contributes to the hydrophobic interior of MinE, packing against
hydrophobic residues from the coiled coil (Fig. 1). In a previous
study we demonstrated that hydrophilic substitutions at this
position, such as 124N, lock MinE in a 4f-stranded conformation
whereas a hydrophobic substitution (I to V) did not (16). Also,
such substitutions have little impact on MinD binding because
the 124 residue resides on the opposite face of the contact helix
bound to MinD (16). Although such substitutions do not restore
the oscillation (the 124N mutant is constitutively on the mem-
brane), they do suppress the inhibitory activity of MinC/MinD,
allowing cells to grow. If MinEP**V#4 s impaired in the ac-
tivation step due to structural rigidity preventing the release of
the MTS, the 124N mutation would be expected to restore the
ability of MinP**V4#94 to suppress MinC/MinD inhibition by
forcing it into the active form.

To check this, pSEB104CD (Ppap:minC minD) and pJB216E
(Pjac:iminE) or variants encoding minEPPAIN op pin EPPAVACAIZN
were cotransformed into JS964 (Amin). On LB plates containing
only arabinose (i.e., in the absence of IPTG) the basal expression
of these mutants partially overcame the inhibitory activity of
MinC/MinD (Fig. 7A4); however, the rescue was complete at 10 pM
IPTG. To see the effect of the 124N mutation at the physiological
level we introduced pSEB104CDE (Ppap::minC minD minE) or
variants carrying minEPPA2N or min EPBAVIAIZIN jnto 1S964.
Spot tests of single colonies revealed that the 124N mutation
suppressed both minE”** and minE?*4"*1 in cis (Fig. 7B).

Because addition of the 124N mutation to minE”*"#4 and
minEP** rescued colony formation in cis, the phenotype of the
cells e>§pressin MinC/MinD with either MinEP®AV#A or
MinEPSAVIMEN was examined. As described above, both JS964/
pSEB104CDE-D45A and JS964/pSEB104CDE-D45A/V49A
exhibited extensive filamentation in LB medium containing
arabinose, whereas JS964/pSEB104CDE exhibited a WT mor-
phology (Figs. 2B and 7C). The addition of the minE™*" mutation
to either of these MinE mutants suppressed filamentation and
resulted in a minicell phenotype (Fig. 7C, Middle). This is unlike
the addition of the 174M mutation, which resulted in a morphol-
ogy with few minicells (Fig. 6D). Because the 124N mutation
suppressed the deficiency of minEP*1 and minEP#VV#4 in
counteracting MinC/MinD in vivo, it likely restores interaction
with MinD. To corroborate this, we used a bacterial adenylate
cyclase two-hybrid system and a quantitative f-galactosidase assay
(25). The interaction of MinEP**V4¥4 with MinD was weak,
consistent with the weak stimulation of the MinD ATPase (Fig.
3C). The addition of the 124N mutation to MinEP**/V4A regyl-
ted in a more than twofold increase in the interaction with MinD
so that it was over 50% of the WT activity (Fig. 7D). This result is
consistent with the hypothesis the 124N mutation is an intragenic
suppressor of the D45A/V49A mutation.

Comparison of the Suppression of MinD"'*3" by MinE"”7*™ and MinE"*",
As shown above MinE"*™ binds constitutively to the membrane
in vivo, indicating that this substitution favors release of the MTS.
In addition, the 174M mutation suppresses the D45A/V49A mu-
tant, indicating it counteracts the rigidity of this mutant to allow it
to bind MinD and behave like a WT protein. Together, these
results suggest that the deficiency of the D45A/V49A mutant is
the ability to release the MTS and free up the loop region to
contact MinD (sensing step) so that the subsequent step in the
activation pathway can occur.

