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ABSTRACT. Symmetric division of Gram-negative bacteria depends on the combined action of three proteins
that ensure correct positioning of the cell division septum, namely, MinC, MinD, and MinE. To achieve
this function, MinC and MinD form a membrane-bound complex that blocks cell division at all potential
sites. Opposing this inhibition is MinE, which interacts with MinD via its N-terminal anti-MinCD domain

to site-specifically counter the action of the MinCD complex. The anti-MinCD domain has been proposed
to bind MinD in a helical conformation; however, little is actually known about the structure of this
functionally critical region. To understand how MInE can perform its anti-MinCD function, we have
therefore investigated the conformation of the full-length MinE frideisseria gonorrhoeaby solution

NMR. Although solubility considerations required the use of sample conditions that limit the observation
of amide resonances to regions that are protected from solvent exchange, backbone chemical shifts from
both N- and C-terminal domains could be assigned. In contrast to previous models, secondary chemical
shift analysis of these solvent-protected regions shows that parts of the N-terminal anti-MinCD domain
are stably folded with many functionally important residues localizing festructure. In addition, this
N-terminal domain may be interacting with the C-terminal topological specificity domain, since mutations
made in one domain led to NMR spectral changes in both domains. The nonfunctional MinE mutant
L22D showed even larger evidence of structural perturbations in both domains, with significant
destabilization of the entire MinE structure. Overall, these results suggest that there is an intimate structural
association between the anti-MinCD and topological specificity domains, allowing the functional properties
of the two domains to be modulated through this interaction.

Precise regulation of cell division is critical to the viability (6—9). In Gram-negative bacteria, this is achieved by the
of prokaryotic and eukaryotic cells. To ensure that equal action of three proteins encoded by theaBoperon, namely,
amounts of genetic material are distributed between daughtetMinC, MinD, and MIinE @, 10, 11).

