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ABSTRACT: ZipA, an essential component of cell division in Escherichia coli, interacts with the FtsZ
protein at the midcell in one of the initial steps of septum formation. The high-resolution solution structure
of the 144-residue C-terminal domain of E. coli ZipA (ZipA185-328) has been determined by
multidimensional heteronuclear NMR. A total of 30 structures were calculated by means of hybrid distance
geometry-simulated annealing using a total of 2758 experimental NMR restraints. The atomic root means
square distribution about the mean coordinate positions for residues 6-142 for the 30 structures is 0.37
( 0.04 Å for the backbone atoms, 0.78 ( 0.05 Å for all atoms, and 0.45 ( 0.04 Å for all atoms excluding
disordered side chains. The NMR solution structure of ZipA185-328 is composed of three R-helices and a
β-sheet consisting of six antiparallel β-strands where the R-helices and the β-sheet form surfaces directly
opposite each other. A C-terminal peptide from FtsZ has been shown to bind ZipA185-328 in a hydrophobic
channel formed by the β-sheet providing insight into the ZipA-FtsZ interaction. An unexpected similarity
between the ZipA185-328 fold and the split β-R-β fold observed in many RNA binding proteins may
further our understanding of the critical ZipA-FtsZ interaction.

Bacterial cell division is a complex series of events in
which a common feature is the formation of a septum across
the middle of the cell (for reviews see refs 1-3). In
Escherichia coli, at least nine essential components are
involved in the assembly of the septal ring, a membraneassociated cytoskeletal element that directs the formation of
the septum. FtsZ is a major component of the septal ring
and a highly ubiquitous and abundant protein conserved
among most bacterial cells. During the initial stage of cell
division, FtsZ moves from the cytoplasm to accumulate at
the division site where it self-assembles into a ring-like
polymer structure associated with the inner surface of the
cytoplasmic membrane. The resulting FtsZ ring provides a
scaffold to recruit other members of the septal ring. ZipA is
one of the first proteins recruited to the division site and
has been shown to directly bind FtsZ (4-6).
ZipA is essential for cell division and viability in E. coli
(4). Experiments with the green fluorescent protein fusion
of ZipA have demonstrated that only prior localization of
FtsZ is required for localization of ZipA to midcell (5, 6).
Changes in the relative abundance of ZipA in the cell, either
by depletion or overexpression, result in filamentation. The
morphology of these filaments resembles those observed for
cells in which FtsZ has been depleted. This is consistent with
the observation that both ZipA and FtsZ are involved at the
very early stage of cell division.
† Atomic coordinates for the 30 final simulated annealing structures
and the restrained minimized mean structure of ZipA185-328 have been
deposited in the Protein Data Bank (PDB ID code 1F7X and 1F7W).
* To whom correspondence should be sent at Wyeth Research, 85
Bolton St., Rm 222B, Cambridge, MA 02140. Phone: (617) 665-7997.
Fax: (617) 665-8993. E-mail: powersr@war.wyeth.com.
§ Department of Biological Chemistry.
‡ Department of Infectious Disease.