Previously, we reported that MinD™!**™ does not respond to
MinE (14). Our explanation was that it is unable to sense MinE
and therefore trigger the release of the 1 strand. However,
MinDM!?" responds to MinE™*N because the 124N mutation
forces MinE into the 4f-stranded conformation and the sensing
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Fig. 8. Suppression of MinC/MinDM'®3" by MinE mutants. J5S964 (Amin)/
PSEB104CD (Pgap::minC minD™'*?t) was transformed with pJB216E (Pj,c::minE)
or variants containing minE?*N or minE'”M, A single colony of each trans-
formant was picked into LB, serially diluted, and spotted on plates containing
0.2% glucose or 0.2% arabinose and increasing concentrations of IPTG. The
diagram indicates the structure of WT MinE and the two mutants, I74M and
124N, and their ability to interact with MinDM'93\,

step is bypassed since the 1 strand is already released (Fig. 8).
Therefore, if MinDM'**L is deficient in sensing it should not be
casily suppressed by MinE'"*™ because the sensing step is not
bypassed. This is what was observed. Fig. 8 shows that MinE'7*M
was much less efficient than MinE™*N in combating the inhibitory
activity of MinDM!**“/MinC. Even thou§h I74M restored the
growth of a strain expressing MinDM!**YMinC at high IPTG
concentrations, the cell morphology was extremely filamentous. In
contrast, with 124N the cell morphology was Min~. Thus,
MinE"™N is much more effective in overcoming the MinD™'*"
deficiency than MinE'"*™, as summarized in the diagram in Fig. 8.

Discussion

In our previous study (16) we showed that MinE can exist in two
conformations, latent (6f) and active (4p); however, it was not
clear how MinE transitions between these conformations. At least
two models were possible. In one, the two conformations are in
equilibrium and the equilibrium is pulled toward the active 4p
conformation by binding to MinD. In the other, MinD is directly
involved in the transition by inducing the switch. We favored the
second possibility and proposed a “sensing model” in which MinE
is induced to switch upon contact with MinD (16). Here we pro-
vide additional support for the sensing model and propose that in
the 6p-stranded conformation the MTS is dynamically associated
with the B-sheet, resulting in the closed and open states (Fig. 94).
We propose that in the open state (MTS released) MinE residues
in the loop region contact MinD (sensing step), which nucleates
formation of the contact helix. Once nucleated the helix propa-
gates into the p1 strand, inducing the final step in the transition
from the latent to the active form (Fig. 94).

Importantly, the absence of HDX in the central regions of
B1 and the coiled coil in contact with p1 of the WT protein indi-
cates that MinE does not undergo a spontaneous release of p1.
This result rules out a model in which the two forms are in
equilibrium and is consistent with the observation that MinE re-
mains a dimer during the transition from the latent to the active
form; the coiled coil must act as a hinge holding the MinE dimer
together during the transition (26). Ruling out the equilibrium
model raises the question about how the transition is achieved and
what the pathway is.

The analysis of the MinEP*AV#A mutant revealed that it is
deficient in interaction with MinD: (i) reduced binding, (if) poor
stimulation of the MinD ATPase, and (i) inability to compete
with MinC for binding to MinD. The HDX-MS analysis indicated

7502 | www.pnas.org/cgi/doi/10.1073/pnas.1707385114

that it is more rigid than the WT, with the major differences in
deuterium exchange occurring in residues in the loop region
connecting the MTS to the Bl strand (Fig. 1). The peptides cor-
responding to this region exchange hydrogen atoms for deuterium
atoms with EX2 kinetics whereas the mutant exchanges with
EX1 kinetics (Fig. 5). EX2 kinetics implies multiple dynamic
conformations, whereas EX1 kinetics indicate that this region
undergoes a cooperative unfolding event in which all residues are
exchanged almost simultaneously. Because this unfolding step is
slow in the mutant MinE, it suggests that MinE in the closed state
is unable to interact with MinD.

Two suppressors of MinEP*AV494 were studied in detail, 174M
and 124N, with I74M being more informative. On its own the
I74M mutation causes release of the MTS and constitutive
membrane binding without affecting the structure of the six
stranded fp-sheet. Interestingly, combining the 174M mutation with
the D45A/V49A mutations yielded a minE with behavior in-
termediate between the separate mutants. In the presence of
MinC/MinD, 174M produced a minicell phenotype and D45A/
V49A resulted in filamentation, whereas the triple mutant resul-
ted in more a homogeneous population with few minicells. The
ability of these mutations to compensate for each other is also
indicated by interaction with the membrane in the absence of
MinD; whereas the I174M mutant is constitutively on the mem-
brane the triple mutant, like the WT protein, is in the cytoplasm.