cells, it is necessary that they divide symmetrically. This  Although the pattern of cell division in the two cell types
means that the cytokinetic septum that splits the cell mustis different, studies with Min proteins from the bacill&s
be formed at the appropriate location. In rod-shaped bacteriacolj and the coccull. gonorrhoeasuggest that they perform
SUCh aSESCheI’iChia COli th|S occurs at the Ce” mldeInt in ana'ogous functions to ensure proper p|acement of the Ce”
a plane perpendicular to the long axis of the c&)| (vhile division plane {2, 13). In both cases MinD and MinC
in round bacteria such dseisseria gonorrhoeaedivision localize to a polymeric subcellular coiled structure on the
occurs centrally along alternating perpendicular plar®s ( membrane at one end of the cell, creating a zone that is
3). For both cell types placement of the cell division site is nhibitory to formation of the cytokinetic septuni4, 15).
determined, in part, by the presence of the nucleoid, which This MinCD-rich region expands along the subcellular
inhibits formation of the FtsZ polymer that is key for scaffold over time, extending toward the midcell whereupon
septation 4, 5). However, additional factors are required to it js thought to disperse to cluster at the opposite pole of the
ensure that the cell division septum does not localize to cg|l and establish a new MinCD zonk6-18). Coordinated
nonmidpoint regions of the cell not occluded by the nucleoid with MinCD oscillation is a concentrated membrane-associ-
) — ated annulus of MinE (called the E-ring) that also oscillates
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septation by interacting with FtsZ to induce disassembly of described plasmids pEC1 for wild-type, pEA18D for A18D,
the cytokinetic FtsZ polymeR2@—25). However, to perform and pEL22D for the L22D mutant Ng-MinB38). The E46A
this function, MinC must be targeted to the membrane via mutant was generated using the QuikChange site-directed
interactions with MinD, which cooperatively associates with mutagenesis kit as described by the manufacturer (Stratagene)
the membrane when bound to ATE6(-29). MinC inhibition using pEC1 with the following set of complementary primers
of cell division is alleviated when its interaction with MinD  synthesized by Integrated DNA Technologies Inc.:
is disrupted by MinE, which binds to an overlapping site on Y CCTGCCGACTTTACGTAAAGCGTTGATGGAA-
MinD (30, 31). This interaction with MinE also promotes GTCCTGTCC and®*GGACAGGACTTCCATCAACGCTT-
the intrinsic ATPase activity of MinD32, 33), causing the ~ TACGTAAAGTCGGCAGG . The identity of all constructs
dissociation of MinD from the membrane and release of was confirmed by sequencing performed at the Ontario
MInE (26, 27, 29). Genomics Innovation Centre at the Ottawa Health Research
The region of theE. coli MinE (Ec-MIinE)* responsible Institute.
for MinD interactions has been localized to an N-terminal  All Ng-MinE constructs were prepared using a slightly
31-residue segment (called the anti-MinCD domain) which modified version of the previously published protoc®8),
binds to MinD and dissociates the MinCD complex, allowing Briefly, one colony of freshly transformed BL21(DE3) was
cell division to occur 84). Even when an N-terminal  used to inoculate 50 mL of M9 minimal media containing
fragment is expressed in place of full-length MinE, MinCD 50 ug/mL kanamycin and 0.1% (w/#fN-labeled ammonium
activity is inhibited and cell division can procee8( 35). chloride and 0.3% (w/v) glucose (either ®8E or natural
However, in this case cell division can occur both at midcell abundance) as the sole nitrogen and carbon sources, respec-
and at the poles oE. coli, suggesting that the missing tively. The culture was grown overnight at 3C and used
C-terminal portion is required to impart topological specific- to inoculage 1 L of the same minimal media which was
ity to MinE function. Truncation analyses and mutagenesis induced with 0.4 mM isopropyp-p-thiogalactopyranoside
studies have shown that this topological specificity function when the Oy reached 0.60.8. Cells were harvested by
of MinE is retained in a structural domain that encompasses centrifugatiom 3 h after induction, and the pellet from each
residues 3488 in theE. coli protein (called the topological 1 L culture was resuspended in 30 mL of 20 mM sodium
specificity domain, or TSD)34—36). Solution NMR studies  phosphate buffer, pH 8.0, with 10 mM imidazole and 500
of this domain from Ec-MinE established that it forms an mM NacCl. Lysozyme (50@g/mL) was added prior to lysis
independently folded dimerief structure 87). In contrast, by sonication, and the insoluble material was pelleted by
solution NMR of a 22-residue N-terminal Ec-MIinE peptide centrifugation. After the supernatant was passed through a
suggests that it does not form a stable independent fold, 2 um filter, it was appliedd a 1 mLHis-Trap column using
although it may possess nascent helix struct@@®. (Con- an AKTA FPLC and washed with 10 mL of the same buffer
sequently, it has been proposed that the anti-MinCD domainfollowed by 15 mL of this buffer supplemented with 100
exists in a largely disordered conformation that is primed mM imidazole. A 106-500 mM imidazole gradient was then
for interactions with MinD 87). run over a 5 mLvolume in the same buffer, and Ng-MinE
While many studies have established the fact that anti- eluted as a single peak at approximately 400 mM imidazole.
MiInCD function can be decoupled from topological specific- Fractions containing Ng-MinE were dialyzed against 50 mM
ity by the expression of isolated MinE domains, evidence is Tris, pH 9.5, 50 mM NaCl, and 1 mM EDTA and
available for MinE fromN. gonorrhoeag¢hat mutations made  concentrated using 5K MWCO Amicon Ultra centrifugal
to the TSD can have an impact on MinD-binding activity filter units to yield samples that were95% pure as
(38). The observation that mutations in one domain can alter determined by Coomassie-stained SBFAGE. For circular
the functional properties normally attributed to the other dichroism and size exclusion experiments the concentrated
domain therefore raises the possibility that there are interac-samples were further purified on a Superdex-75 10/300 GL
tions between domains modulating their respective structuralcolumn in the same buffer, and only the main peak
and functional properties. However, no structural information corresponding to dimeric MinE was collected and concen-
from a full-length MinE protein is available that could trated for further study.
establish the conformation of the two functional domainsas NMR SpectroscopyAll NMR spectra were recorded at
they would exist in the intact protein. To investigate the the Quebec/Eastern Canada High Field NMR Facility on the
possibility of structural interdependence of the two MinE cryoprobe-equipped INOVA 500 or at the University of
domains, we have therefore studied full-length MinE from Ottawa NMR Facility on the INOVA 500. Spectra were
the round bacteriunN. gonorrhoeaeausing solution NMR recorded at 25C in 50 mM Tris, 50 mM NacCl, 10«M

and circular dichroism spectroscopy. EDTA, 0.02% sodium azide, 0.2 mM phenylmethanesulfonyl
fluoride, and 10% RO, processed by NMRPipe89), and
EXPERIMENTAL PROCEDURES analyzed with NMRView40). Ng-MinE concentrations were