ZipA is a 328-amino acid protein that is composed of five
regions or domains (4). The N-terminus is a highly hydrophobic region of approximately 25 amino acids which form
the transmembrane domain that anchors the protein to the
cytoplasmic membrane. This is followed by a basic region
(∼23 aa), an acidic region (∼17 aa), and a long proline rich
region (residues 86-188). The C-terminal domain (residues
189-328) has been shown to be sufficient for binding to
FtsZ (6) and has several areas that are conserved among the
seven ZipA sequences identified to date. Since ZipA is
anchored to the cytoplasmic membrane while binding FtsZ,
it has been speculated that the function of ZipA may be to
link the membrane with the FtsZ rings, to stabilize or
organize the FtsZ rings, or to link invagination of the
membrane to constriction of the FtsZ ring during septation
(4-7). Since changes in the relative abundance of ZipA in
the cell result in filamentation, disruption of the ZipA-FtsZ
interaction would likely disrupt cell division and cause cell
lysis, suggesting that the ZipA-FtsZ interaction may be a
viable therapeutic target for drug development. To better
understand the role of ZipA in cell division and as part of a
structure-based drug design program, we have determined
the high-resolution solution structure of the C-terminal
domain of ZipA (ZipA185-328, where M185 corresponds to
M1 in the NMR structure) by heteronuclear multidimensional
NMR and have explored its interaction with FtsZ.
MATERIALS AND METHODS
NMR Sample Preparation. Uniformly (>95%) 15N- and
recombinant ZipA185-328 was expressed in
E. coli and purified as described elsewhere (8). The NMR
samples contained 1 mM of ZipA185-328 in a buffer containing
50 mM sodium phosphate, 2 mM NaN3, and 50 mM KCl,
15N/13C-labeled
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in either 90% H2O/10% D2O or 100% D2O at pH 5.5. For
the 2D 1H-15N HSQC chemical shift perturbation studies,
the FtsZ C-terminal peptide, KEPDYLDIPAFLRKQAD, was
in ∼5-fold excess relative to a ZipA185-328 concentration of
0.3 mM where buffer conditions were identical to above.
For structural analysis of the ZipA complexed with the FtsZ
C-terminal peptide, the peptide was in either a ∼5-fold excess
or equimolar relative to a ZipA185-328 concentration of 1 mM
where buffer conditions were identical as above.
NMR Data Collection. All NMR spectra were recorded
at 25 °C on a Bruker DRX 600 spectrometer equipped with
a triple-resonance gradient probe. For spectra recorded in
H2O, water suppression was achieved with the WATERGATE sequence and water-flip back pulses (9, 10). Quadrature detection in the indirectly detected dimensions were
recorded with States-TPPI hypercomplex phase increment
(11). Spectra were collected with appropriate refocusing
delays to allow for 0,0 or -90,180 phase correction. Spectra
were processed using the NMRPipe software package (12)
and analyzed with PIPP (13) on a Sun Ultra10 Workstation.
When appropriate, data processing included a solvent filter,
zero-padding data to a power of two, linear predicting back
one data point of indirectly acquired data to obtain zero phase
corrections and linear prediction of additional points for the
indirectly acquired dimensions to increase resolution. Linear
prediction by the means of the mirror image technique was
used only for constant-time experiments (14). In all cases,
data were processed with a skewed sine-bell apodization
function, and one zero-filling was used in all dimensions.
1H, 15N, 13C, and 13CO assignments and secondary structure
determination of ZipA185-328 were reported previously (8).
In addition to the NMR experiments used for the ZipA185-328
resonance assignments, the present structure is based on the
following series of spectra: HNHA (15), HNHB (16),
HACAHB-COSY (17), 3D 15N- (18, 19), and 13C-edited
NOESY (20, 21). The 15N-edited NOESY and 13C-edited
NOESY experiments were collected with 100 and 120 ms
mixing times, respectively.
The assignments of the 1H, 15N, and 13C resonances of
ZipA185-328 in the complex with FtsZ C-terminal peptide were
based on the assignments previously reported for free
ZipA185-328 (8) in combination with a minimal set of
experiments obtained for the complex: 2D 1H-15N HSQC,
3D 15N-edited NOESY (18, 19), CBCA(CO)NH (22),
C(CO)NH (23), HC(CO)NH (23), and HNHA (15) to assign
regions of the ZipA185-328 spectra perturbed by the presence
of the FtsZ peptide. The resonance assignments for ZipA185-328
in the complex followed the procedure described previously
(24). The resonance assignments of the free FtsZ C-terminal
peptide were based on 2D NOESY (25), 2D TOCSY (26),
and 2D COSY (27) experiments. The assignments followed
the protocol described by Wuthrich (28). The resonance
assignments for the FtsZ C-terminal peptide in the complex
with ZipA185-328 were based on the free peptide assignments
and the 2D 12C/12C-filtered NOESY (29) and 3D 13C-edited/
12C-filtered NOESY (30) spectra of the complex.
Analysis of the ZipA185-328 complex with the FtsZ
C-terminal peptide is based on observed NOEs from the 3D
13C-edited/12C-filtered NOESY (30) experiment. The 3D 13Cedited/12C-filtered NOESY experiment was collected with
110 and 300 ms mixing times. As a result of the weak
binding affinity of the FtsZ C-terminal peptide (Kd ≈ 20
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µM) with ZipA185-328 only a minimal number of intermolecular NOEs (36) were observed with a 5-fold excess of
FtsZ C-terminal peptide relative to ZipA185-328. The weak
affinity of the peptide for ZipA185-328 complicated both the
observation of intramolecular NOEs and the assignment of
the FtsZ C-terminal peptide NMR resonances in the presence
of ZipA185-328. When the FtsZ C-terminal peptide was in
approximately 5-fold excess relative to ZipA185-328, the 2Dfiltered experiments yielded spectra consistent with the free
peptide assignments. Conversely, when the FtsZ C-terminal
peptide concentration was reduced to an equimolar amount
relative to ZipA185-328, resonances in the 2D-filtered experiments exhibited chemical shift perturbations relative to the
free peptide but with a significant reduction in signal-tonoise prohibiting the observation of structurally relevant
intramolecular NOEs. Further complicating the analysis of
the 3D 13C-edited/12C-filtered NOESY experiment was the
observation of NOEs from ZipA185-328 to either free or bound
FtsZ C-terminal peptide NMR resonances. Apparently, the
affinity of the peptide for ZipA185-328 varied along the
binding site resulting in distinct off-rates for different regions
of the peptide where some NOEs behaved effectively as
transfer-NOEs. Therefore, the assignments of the intermolecular NOEs from the 3D 13C-edited/12C-filtered NOESY
experiment were obtained by comparison of the data from
the free and bound forms of the peptide where the aromatic
residues were readily identified. Additionally, correct assignments were ascertained by consistency with the
ZipA185-328-FtsZ peptide complex.
Interproton Distance Restraints. The NOEs assigned from
3D 13C-edited NOESY and 3D 15N-edited NOESY experiments were classified into strong, medium, weak, and very
weak corresponding to interproton distance restraints of 1.82.7 Å (1.8-2.9 Å for NOEs involving NH protons), 1.83.3 Å (1.8-3.5 Å for NOEs involving NH protons), 1.85.0 Å, and 3.0-6.0 Å, respectively (31, 32). Upper distance
limits for distances involving methyl protons and nonstereospecifically assigned methylene protons were corrected
appropriately for center averaging (33).
Torsion Angle Restraints and Stereospecific Assignments.
The β-methylene stereospecific assignments and χ1 torsion
angle restraints were obtained primarily from a qualitative
estimate of the magnitude of 3JRβ coupling constants from
the HACAHB-COSY experiment (17) and 3JNβ coupling
constants from the HNHB experiment (16). Val γ-methyl
stereospecific assignments were made from the relative
intensity of intraresidue NH-CγH and CRH-CγH NOEs
(34). Leu and Ile χ2 torsion angle restraints and Leu δ-methyl
stereospecific assignments were obtained primarily from
13C-13C-long-range coupling constants (35) and the relative
intensity of intramolecular NOEs (36). Further support for
the assignments was obtained from approximate distance
restraints for intraresidue NOEs involving NH, CRH, and
CβH protons (36).
The φ and ψ torsion angle restraints were obtained from
3J
NHR coupling constants measured from the HNHA experiment (15) and from chemical shift analysis using the TALOS
program (37). The minimum ranges employed for the φ, ψ,
and χ torsion angle restraints were (30, (50, and (20°,
respectively.
Initially, NOEs to degenerate CδH and CH resonances
from Phe and Tyr residues use pseudo-atoms during the
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FIGURE 1: Summary of the sequential and medium range NOEs involving the NH, HR, and Hββ protons, the amide exchange and 3JHNR
coupling constant data, and the 13CR and 13Cβ secondary chemical shifts observed for RGS4 with the secondary structure deduced from
these data. Thickness of the lines reflects the strength of the NOEs. Amide protons still present after exchange to D2O are indicated by
closed circles. Open boxes represent potential sequential assignments NOEs that are obscured by resonance overlap and could therefore not
be assigned unambiguously. Hashed boxes on the same line as the HR(i)-NH(i+1) NOEs represent the sequential NOE between the HR
proton of residue i and the CδH proton of the i + 1 proline and is indicative of a trans proline.