3
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Fig. 9. Models for MinD’s role in the activation of MinE and a role for MinE'’s
dynamic association with the membrane in MinE ring formation. (4) Activation
of MinE. The 6p-stranded form of MinE exists in two conformations, closed and
open. Switching between these two forms is very dynamic (16) (step 1). For
MiInEP45AVA9A this step is significantly compromised due to the rigidity of the
structure but is suppressed by the 174M mutation, which weakens the associ-
ation of the MTS. The open form interacts reversibly with the membrane
(step 2). If the loop region encounters MinD it converts to a nascent « helix
(step 3). The nucleation of the nascent helix on MinD stimulates a propagation
of the « helix into the p1 strand, inducing its dissociation from the dimer in-
terface (step 4). The a helix (contact helix) is then stabilized by binding to the
dimeric interface of MinD to form a complex (step 5), which results in stimu-
lation of the MinD ATPase and the release of MinD (step 6). If the MinE does
not encounter another MinD it spontaneously returns to the latent form (step
7). (B) A role for the dynamic association of MinE with the membrane in
forming a MinE ring. This diagram represents a snapshot in the oscillation. A
MinE ring processively removes MinD as it moves to the right pole. The re-
leased MinD has formed a new polar zone at the opposite pole. As MinE is
released from the right pole it dynamically associates with the membrane,
causing it to diffuse close to the membrane scanning for MinD. Once it en-
counters the edge of the MinD polar zone it converts to the active form and
stimulates the MinD ATPase, which is the rate-limiting step in this process,
causing MinE to accumulate into a ring. Some MinE is also associated with
MinD in the polar zone and is not indicated here.
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Also, 174M rescues the ability of the D45A/V49A mutant to dis-
place MinC/MinD from membrane vesicles in vitro. Together,
these results indicate that the D45A/V49A deficiency is overcome
by weakening the MTS tether with the I74M mutation. Although
the 124N mutation also suppresses the DM’s reduced ability to
counteract MinC/MinD, this is not surprising because this muta-
tion releases both the MTS and p1 as it forces MinE into the
active 4p-strand conformation.

Also informative is the effect of the minE mutations in sup-
pressing MinDM'*% which cannot be suppressed by over-
expression of WT MinE. Previously, it was shown that this MinD
mutant has a deficiency in interacting with MinE, but not MinC
(14). However, forcing the release of the MTS and the p1 strand
by the 124N mutation allows suppression of MinD™!**" whereas
releasing just the MTS with the 174M mutation does not. The
124N mutation causes MinE to be constitutively in the 4p active
form, allowing MinD™'*" to bind the released p1, bypassing the
sensing step. In contrast, although 174M releases the MTS and
causes constitutive membrane binding, it is in the 6p form and
the sensing step is still reqjuired to flip the switch to the active
form, something MinD™'**" cannot provide.

In vitro work examining MinE-MinD pattern formation on a
lipid bilayer indicates that MinE lacking the MTS reacts as fast
or faster with MinD than the WT protein (27). Such a mutant is
more effective in supporting a wave pattern in vitro, but it is
unable to produce bursts (radial regions of MinD surrounded by
MinE), which are thought to most closely resemble the in vivo
oscillation. This ability of MinE lacking the MTS to interact with
MinD argues that tethering the MTS to the p-sheet is not nec-
essary for MinD interaction but in fact impedes it. Analysis of
substitutions at residue E66 argue that a strong tether inhibits
the interaction with MinD. An E66A mutation in E. coli minE
has no effect on activity, whereas changing the equivalent residue
in N. gonorrhoeae MinE to a large hydrophobic residue (E67L)
resulted in a dramatic loss of activity (19, 28). This glutamate is
in the p2 strand oriented toward the MTS (Fig. 1). It is likely that
replacing a charged residue with a large hydrophobic residue
strengthens the tethering of the MTS to the B-sheet, making it
more difficult for it to be released, behaving similarly to the
D45A/V49A mutant.