Sample PreparationAll Ng-MinE samples with a C-  typically ~0.9-1.5 mM for spectra recorded at pH 9.5 and

terminal hexahistidine tag were prepared using the previously 1004M for the wild-type spectrum recorded at pH 7.8. All

HSQC spectra shown, including that of L22D, were repro-
! Abbreviations: Ec-MinEEscherichia coliMinE; Ng-MinE, Neis- duced at least once with proteins produced from independent

seria gonorrhoead/linE; TSD, topological specificity domain; Ec- or  purifications and found to yield superimposable spectra.

Ng-TSD, E. coli or N. gonorrhoeaetopological specificity domain; Backbone!™N, HN, 13C,, 13Cg, and13CO chemical shift

CD, circular dichroism; HSQC, heteronuclear single-quantum coher- i PR M

ence; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; assignments were made on the wild-type Ng-MinE at pH

EDTA, ethylenediaminetetraacetic acid; SDBAGE, sodium dodecyl  9-9 based on HNCACB, CBCA(CO)NH, HNCA, HN(CO)-

sulfate-polyacrylamide gel electrophoresis. CA, and HNCO experiments, and amide proton assignments
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Ficure 1: Primary sequence of MinE froi. gonorrhoeadNg) aligned with theE. coli (Ec) homologue. Identity is 42% as highlighted

in the sequence. Mutants investigated in the current study are shown above the sequence, with sequence numbering reflecting that of
Ng-MinE. Highly conserved amino acids that were previously identified to be important for MinD bindBg8) are indicated with

asterisks, with the number of asterisks reflecting the relative impact of mutations made at these positions on anti-MinCD function. Residues
previously identified to be important for E-ring formaticd22j are also specified with open dots. The secondary structure previously determined

for the Ec-TSD 87) is schematically displayed below the Ec-MinE sequence.

were confirmed with @ N-edited NOESY utilizing a 100  exchange with solvent, which is typically in the pH range
ms mixing time 41, 42). Protected regions were mapped of 5—7. However, we found that Ng-MinE was poorly
onto the Ec-TSD structure3(; PDB accession number soluble when the pH of the solution dropped bele®.0 in
1EVO0), and figures were rendered in MolMdl3). 'H, 1°C, a wide range of tested buffers. The highest concentration
and®™N chemical shifts were referenced using a 2,2-dimethyl- that could be obtained within the desired pH range was 50
2-silapentane-5-sulfonate internal standard, and secondaryM at pH 7.0, although this sample tended to slowly
shifts from peptide-derived random coil values were calcu- precipitate over time. Conversely, Ng-MinE could be con-
lated using NMRView. Although only & secondary shifts  centrated to much higher levels when the pH of the solution
are shown, secondary shifts fop@nd CO atoms were also  was greater than 8.0, with a concomitant improvement in
calculated and found to agree very closely with those from sample stability. Since a stably folded protein will possess
Ca atoms. hydrogen-bonded and/or buried backbone amide protons that
Circular Dichroism Spectroscopll samples for circular ~ would be protected from rapid solvent exchange, it can be
dichroism (CD) spectroscopy were prepared by dialysis of possible to observe signals from these amide protons in the
purified wild-type or mutant Ng-MinE samples into 10 mM  H—N HSQC spectrum at high pH. Therefore, to determine
Tris buffer at either pH 7.4 or pH 9.5. CD spectra were whether Ng-MinE was folded under conditions where it was
recorded on a Jasco J-810 circular dichroism spectropola-soluble, we recorded 8H1—'*N HSQC spectrum of a 1.5
rimeter with a 0.1 mm path length quartz cell at 25. mM N-labeled sample at pH 9.5. As shown by the red
Spectra reflect an average of eight scans recorded from 250spectrum in Figure 2A, 47 of the expected 89 peaks are
to 190 nm with a 0.2 nm step resolution, a speed of 20 nm/ observed, indicating that approximately half of the amide
min, and a bandwidth of 1.0 nm. CD spectra were found to protons are protected from rapid solvent exchange. In
be reproducible for all samples over a concentration range addition, the wide range of proton chemical shifts demon-
of 10—100 uM under both pH conditions. Following CD strates that the regions resistant to solvent exchange comprise
spectroscopy, the concentration of the samples used topart of a folded domain, as would be expected from the
calculate the molar ellipticity per mean residue was deter- solvent protection.
mined using a modified version of the Bradford assay and  To establish that the structure of Ng-MinE at high pH is
confirmed using the BCA assay, and the structural integrity similar to its structure at a more physiological pH, a 100
was confirmed by SDSPAGE analysis. #M 5N-labeled sample of Ng-MinE was also prepared at
pH 7.8. The HSQC spectrum of this sample (Figure 2A,
RESULTS black spectrum) shows the appearance of approximately 20
Backbone Amide Protons in Ng-MinE Are Protected from New backbone amide proton peaks that are distinct from those
Sobent Exchange at High pHn our structural investigation ~ observed in the high-pH spectrum that likely arise from parts
of a full-length bacterial MinE protein we chose to focus on Of MInE that are only partially protected from solvent
MinE from N. gonorrhoeaeto complement our previous ©xchange. In addition, a subset of peaks was obtained that
functional analyses on Min proteins from round bactegja (  0verlaps exactly with those in the high-pH spectrum. Since
12, 13, 15, 38, 44). For this purpose we used a C-terminally chemical shift is a property that is highly sensitive to the
hexahistidine-tagged Ng-MinE construct that could be ex- local chemical environment, the absence of pH-dependent
pressed and purified in high yield frof. coliin 15N- and chemical shift changes in these peaks shows that the core of
15N, 13C-isotopically labeled forms. Since the C-terminus of the structure of Ng-MinE is not altered by high-pH condi-
Ng-MinE does not appear to be critical to MinE structure or tions. The absence of a structural change upon varying
function 38), the His tag was not removed for these studies. solution pH conditions was further substantiated by circular
Functional assays for Ng-MinD with this tagged Ng-MinE dichroism spectroscopy, which showed superimposable
construct confirm that this construct retains the ability to Spectra for Ng-MinE in the two pH conditions (data not
promote a>10-fold increase in MinD ATPase activity —Shown).