structure calculation. At later stages in the refinement when
the quality of the ZipA185-328 structure has significantly
improved, it is possible to assign NOE distance restraints to
CδH and CH of well-defined Phe and Tyr to only one side
of the ring and assign a χ2 torsion angle restraint.
Structure Calculations. The structures were calculated
using the hybrid distance geometry-dynamical simulated
annealing method of Nilges et al. (38) with minor modifications (39) using the program XPLOR (40), adapted to
incorporate pseudopotentials for 3JNHR coupling constants
(41), secondary 13CR/13Cβ chemical shift restraints (42), and
a conformational database potential (43, 44). The target
function that is minimized during restrained minimization
and simulated annealing comprises only quadratic harmonic
terms for covalent geometry, 3JNHR coupling constants and
secondary 13CR/13Cβ chemical shift restraints, square-well
quadratic potentials for the experimental distance and torsion
angle restraints, and a quartic van der Waals term for
nonbonded contacts. All peptide bonds were constrained to

be planar and trans except for cis prolines P67 and P89. There
were no hydrogen bonding, electrostatic, or 6-12 LennardJones empirical potential energy terms in the target function.
The number of observed intermolecular NOEs (36) were
insufficient for a detailed structural analysis of the ZipA185-328
complex with the FtsZ peptide but were sufficient for
validating the peptides binding site and for generating a lowresolution structure of the complex. The low-resolution
structure of ZipA185-328 bound to the C-terminal FtsZ peptide
followed the exact procedure for the structure determination
of free ZipA185-328 where the only modification was the
incorporation of the FtsZ peptide and the addition of the
peptide constraints to the free ZipA185-328 constraints. The
only modification to the free ZipA185-328 constraints used
for the ZipA185-328-FtsZ peptide complex structure calculation was the removal of the side-chain (χ1) torsion constraint
for M42, which was inconsistent with the ZipA185-328-FtsZ
peptide complex. A total of 100 structures were calculated
for the ZipA185-328 complex with the FtsZ peptide where a
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FIGURE 2: Secondary structure elements of ZipA as determined from qualitative analysis of the NOE and amide exchange data. β-strands
are indicated on the left by roman numerals and the residue number range. Residues that are not defined as part of a β-strand but did exhibit
preliminary data suggestive of a β-strand conformation are also illustrated. Particularly, residues 122-124 that do not conform to standard
β-strand dihedral angles are labeled as S. Interstrand NOEs derived from the 3D 15N- and 13C-edited NOESY spectra are indicated by
arrows, and slowly exchanging amide protons are boxed. Hydrogen bonds deduced from these data are shown as broken lines. Adjacent
residues with degenerate HR resonances are circled.