Together the results lead to the following model for the acti-
vation of MinE. MinE in the cytoplasm has the MTS dynamically
tethered to the p-sheet (Fig. 94, step 1), which leads to reversible
interaction with the membrane (Fig. 94, step 2). Dynamic teth-
ering of the MTS to the p-sheet is supported by NMR analysis
(16). When the MTS is released the loop region is available to
interact with MinD. Because MinD dimers are bound to the
membrane, we assume these steps occur at the membrane. As
residues in the loop region contact MinD, formation of the
contact helix is nucleated, which propagates into p1, causing it to
be released from the dimer interface producing the active 4f
strand conformation (Fig. 94, steps 3-5). Once the MinD
ATPase is stimulated (Fig. 94, step 6), MinD is released from
the membrane and MinE can linger at the membrane in the 4f
conformation. If it does not encounter another MinD, it spon-
taneously returns to the latent 6p-stranded form (Fig. 94, step 7).

This study highlights the importance of the strength of the
tether of the MTS to the f-sheet. Mutations that weaken this
association result in a MinE that is constitutively on the membrane
but in the 6p-strand conformation in the absence of MinD. Thus,
binding to the membrane does not trigger the 6f- to 4f-strand
switch. In contrast, mutations that make the tether stronger or
make the protein more rigid so the MTS is less dynamic lead to a
MinE that is in the cytoplasm with reduced ability to interact with
MinD. It is not clear why the D45A/V49A mutant is more rigid
and therefore has difficulty in reaching the open state (released
MTYS). Inspection of the MinE structure suggests that these sub-
stitutions may lead to tighter packing of the coiled coil, which may
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reduce the flexibility of MinE. It is clear, however, that mutations
like 174M, which weakens the association of the MTS, rescue the
activity of such a rigid mutant.

In summary, the MinE structure has evolved a delicate balance
so that it can carry out two distinct functions; act at the mem-
brane to remove MinD and diffuse in the cytoplasm. To do this,
MinE has evolved so that the MTS is dynamically tethered to the
six-stranded p-sheet so that MinE spends enough time in the
open state to give it a chance to sense MinD but not so long that
it will get trapped on the membrane and be unable to diffuse in
the cytoplasm, which is required to produce the oscillation. We
also propose that this dynamic tethering of the MTS contributes
to the formation of the MinE ring (Fig. 9B). During the oscil-
lation cycle, the MinE ring processively removes MinD from a
polar zone. The released MinD forms a new polar zone at the
opposite pole that extends toward midcell. Eventually, the MinE
is also released from the pole (Fig. 9B, right pole) and because of
its ability to dynamically associate with the membrane it scans
the membrane for the presence of MinD (Fig. 9B). MinE that
encounters the edge of the MinD polar zone converts to the
active form and stimulates the MinD ATPase. Because this step
is slow it acts as a trap, causing MinE to accumulate in a ring.
Some MinE escapes this trap and enters the polar zone. It has
also been suggested that MinE dimers interact through the re-
leased f1 strands to form oligomers that contribute to MinE ring
formation (25). Although it is possible that such interactions
contribute to MinE ring formation, it may not be necessary.

Materials and Methods

Strains and Media. The E. coli K12 strain JS964 (MC1061 malP::lacl? minB::kan)
was used for cell division inhibition by MinC/MinD and Min phenotype
complementation by MinC/MinD/MinE (16). Most plasmid constructions and
protein purifications were carried out using JS964 strain. BTH101 Amin strain
[F~cya-99, araD139, galE15, galK16, rpsL1 (Str"), hsdR2, mcrA1, mcrB1] with
its minB operon deleted and replaced with a kan-resistance cassette was
used for p—galactosidase assay (14). Unless stated otherwise, LB medium
containing 0.5% NaCl was used and antibiotics (100 pg/mL ampicillin and
50 pg/mL spectinomycin), IPTG, glucose (0.2%), or arabinose (0.2%) were
added accordingly.