similar to observations made with tle coli proteins (data To identify the parts of Ng-MinE that are resistant to
not shown). solvent exchange at high pH, backbone chemical shift
To evaluate the structural state of purified Ng-MifH;- resonances were assigned for 45 of the 47 peaks at pH 9.5.

15N correlation HSQC NMR spectra can be recorded, Thirty of the assigned residues could be mapped onto
providing a fingerprint spectrum for the backbone amide homologous regions in the NMR structure of the TSD from
protons. In this experiment, peak intensity is favored by Ec-MinE (Figure 2B). This analysis showed that the regions
solution conditions that minimize the rate of amide proton of Ng-MinE that are protected from solvent exchange occur
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Ficure 2: Ng-MinE contains stable structure in both N- and C-terminal domains at high pH. (A) Assigire¢dN HSQC spectrum of
wild-type MInE at pH 9.5 (in red) superimposed on the pH 7.8 spectrum (in black). Residues assigned to the anti-MinCD domain are
labeled in black. TSD residues are indicated in blue and have been mapped onto the ribbon diagram of the TSD structure (B) previously
determined for Ec-MIinE3J7).
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Ficure 3: Secondary structure of Ng-MinE determined from secondargl@@mical shifts. Shown are the differences between experimental

Co chemical shifts and published random coil valués) for Ng-MinE at pH 9.5. Regions showing positive secondacy<Bifts indicate

a helical conformation, while negative secondary shifts are characterigtistofictures. Residues not visible in the NMR spectrum at this

pH were not assigned and have been given a secondary shift value of zero. Secondary structure elements for homologous regions from
Ec-TSD as defined in the previously determined NMR struct@® ére shown schematically.

in the centralo-helix (oB) and g-sheet §2) that form the The predicted secondary structure of the assigned N-
extensive dimeric interface between monomers in addition terminal domain residues is of particular interest since no
to the N-terminal half of the outermogtsheet §1). The structural information for a full-length anti-MinCD domain
remaining peaks were assigned to two regions in the was previously available. As shown in Figure 3, significant
N-terminal anti-MinCD domain encompassing residue84  positive secondary shifts are observed for residues$,3
and 20-30. which would suggest that this part of the N-terminal domain