restrained minimized average structure was determined from
the 30 best structures (Figure 5C).
Binding of C-terminal FtsZ Peptide with ZipA185-328.
Competition of the 17-amino acid peptide with FtsZ for
binding to ZipA185-328 was determined in an ELISA format.
ZipA185-328 was bound nonspecifically to the well of an
Immulon 4HBX plate at 1µg ml-1. After removing unbound
ZipA185-328 and blocking with BSA, the peptide (1-1000
µM) and FtsZ with an N-terminal FLAG epitope tag (2 µg
ml-1) were added to the wells for 2 h at room temperature.
Unbound FtsZ was washed away, and the bound FtsZ was
detected via FLAG monoclonal antibody and an anti-mouse
IgG horseradish peroxidase conjugate. o-Phenylenediamine
was used as a substrate for horseradish peroxidase, and after
the reaction was stopped with diluted sulfuric acid the
absorbance at 490 nm was read.
RESULTS
Secondary Structure Analysis. The regular secondary
structure elements of ZipA185-328 were identified from a
qualitative analysis of sequential and interstrand NOEs, NH
exchange rates, 3JHNR coupling constants, and the 13CR and
13Cβ secondary chemical shifts (45, 46). The sequential and
medium range NOEs were obtained from a qualitative
analysis of the 15N-edited NOESY and 13C-edited NOESY

spectra. 3JHNR coupling constants were obtained from the
relative intensity of HR cross-peaks to the NH diagonal in
the HNHA experiment (15). Slowly exchanging NH protons
were identified by recording an HSQC spectra 1 day after
exchanging a ZipA185-328 sample from H2O to D2O. These
data, together with the deduced secondary structure elements
are summarized in Figure 1. On the basis of PROCHECK
analysis, the overall structure of ZipA185-328 is composed of
three R-helices and a β-sheet consisting of six antiparallel
β-strands (47, 48). The three helical regions correspond to
residues G25-Q34 (R1); E94-V112 and (R2) and P126-A144
(R3); and the β-sheet region corresponds to residues A9-A16
(β1), F37-F39 (β2), Y45-H48 (β3), L58-N63 (β4), G81V88 (β5), and G114-L117 (β6). The alignment of the β-sheet
is illustrated in Figure 2. In addition, residues that exhibited
NMR data suggestive of a β-strand conformation are also
included in the figure.
Structure Determination. The final 30 simulated annealing
structures were calculated on the basis of 2758 experimental
NMR restraints consisting of 1954 approximate interproton
distance restraints, 84 distance restraints for 42 backbone
hydrogen bonds, 377 torsion angle restraints composed of
129 φ, 128 ψ, 92 χ1, and 28 χ2 torsion angle restraints, 113
3J
NHR restraints, and 120 CR and 110 Cβ chemical shift
restraints. Stereospecific assignments were obtained for 63
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Table 1: Structural Statistics and Atomic rms Differencesa
Structural Statistics

rms deviations from experimental distance restraints (Å)b
all (2038)
interresidue sequential (|i - j| ) 1) (637)
interresidue short range (1 < |i - j| e 5) (457)
interresidue long-range (|i - j| > 5) (746)
intraresidue (500)
H-bonds (84)c
rms deviation from exptl dihedral restraints (deg) (377)b,d
rms deviation from exptl CR restraints (ppm) (120)
rms deviation from exptl Cβ restraints (ppm) (110)
rms deviation from 3JNHR restraints (Hz) (113)
FNOE (kcal mol-1)e
Ftor (kcal mol-1)e
Frepel (kcal mol-1)e
FL-J (kcal mol-1)f
deviations from idealized covalent geometry
bonds (Å) (2268)
angles (deg) (4109)
impropers (deg) (2163)g
PROCHECKh
overall G-factor
% residues in most favorable region of Ramachandran plot
H-bond energy
no. of bad contacts/100 residues

〈SA〉

(SA)r

0.015 ( 0.002
0.015 ( 0.004
0.012 ( 0.005
0.018 ( 0.002
0.005 ( 0.005
0.016 ( 0.004
0.101 ( 0.058
0.97 ( 0.03
0.87 ( 0.02
0.60 ( 0.02
26.3 ( 7.2
0.92 ( 0.67
36.2 ( 3.4
-617 ( 8