Plasmids. Plasmids pSEB104CD (Pgap::minC minD), pSEB104CDE (Pgap::minC
minD minE), and pJB216E (P,c::minE) were described previously (21). The
minEP#**4 and minEP#*V494 mutations were introduced into pSEB104CDE
and pJB216E using the QuikChange Il kit according to the manufacturer’s
instructions (Agilent Technologies). The construction of pCT25 (CmR), a de-
rivative of pKT25, and pUT18 was described before (14). To construct pCT25-
MinD (cya™*-minD), minD was PCR-amplified, digested with BamHI/Kpnl,
and ligated into linearized pCT25 (cya'®). pUT18-MinE (cya’'®-minE) was
generated by PCR amplification of minE followed by digestion with BamHI/
Kpnl and ligation into the corresponding sites of pUT18 vector (cya''®).

Protein Expression and Purification. The purification of MinD and MinDP4%*
A10 were previously described (14). MinE-6xHis and MinEP**V49A_gxHis
were purified from JS964 (Amin) containing pJB216Eh (minE-6xhis) and its
variant pJB216E-D45A/V49Ah (minEP*AV494_6xHis) as described previously
(16). JS964/pJB216Eh was cultured at 37 °C and IPTG (1 mM) was added at
ODggo ~0.5. After 3 h of induction, cells were harvested and stored at —80 °C
until processed. The cell pellet was thawed, resuspended in lysis buffer
(25 mM Tris-HCI, pH 7.9, 100 mM NaCl, 10 mM imidazole, and 10%
glycerol), and lysed with a French press. The lysates were centrifuged at
10,000 x g at 4 °C for 30 min and supernatants were applied to nickel-
agarose column equilibrated with the lysis buffer. The column was washed
with washing buffer (25 mM Tris-HCl, pH 7.9, 500 mM NacCl, 20 mM imid-
azole, and 0.1% Nonidet P-40) and MinE-6xHis and MinEP**AV4%A_gxHis were
eluted with elution buffer (25 mM Tris-HCl, pH 7.9, 500 mM NacCl, and
250 mM imidazole). The eluted fractions were pooled together and dialyzed
with dialysis buffer (25 mM Hepes-NaOH, pH 7.0, 250 mM NacCl, 1 mM EDTA,
and 10% glycerol) and aliquots stored at —80 °C.

Vesicle Binding and Pull-Down Assay. MinD, MalE-MinC, and MinE-6xHis (or

MinEP4*AV494_gxHis) were incubated for 10 min at 25 °C in the presence of
ADP or ATP (1 mM) and multilamellar vesicles (MLV) (400 ng/uL) as described
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before (16). The vesicles were collected by centrifugation at 14,000 x g for
5 min at 25 °C and the pellets were analyzed by SDS/PAGE. For pull-down
experiments, MinDP%°*A10 and MinE-6xHis were incubated in 1xATPase
buffer (25 mM Hepes-NaOH, pH 7.5, 50 mM KCl, and 5 mM MgCl,) in the
presence of ADP or ATP (1 mM) for 10 min at 25 °C. The reactions were
loaded onto Ni-NTA column (Qiagen) and washed once with 1x ATPase
buffer containing 20 mM imidazole. The proteins were eluted with 1x
ATPase buffer containing 250 mM imidazole and analyzed by SDS/PAGE.

Measurement of MinD ATPase Activity. MinD (5 pM) and MinE-6xHis (5 pM) or
MiInEP#AV494_6yHis (5 uM) were incubated in 1x ATPase buffer (25 mM
Hepes-NaOH, pH 7.5, 50 mM KCl, and 5 mM MgCl,) containing MLV (400 ng/pL)
in the presence of ATP (1 mM) for 30 min at 25 °C. For quantitative analysis
of ATP hydrolysis, a colorimetric assay kit that measures the release of in-
organic phosphate (P;) was used according to the manufacturer’s instructions
(Innova Biosciences).