Secondary Structure of Ng-MinErom assigned backbone 1S helical. In addition to the N-terminal helix, anti-MinCD
chemical shift resonances it is possible to obtain a reliable résidues 2+30 show secondary shifts that predict for a
prediction of secondary structure by calculating secondary 5-conformation. Secondary structures identified in both
shifts (defined as the difference between experimental andN-términal and C-terminal domains were confirmed i
random coil values)45). The results of this analysis for NOESY experiment by the presence of significant correla-
backbone @ shifts are shown in Figure 3. Positive secondary ions between amide protons of consecutive residues for
shifts indicative of helical conformations were observed for helices (Supporting Information, Figure S1). Fixstrand
residues homologous to the helical regions previously residues these NOE correlations were very weak, as would
determined in the Ec-TSD structure, while negative second- P€ €xpected due to the larger distance separating consecutive
ary shifts characteristic of-structure arose in regions ~@amide protons in this conformation.
homologous to strandsl andf2. The agreement between Evidence for Interactions between MIinE N- and C-
secondary shift predictions and the Ec-TSD structure con- Terminal Domains The presence of structure in the N-
forms to the expectation that the high sequence similarity terminal domain of Ng-MinE raises the possibility that the
between the Ec- and Ng-MinE proteins (Figure 1) should two functional domains of this protein may interact with each
give rise to similar structures. other. To explore this possibility?N-labeled samples were
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Ficure 4. Mutations in Ng-MinE lead to chemical shift changes in both TSD and anti-MinCD dont&irs®N HSQC spectra of MinE

mutants A18D (A) and E46A (B) are shown in red superimposed on the black spectrum of wild-type MinE. All spectra were recorded at
pH 9.5, 25°C. TSD peaks in the wild-type spectrum that are not reproduced in the mutant spectrum are labeled in blue and also highlighted
in yellow in the ribbon structure for the Ec-TSD (C, D). E46 is highlighted in orange in (D).

made of Ng-MinE that contained a mutation in either the not reproduced in the A18D spectrum. In addition, Ng-TSD
N-terminal domain (A18D) or the C-terminal domain residues M72, D73, T80, and L81 also show differences
(E46A). These mutations are also of functional interest since between the two spectra. Localization of the corresponding
A18D Ng-MinE cannot bind MinD 38) and E46 has been residues in the Ec-TSD structure illustrates that they are
shown to be important for E-ring formation in Ec-MinEZ clustered together at the dimer interface between the central
37). As shown in Figure 4A, the HSQC spectrum of the two fS-strands at two equivalent sites (Figure 4C). The
A18D mutant (in red) shows only small differences from identification of a region of the Ng-TSD that is sensitive to
the spectrum recorded for wild-type Ng-MinE (black), mutations made to the anti-MinCD domain indicates that
suggesting that no large-scale structural changes are introthese C-terminal residues must experience a change in local
duced by the mutation. Circular dichroism spectra of wild- chemical environment, potentially via an interaction between
type and A18D Ng-MinE indicate that the secondary N- and C-terminal domains.

structure content has not been changed by this mutation The HSQC spectrum of the E46A mutant revealed more
(Figure 5A), providing additional evidence that the overall extensive, larger scale chemical shift perturbations relative
structure of the two proteins is similar. However, from the to the wild-type spectrum (Figure 4B), as would be expected
HSQC spectrum it appears that the local chemical environ- from the close proximity of this TSIa-helix residue to the
ment of some residues has been altered by the mutation sincelimerization interface. Previous studies with Ec-TSD sug-
some peaks in the wild-type spectrum, including those for gested that the analogous mutation does not perturb its global
N-terminal residues L6F8, D20, R21, E29 and A31, are structure 87), in agreement with the CD spectrum for the
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Ficure 5: Mutation of Leu22 destabilizes Ng-MinE structure. (A) Circular dichroic spectra of MinE wild-type (black), E46A (purple),
A18D (green), and L22D (red) mutant proteins in 10 mM Tris, pH 7.4. Protein concentrations we26 481, (B) *H—1N HSQC spectrum

of the 250uM L22D mutant recorded at pH 7.2, 2Z&. (C) Size exclusion profile for 100M wild-type and L22D Ng-MinE run on a
Superdex-75 column in 50 mM Tris, pH 9.5, 150 mM NacCl, and 1 mM EDTA. The elution profiles for both proteins were found to be the
same over a wide range of concentrations{280uM). Elution volumes of molecular mass standards are indicated with asterisks (from
left to right: albumin, 67 kDa; ovalbumin, 43 kDa; chymotrypsinogen A, 25 kDa; ribonuclease A, 13.7 kDa).