0.013
0.011
0.005
0.019
0.001
0.020
0.130
0.94
0.88
0.61
19.7
0.39
19.1
-588

0.003 ( 0
0.485 ( 0.012
0.432 ( 0.029

0.003
0.527
0.409

0.20 ( 0.001
91.4 ( 1.4
0.80 ( 0.04
6.9 ( 1.1

0.12
91.1
0.80
6.9

Atomic rms Differences (Å)
secondary structurei

residues 6-142
〈SA〉 vs SA
〈SA〉 vs (SA)r
(SA)r vs SA

ordered side chainj

backbone atoms

all atoms

backbone atoms

all atoms

all atoms

0.37 ( 0.04
0.41 ( 0.04
0.16

0.78 ( 0.05
0.89 ( 0.05
0.43

0.31 ( 0.04
0.35 ( 0.04
0.14

0.72 ( 0.05
0.79 ( 0.06
0.39

0.45 ( 0.04
0.51 ( 0.04
0.23

The notation of the structures is as follows: 〈SA〉 are the final 30 simulated annealing structures; SA is the mean structure obtained by
averaging the coordinates of the individual SA structures best fit to each other (excluding residues 1-5 and 143-144); and (SA)r is the restrained
minimized mean structure obtained by restrained minimization of the mean structure SA (60). The number of terms for the various restraints is
given in parentheses. b None of the structures exhibited distance violations greater than 0.2 Å or dihedral angle violations greater than 1°. c For
backbone NH-CO hydrogen bond there are two restraints: rNH-O ) 1.5-2.3 Å and rN-O ) 2.5-3.3 Å. All hydrogen bonds involve slowly exchanging
NH protons. d The torsion angle restraints comprise 129 φ, 128 ψ, 92 χ1, and 28 χ2 restraints. eThe values of the square-well NOE (FNOE) and
torsion angle (Ftor) potentials [cf. eqs 2 and 3 in Clore et al., (1986) (32)] are calculated with force constants of 50 kcal mol -1 Å-2 and 200 kcal
mol-1 rad-2, respectively. The value of the quartic van der Waals repulsion term (Frep) [cf. eq 5 in Nilges et al. (1988) (38)] is calculated with a
force constant of 4 kcal mol -1 Å-4 with the hard-sphere van der Waals radius set to 0.8 times the standard values used in the CHARMM (61)
empirical energy function (38, 60, 62). f EL-J is the Lennard-Jones-van der Waals energy calculated with the CHARMM emperical energy function
and is not included in the target function for simulated annealing or restrained minimization. g The improper torsion restraints serve to maintain
planarity and chirality. h These were calculated using the PROCHECK program (48). i The residues in the regular secondary structure are 25-34
(R1), 94-112 (R2), 126-144 (R3), 9-16 (β1), 37-39 (β2), 45-48 (β3), 58-63 (β4), 81-88 (β5), and 114-117 (β6). j The disordered side chains
that were excluded are as follows: residues 1-5; residues 143-144; Arg 6 from Cγ; Lys 7 from Cδ; Glu 8 from Cγ; His 18 beyond Cγ; His 19
from Cγ; Glu 22 beyond Cδ; Glu 26 beyond Cδ; Asn 30 from Cγ; Ser 31 beyond Cβ; Gln 33 from Cδ; Gln 34 beyond Cδ; Asp 41 beyond Cγ;
Met 42 beyond Cγ; Asn 43 beyond Cγ; His 46 beyond Cγ; Arg 47 beyond C; Asp 52 from Cγ; Ser 54 beyond Cγ; Asn 63 beyond Cγ; Met 64
beyond Cγ; Val 65 beyond Cβ; Lys 66 from Cδ; Asp 71 beyond Cγ; Glu 73 from Cδ; Met 74 from Cγ; Lys 75 beyond C; Asp 76 beyond Cγ;
Met 86 beyond Sδ; Gln 87 beyond Cδ; Asp 93 from Cγ; Glu 94 from Cδ; Gln 96 beyond Cδ; Asn 97 beyond Cγ; Lys 99 beyond C; Leu 100
beyond Cγ; Gln 103 beyond Cδ; Asp 110 beyond Cγ; Glu 111 beyond Cδ; Asp 118 beyond Cγ; Gln 120 beyond Cδ; Arg 121 beyond Cδ; Arg
122 beyond Cδ; Met 123 from C; Gln 127 beyond Cδ; Lys 128 beyond C; Arg 130 from Cγ; Glu 131 from Cδ; Gln 133 beyond Cδ; Asp 134
beyond Cγ; Arg 137 beyond Cδ; Glu 138 from Cδ; Lys 140 beyond C; Asp 141 beyond Cγ.
a

of the 92 residues with β-methylene protons, for the methyl
groups of 4 of the 9 Val residues, and for the methyl groups
of 11 of the 12 Leu residues. In addition, all seven of the
Phe residues and all three of the Tyr residues were welldefined, making it possible to assign NOE restraints to only
one of the pair of the degenerate CδH and CH protons and
to assign a χ2 torsion angle restraint. A summary of the
structural statistics for the final 30 simulated annealing (SA)
structures of ZipA185-328 is provided in Table 1, and a best
fit superposition of the backbone atoms is shown in Figure
3. The atomic root mean square (rms) distribution of the 30