Microscopy. Plasmid pSEB104CDE (Pgap::minC minD minE) or its derivatives
were transformed into JS964 (Amin). A single colony was inoculated into LB
containing spectinomycin and 0.2% arabinose and cultured overnight at
37 °C. The next day, each culture was further diluted 1,000-fold and cultured
until exponential phase. Samples from each culture were mounted onto an
agarose pad containing 1% agarose and 50% LB. A Nikon E600 phase
contrast microscope equipped with a CoolSNAP HQ2 CCD camera (Photo-
metrics) was used for photography.

p-Galactosidase Assay. A cya-null strain BTH101 Amin was transformed with
plasmids pCT25-MinD and pUT18-MinE or derivatives carrying various minD
and minE alleles. Transformants were selected at 37 °C on LB plates containing
0.2% glucose, chloramphenicol (20 pg/mL), and ampicillin (100 pg/mL). The
next day, three colonies were picked from each plate and cultured overnight
at 30 °C in LB medium containing 0.2% glucose, 20 pg/mL chloramphenicol,
and 100 pg/mL ampicillin. The cultures were then diluted 1/100 into fresh LB
medium containing 0.5 mM IPTG, 20 pg/mL chloramphenicol, and 100 pg/mL
ampicillin and cultured for 3-4 h at 30 °C with growth monitored at ODgqo.
Cells were permeabilized with 0.0016% SDS (wt/vol) and 2.5% chloroform
(vol/vol) and vigorously vortexed. Thereafter, 0.4 mL of the permeabilized
cells were mixed with 0.6 mL of Z buffer (60 mM Na,HPO,4, 40 mM NaH,PO4,
pH 7.5, 1 mM MgSO,, and 50 mM p-mercaptoethanol) and 0.25 mL of ONPG
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(o-nitrophenyl p-d-galactopyranoside, 4 mg/mL) (Sigma) was added. The
reactions were incubated for an additional 20 min at 25 °C and stopped with
400 mM Na,COs. OD4; and ODssq values were recorded and converted into
Miller activity units as described (14).

HDX-MS. HDX was initiated by making a ~1:10 dilution of WT or the DM of
MinE (to a final protein concentration of 0.5 mg/mL) in 50 mM Hepes, pD-
corrected for equivalent pH of 6.8, at 10 °C. At different times after mixing,
aliquots of the exchange reactions (3.2 pL) were quenched by the addition
of 40 pL of ice-cold 200 mM (NH4)3PO, (pH 2.35) containing pepsin
A (0.5 mg/mL). Each sample was immediately injected into the HPC loop
at —2 °C for a 2-min digestion using a custom-built cooling chamber to re-
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Initial peptide identification was performed as above, but in the absence
of D,0. The resulting peptic peptides from the digestion were loaded on and
on-line reversed phase C18 column (Zorbax C8SB Wide Pore Guard Column,
1 ¢cm x 0.32 mm; Micro-Tech Scientific) and desalted for 4 min at a flow rate
of 100 pl/min. Following desalting, peptides were eluted with an acetoni-
trile gradient (0-90% in 15 min) at a flow rate of 20 pl/min and directed to a
linear trap quadrupole-Fourier transform (FT) (Thermo Finnigan) mass
spectrometer. Peptides were identified by automatic search analysis of their
collision-induced dissociation spectra using Sequest HT algorithm included in
Proteome Discoverer (version 1.4) against the sequence of the protein and
common contaminants.

Deuterated sample were analyzed in a similar manner, with the omission
of the tandem mass analysis, and only ion cyclotron resonance FT scans were
used. Hydrogen—-deuterium exchange was measured using HDExaminer (Si-
erra Analytics) H/D exchange kinetics were fit using SigmaPlot version to a
two-parameter exponential:

D=N; (1 _efk|t) +Nz(1 _eszt>'

where D is the deuterium content at time t, N; and N, are the number of fast
and slow exchanging hydrogens, respectively, and k; and k; are the re-
spective rate constants. All data were acquired with a minimum of
two replicates.
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