Ng-MinE E46A mutant, which is superimposable with that in gel filtration chromatography. Overall, these results
of the wild-type protein (Figure 5A). While the HSQC provide strong evidence that the L22D mutation affects the
spectrum of the E46A mutant shows that many peaks arestructure and stability of the full-length protein even though
unaffected by the mutation, a number of peaks in the wild- the site of mutation in the primary sequence is far from the
type spectrum were not reproduced in the mutant spectrum.C-terminal domain and the TSD dimerization interface.
These include peaks from residues along the length of the
central helix responsible for packing interactions between DISCUSSION
subunits ang3-sheet residues that pack against this helix ) o _
(Figure 4D). Apart from these changes in the TSD reso- .In order_for bacterial cell division fco Qx_cluswely occur at
nances, residues in the N-terminal helix also showed the Midcell, MinE must counteract the inhibitory action of the
effect of the E46A mutation, with L7 and F8 showing the MInCD complex site-specifically. For this purpose it per-
most notable difference since no trace of peak intensity at forms two functional roles: MinD binding to dissociate the
the wild-type position was observed for these peaks in the MINCD complex and MinE ring formation to ensure topo-
mutant spectrum. In addition, 14, E5, and L6 all appear to logical specificity. It has been shown that these two functlo_ns
be broadened in the E46A spectrum. Again, this observationcan be decoupled by expressing fragments of MinE, with
that mutations made in the C-terminal domain of Ng-MinE N-terminal fragments being associated with anti-MinCD
are sensed in the N-terminal domain supports the possibility 8ctivity and C-terminal fragments disrupting topological
that the two domains are structurally associated. specificity (34, 35). Although the study of these functional
The structure of another N-domain mutant known to domains in isolation has led to the identification of a number
disrupt anti-MinCD function, namely, L22086), was also of functio_nally critica] residues3(_7, 46), this approach does.
investigated by NMR and CD (Figure 5). In contrast to the NOt permit the detection of functional charjges that may arise
other mutants, the CD spectrum of L22D showed a signifi- due to the influence of the other domain. In addmon, no
cant difference from the wild-type spectrum, with a small Structural study had yet been performed on a MinE sample
decrease in helix and increase in random coil contributions containing the full 30 residues from the N-terminal domain,
(<~5% change) according to secondary structure deconvo-9iving rise to models of_M]nE functhn that are partially
lution programs. This difference in structure was confirmed based on structural predictions for this domain. Therefore,
in the HSQC, which showed no amide peaks at high pH 0 bett.er understa}nd the structural properties of the N-terminal
despite high solubility. Therefore, L22D appears to lack a domain, we studied the conformation of the full-length Ng-
stable structure that could protect backbone amides fromMINE using NMR and CD spectroscopy.
solvent exchange. This was substantiated by the HSQC run Assignment of peaks in the high-pfH—*N HSQC
under neutral pH conditions (Figure 5B) which revealed a spectrum of Ng-MinE showed that regions that are protected
mixture of peaks of strong intensity and poor chemical shift from solvent exchange correspond to sequences that are
dispersion characteristic of unfolded proteins and broad peakshomologous tax- andg-secondary structure elements in the
over a larger chemical shift range that may reflect regions previously determined structure of the Ec-TSB7) In
of residual structure undergoing intermediate time-scale addition, N-terminal anti-MinCD domain residues were also
exchange processes. It is not likely that the broadening is clearly evident in the spectrum, establishing that parts of this
due to aggregation since size exclusion chromatographydomain are folded in the intact protein. Initially, this was a
showed that this mutant elutes as a single peak with ansurprising result given that a previous trypsin digest per-
elution volume that is slightly less than that of the wild- formed on full-length Ec-MinE showed that only the C-
type (Figure 5C). It should be noted that it is not possible to terminal domain is resistant to digestion, implying that the
ascertain the oligomerization state of L22D from this analysis N-terminal domain might not be folde®). However, we
since unfolded extended states are less compact than foldedbserve that almost all of the potential sites for trypsin
globular states, which would lead to faster relative mobility cleavage in the N-terminal domain lie outside the protected
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regions that are visible in our spectra. The NMR solvent coli (38). However, in contrast to A18D, both NMR and CD
accessibility results on Ng-MinE therefore correlate well with spectra for this mutant show evidence of destabilization and
previous trypsin digestion studies on Ec-MinE since these partial unfolding. This shows that even when a mutation is
solvent-accessible regions are more likely to be cleaved.introduced that is far from the structured TSD, the structural
Cleavage at one or more of these sites would likely disrupt properties of both domains of Ng-MinE can be altered. This
the ability of the N-terminal region to fold, thereby facilitat- would suggest that the two functional domains are not
ing complete digestion of this domain. Hence it is likely that structurally independent, a factor that must be considered
the structure detected in the N-terminal domain of Ng-MinE when interpreting the impact of mutations on MinE activity.
is a conserved feature that is also present in Ehecoli Our proposal that the anti-MinCD domain interacts with
protein. the TSD would help to explain why MIinE does not