simulated annealing structures about the mean coordinate
positions for residues 6-142 is 0.37 ( 0.04 Å for the
backbone atoms, 0.78 ( 0.05 Å for all atoms, and 0.45 (
0.04 Å for all atoms excluding disordered surface side chains
(Table 1). The high quality of the ZipA185-328 NMR structure
is also evident by the results of the PROCHECK analysis
where an overall G-factor of 0.12, a hydrogen bond energy
of 0.80, and only 6.9 bad contacts/100 residues are consistent
with a good quality structure comparable to ∼1 Å X-ray
structure (48). Additionally, most of the backbone torsion
angles for nonglycine residues lie within expected regions
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FIGURE 3: Stereoview of the backbone (N,CR,C’) superposition of the 30 best structures determined for ZipA185-328 for residues 6-144
colored by secondary structure.

of the Ramachandran plot where 91.1% of the residues lie
within the most favored region of the Ramachandran φ, ψ
plot and 8.9% lie in the additionally allowed region.
DISCUSSION
ZipA185-328 NMR Structure. The ZipA185-328 protein adopts
an R-β fold composed of three R-helices and a β-sheet
consisting of six antiparallel β-strands (Figure 4). The
previously reported NMR assignments and secondary structure determination for ZipA185-328 (8) identified residues
R122-M124 as a seventh β-strand based on observable
interstrand NOEs and amide exchange rates (Figures 1 and
2), but the conformation of these residues in the solution
structure of ZipA185-328 reported herein do not conform with
the definition of a β-sheet region based on standard φ and
ψ torsion angles. Therefore, the overall topology for
ZipA185-328 is βRββββRβR where the β-sheet and R-helices
form distinct surfaces directly opposite each other. The short
β-strand (β2) and residues R122-M124 are located at both
edges of the β-sheet and directly follow βI and βIII’ type turns,
respectively. The β-strand (β2) and residues R122-M124
effectively enter and exit the β-sheet where R1 precedes β2
and R3 follows residues R122-M124. Thus, the short
β-strand (β2) and residues R122-M124 occur at the transition point between the β-sheet surface and the R-helical
surface. In fact, the β-sheet as a whole does not form a
perfectly flat surface, there is an effective twist perpendicular
to the axis in the plane of the β-strands allowing for the
transition from the β-sheet surface to the R-helical surface.
This twist is most pronounced for β-strand β2 and accounts
for residues R122-M124 not conforming to a standard
β-strand conformation. Another feature of the ZipA185-328
structure is the loops between strands β4 and β5 and between
strand β1 and helix R1. These loops come in close contact to
nearly form a short β-sheet. A short helical region also occurs

in the loop between β4 and β5. The combination of the
potentially short β-sheet and helical region results in these
two loops being relatively well-defined. Dynamic analysis
of the ZipA185-328 protein based on NH T1, T2, and NOE
data indicates that the protein exhibits very little flexibility,
even within loop regions, as evident by order-parameters (S2)
> 0.6 (data not shown) for all residues excluding the Nand C-terminus.
An additional feature of the ZipA185-328 fold is the
observation that all of the major loops of the structure
effectively protrude from the surface composed of the
β-sheet. This has the resulting effect of creating “channels”
on the ZipA185-328 surface (Figure 5A). This is significantly
different from the surface created by the three R-helices,
which does not have any distinguishing features (Figure 5B).
An electrostatic surface potential for ZipA185-328 indicates
two distinct clusters within the observed “channels” on the
β-sheet surface. These clusters correspond to a negative
potential patch composed primarily of D118, D119, and E131
and a large hydrophobic patch comprised of residues V10,
I12, A16, F39, M42, I44, A57, A62, M64, V65, P67, P80,
and F85. The structure of the β-sheet surface is suggestive
of a potential binding site for the interaction of ZipA185-328
with FtsZ.
ZipA-FtsZ Interaction. A critical stage in E. coli cell
division is the recruitment of ZipA to the FtsZ ring at the
division site. It has been previously demonstrated that the
recruitment of ZipA occurs through a direct binding interaction of ZipA with FtsZ (4). Furthermore, it has been
determined that the FtsZ binding site within the ZipA
structure occurs in the C-terminal domain (6). The E. coli
FtsZ structure is composed of a large 320-amino acid
N-terminal domain that is sufficient for FtsZ self-assembly
and a small, variable in length C-terminal domain (49).
Similar to ZipA, the binding site on E. coli FtsZ for ZipA
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FIGURE 4: Ribbon diagram of the NMR structure of ZipA185-328 for residues 6-144 colored by secondary structure. Secondary structure
elements are labeled (same view as Figure 3).

has been identified as part of the 63-amino acid C-terminal
region of the protein (6). Residues important for the
interaction with ZipA have been further localized to the final
17 amino acids of the FtsZ C-terminus (S. Haney, personal
communication). Examining the ZipA-FtsZ interaction with
a yeast two-hybrid system, it was determined that a D373G
mutation within FtsZ abrogated binding to ZipA, but could
be suppressed by other mutations in the FtsZ C-terminus.
While an X-ray structure of Methanococcus jannischii FtsZ
has been solved, the structure lacks the C-terminal region
identified to bind ZipA (50, 51). As a result, there is a lack
of structural information pertaining to the interaction of ZipA
with FtsZ. The NMR solution structure described herein
provides some insight into the nature of the interaction of
ZipA with FtsZ since the details of the ZipA185-328 surface
suggests a potential FtsZ binding site among the observed
“channels” within the β-sheet surface. These results along
with the identification that the ZipA binding site in FtsZ is
located in the C-terminal 17 amino acids led us to explore
peptides from FtsZ for the ability to bind ZipA185-328 and
disrupt the binding of ZipA185-328 with FtsZ.

To examine this possibility, a peptide encompassing the
last 17 amino acids of E. coli FtsZ (367KEPDYLDIPAFLRKQAD383) was synthesized. Competition experiments
(Figure 6A) demonstrate that this sequence is sufficient to
inhibit binding of FtsZ to ZipA23-328. As a control, a peptide
incorporating the D373G mutation (using the numbering of
the full-length protein) was also tested and showed an
approximately 60-fold decrease in inhibition (Figure 6A).
The same mutation in the full-length FtsZ results in a greater
than 100-fold increase in the apparent dissociation constant
(E. Glasfeld, unpublished results).
The 17-amino acid peptide from the C-terminus of E. coli
FtsZ was found to directly bind ZipA185-328 from chemical
shift perturbations observed in a 2D 1H-15N HSQC spectra
(Figure 6B). It is readily apparent from the 2D 1H-15N HSQC
spectra that a considerable number of ZipA185-328 residues
are perturbed by the presence of the FtsZ C-terminal peptide.
The residues that were significantly perturbed and readily
assigned are mapped onto the ZipA185-328 surface (Figure
5C). All of the residues that experience chemical shift
changes in the presence of the FtsZ C-terminal peptide occur
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FIGURE 5: Molecular surface of the ZipA185-328 NMR structure showing two different views: (A) ZipA185-328 surface determined by the
six-stranded β-sheet (same view as Figures 3 and 4) and (B) ZipA185-328 surface determined by the three R-helices. Surfaces are colored
according to electrostatic potential where red corresponds to negative, blue corresponds to positive, and white corresponds to neutral. Some
key residues corresponding to different electrostatic potential regions and/or involved in the interaction with the FtsZ C-terminal peptide
are labeled. (C) Molecular surface for ZipA185-328 complexed with the FtsZ C-terminal peptide. Residues Y5 and F11 from the peptide are
labeled. Same view as panel A, where residues exhibiting chemical shift perturbation in the presence of the FtsZ C-terminal peptide are
colored blue (Figure 4B). Approximate positioning of the FtsZ C-terminal peptide (red) based on the nominal number of intermolecular
NOEs is shown. (D) Ribbon diagram of the X-ray structure of the U1A spliceosomal protein complexed with an RNA hairpin (red) where
only residues 6-11 for the RNA are shown (52). The U1A structure is aligned with the ZipA185-328 NMR structure with the same view as
panels A and C.

on the β-sheet surface in the vicinity of the observed
“channels”. The majority of these residues are located in
β-strands β1, β2, β4, and β5 and the loops between β-strands
β1-β2 and β4-β5. These results support the identification
of the β-sheet as the primary FtsZ binding site on ZipA185-328.
The interaction of the FtsZ C-terminal peptide with
ZipA185-328 was further confirmed by the observation of
intermolecular NOEs between the FtsZ C-terminal peptide
and ZipA185-328 from the 3D 13C-edited/12C-filtered NOESY
experiment. The FtsZ C-terminal peptide binds relatively
weakly to ZipA185-328 with an observed Kd of ∼20 µM, but
a total of 36 intermolecular NOEs were observed. The
relatively weak affinity of the FtsZ peptide with ZipA185-328
complicated the assignment and analysis of the complex data.
Briefly, under conditions where the FtsZ peptide was in
excess relative to ZipA185-328, the 2D-filtered experiments
yielded spectra consistent with the free FtsZ C-terminal
peptide. Conversely, 2D-filtered experiments collected with
an equimolar sample of ZipA185-328 with FtsZ C-terminal
peptide had a significant reduction in signal-to-noise display-