Additional confirmation of the structural similarity between independently localize to the membrane even though the anti-
the Ec- and Ng-MinE proteins was provided by our second- MinCD domain by itself has a tendency to bind tBecoli
ary chemical shift calculations. The secondary structure inner membrane. For example, GFP-tagged N-terminal Ec-
obtained for protected residues in the Ng-TSD correspondsMInE peptide (Ming-3;) has been shown to localize to the
exactly to the Ec-TSD solution NMR structure. Similar membrane even when MinD is not presef6)( However,
results were also obtained for the first solvent-protected if the N-terminal domain is folded together with the TSD in
segment at the N-terminus of Ng-MinE. Thehelical the full-length protein, it would be inaccessible for membrane
conformation observed for this segment in full-length Ng- binding. A disruption of this interaction would explain why
MinE corresponds to the same region of Ec-MinE that mutants L22S, L22R, or I25R in full-length Ec-MinE exhibit
displayed helix-specific NOEs in a 22-residue N-terminal MinD-independent membrane localizatiod6]. As we
Ec-MinE peptide (Ec-Mink-»,) (36). Therefore, the second- observed for the L22D mutant of Ng-MinE, the structure
ary shifts suggest a high degree of structural similarity and stability of these mutants may be dramatically different
between Ec- and Ng-MinE proteins. This structural homology from wild-type, with the N-terminal domain being available
was also predicted previously from cross-species comple-for promiscuous membrane interactions.
mentation studies showing that Ng-MinE can oscillat&in One of the most interesting findings from our studies was
coli when expressed with Ec-MinD and that oscillation of that residues 2630 of the N. gonorrhoeaeanti-MinCD
Ng-MinD can be induced irk. coli by coexpression with  domain are in g-conformation. Previous models of MinE-
either Ng-MinE or Ec-MinE {2). Since Min proteins from  MinD interactions had suggested that this region should be
the two species can function together in vivo, it is likely o-helical when bound to MinD 36, 37). This idea was
that these homologues have closely related structures andtorroborated by yeast two-hybrid experiments with a 31-
act via similar mechanisms. This is additionally substantiated residue N-terminal fragment of Ec-MinE that identified anti-
by previous studies demonstrating that mutations made toMinCD residues important for MinD bindingd6). These
residues that are important for anti-MinCD function in Ec- residues were shown to localize to one face of a hypothetical
MinE have a similar impact on Ng-MinE functioB§, 46). o-helix, potentially giving rise to a continuous MinD-binding
Given the high degree of sequence homology between Ec-surface 46). However, our results indicate that, in the
and Ng-MinE (Figure 1), as well as the structural and absence of MinD, many of these critical anti-MinCD residues
functional similarity, we anticipate that the structural proper- (e.g., L22, 125, 126, R30) are located in a structured region
ties of Ng-MinE will prove to be highly similar for MinE  that is clearly in g3-conformation.
proteins in general. The periodicity of a typicaB-sheet structure ensures that
Our investigations on mutants of Ng-MinE raised the the side chain from every other residue will be located on
possibility that interactions occur between the two functional one side of the sheet. However, the residues that have been
domains since mutations in one domain led to spectroscopicidentified as important in the MinBMInE interaction
changes in the other domain. It is of interest to note that the (Figure 1) do not display this periodicity and would therefore
N-terminal helix peaks were affected for both A18D and be predicted to localize to both sides of an idgatheet.
E46A mutants, which may reflect a direct role for this helix Although the current data cannot be used to establish whether
in interdomain interactions. This possibility could explain this region does form an idegtsheet uninterrupted by turns,
why deletion of five residues from the N-terminal side of another possibility to consider is that only a subset of these
Ec-MinE in vivo leads to cell length heterogeneity and some residues directly participates in the MinD interaction, with
minicell formation B5). Given that this helix does not appear the others being critical to the structural integrity of MinE.
to participate in direct interactions with MinD according to  Our results with L22D provide support for this scenario since
protein interaction studies in yeast on Ng-MirB)( and Ec- disruption of the anti-MinCDg-strand had a significant
MInE;—31 (46), deletion of the first five residues may instead impact on the structural properties of the whole protein. The
disrupt an interdomain interaction that is important for MinD-independent membrane localization of the I125R Ec-
regulating topological specificity. While the details behind MinE mutant @6) indicates a similar role for 125 in the full-
this interaction have yet to be resolved, one possibility to length protein. It is also worthy to note that anti-MinCD
consider is that deletion of this helix may alter the acces- function is retained by Ec-MinE,;, a fragment that does
sibility of residues important for MinD binding and/or not contain many of the residues subsequently identified as
topological specificity. important for MinD interactions34). This suggests that the
Additional evidence supporting an interaction between minimum region required for interaction with MinD is
anti-MinCD and TS domains was provided by our analysis provided by the first 22 residues and that fhstrand region
of the Ng-MinE mutant L22D. Like the A18D mutant, L22D may be important for other functions, such as stabilization
is not able to bind to Ng-MinD or induce oscillation B of the structure of MinE.
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Additional insight into the structural role of this anti-
MIinCD domain s-region has been provided by previous
studies with N-terminal truncations of Ec-MinE that explored

the involvement of this segment in MinE dimerizatiatv).

Although it is clear from structural and biophysical inves-
tigations that the TSD is capable of dimerization without

the anti-MinCD domain 36, 37), this study showed that

residues in the anti-MinCD domain can contribute to the
interaction. Specifically, when expressed together with wild-

type MInE in vivo, Ec-Mink,-g; was found to form

heterodimers with the full-length wild-type protein, while

the shorter Ec-Mink-g7 fragment did not. Since only the
MinE mutant that contained the anti-MinCBregion was

found to interact with the full-length protein in these studies,
this region may be responsible for unique interdomain
interactions that enhance dimerization affinity. These ad-
ditional cross-subunit interactions might also increase the
stability of the full-length protein, potentially explaining the

dramatic effect that mutations in this region can have on

MiInE structure.

Cross-subunit interactions mediated by the N-terminal
domain of MinE could also provide a potential explanation
of how topological specificity can be conferred. From
previous studies, it appears that normal cell division requires
that a concentrated zone of MinCD must oscillate between

poles along a subcellular coiled arraid(15) and that high

concentrations of MinE localize to the leading edge of the

MinCD zone to form the E-ringg, 14, 21). Mutations in

Ec-MinE such as D45A/V49A that have lost topological
specificity also do not show evidence of E-ring formation,
giving rise to longer MinCD polar zones with irregular

growth and decay propertie23). On the basis of these

results it was suggested that E-ring formation involves
interactions between the TSD and either other parts of MinE
or other proteins yet to be identified. Our finding suggesting
that the TSD interacts with the anti-MinCD domain of MinE
raises the possibility that these interactions may even occur
between MIinE dimers. Similar to “domain swapping” where
intramolecular interactions are exchanged for intermolecular
interactions, a low-affinity MinE oligomerization could be
facilitated by interactions where intradimer interactions
between the anti-MinCD and topological specificity domains
are replaced by interdimer interactions. In fact, sedimentation
equilibrium experiments on purified Ec-MinE indicate that

low-affinity tetramer and octamer formation does oceli) (
but is not observed for the TSD alonggf. Given that the

local concentration of MInE that is incorporated into the
coiled array could be very high, formation of these higher
order oligomers may be favored in this case. The role of the
TSD in the formation of these higher order structures could
explain the requirement for this domain in normal bacterial
cell division. However, it is clear that understanding how

MiInE performs its anti-MinCD function site-specifically will

require high-resolution structural information on the full-
length protein, a prospect which is currently being pursued
in our laboratories. This not only will clarify how the anti-
MinCD domain can bind to MinD but also should provide
insight into how the TSD contributes to the interaction and

how topological specificity is conferred.
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