ing primarily intraresidue and sequential NOEs. This resulted
in a complete lack of observable structurally significant
intramolecular NOEs for the peptide in the complex. Additionally, the assignments of the peptide in the complex
primarily relied on direct comparison of the spectra of the
complex with the free peptide. Nevertheless, the assignments
for Y5 and F11 were unambiguous because of the strong
NOEs and distinct chemical shifts of the aromatic side chains.
Coincidentally, the NOEs from the 3D 13C-edited/12C-filtered
NOESY experiment were primarily between the peptide
aromatic side chains of Y5 and F11 to two distinct regions
of ZipA. In particular, Y5 from the peptide exhibited NOEs
to ZipA185-328 residues M64, V65, and R121, and F11 from
the peptide showed NOEs to ZipA185-328 residues M42, I44,
A62, G68, and T69. The ZipA185-328-peptide structure
indicates that the peptide binds within the hydrophobic
channel on the β-sheet surface of ZipA185-328 consistent with
the previously described 2D 1H-15N HSQC chemical shift
perturbations (Figure 6B). It is important to note that
chemical shifts are very sensitive to changes in the local
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FIGURE 6: (A) Titration data demonstrating the relative inhibition of the ZipA23-328-FtsZ interaction by the peptides (b) KEPDYLDIPAFLRKQAD and (0) KEPDYLGIPAFLRKQAD. (B) Overlay of the 1H-15N spectra for free ZipA185-328 (black) and ZipA185-328 complexed
with the C-terminal peptide (blue), KEPDYLDIPAFLRKQAD. Residues exhibiting significant chemical shift perturbation are boxed and
labeled.

environment and a perturbation may arise from either a direct
interaction with the peptide or from an induced conformational change due to the presence of the peptide.
On the basis of the nominal number of intermolecular
NOEs, only a low-resolution structure of the complex was
attainable (Figure 5C). Given the minimal experimental
information for the ZipA185-328-peptide complex, it is best
to view the complex structure as an approach to further define
the FtsZ C-terminal peptide binding-site relative to the
chemical shift perturbation data. The low-resolution structure
of the ZipA185-328-peptide complex was calculated using
the constraints for free ZipA185-328 appended with the 36
intermolecular NOEs between ZipA185-328 and the FtsZ
C-terminal peptide using the identical approach as the free
ZipA185-328 structure calculation. Interestingly, except for
excluding the side chain χ2 constraint for M42, no significant
constraint violations were observed for the ZipA185-328
structure in the complex, suggesting a minimal perturbation
in the overall ZipA185-328 structure in the presence of the
peptide. This result provides validation for the use of the
free ZipA185-328 constraints to expedite the complex structure
calculation. The structure of the ZipA185-328-peptide complex indicates the general binding location and orientation
of the peptide binding to ZipA185-328 but infers very little
information on the structure of the peptide or perturbation
in the ZipA185-328 structure and minimal information of the
interaction of ZipA185-328 with the FtsZ C-terminal peptide.
Effectively, the available experimental data approximately
positions the side chains for Y5, L6, I8, and F11, but the
remainder of the residues from the FtsZ C-terminal peptide
do not exhibit any observable intermolecular NOEs. Thus,
the positioning of these remaining residues is predominately
determined by constraints imposed from the binding of Y5,
L6, I8, and F11 and from positive interactions with ZipA185-328
based on standard modeling force field energies. Neverthe-

less, the combination of the chemical shift perturbation data
and the intermolecular NOEs effectively define the FtsZ
C-terminal peptide binding site on ZipA185-328 while identifying key residues from ZipA185-328 that are potentially
involved in binding FtsZ.
Similarity Between ZipA Fold and RNA-Binding Motif. The
observed fold for ZipA185-328 has similarities to the split
β-R-β fold observed in many RNA-binding proteins
containing the ribonucleoprotein sequence motif (RNP). The
split β-R-β fold is described as an R/β sandwich composed
of a four-stranded anitparallel β-sheet packed against two
R-helices (52-58). As expected, despite this apparent
structural homology, there is no observable sequence similarity between ZipA185-328 and the RNP sequence motif. Also,
the ZipA185-328 fold has additional features not present in
the RNP sequence motif. Particularly, ZipA185-328 contains
a third R-helix where the three helices pack closer to parallel
relative to the approximate perpendicular packing in the RNP
domain. The helices are generally longer in the ZipA185-328
structure: 9-18 residues for ZipA185-328 as compared with
10-11 residues for the RNP domain. Similarly, the β-sheet
is larger and composed of six β-strands in ZipA185-328 as
compared to four strands in the RNP domain.
The RNP domain is a very common eukaryotic protein
domain that is involved in the recognition of a wide range
of RNA structures. The crystal structure of U1A spliceosomal
protein complexed with a 21-residue snRNA hairpin turn
indicates that the interaction between U1A and the RNA
molecule occurs exclusively in the β-sheet (52). A significant
component of the binding is a hydrophobic interaction
between the RNA bases and two highly conserved U1A
aromatic residues (59). Furthermore, the U1A loop 3 plays
a crucial role in defining the surface geometry of the binding
interface. These features are very reminiscent of the FtsZ
binding site on ZipA185-328 identified from the ZipA185-328
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NMR structure, the 2D 1H-15N HSQC chemical shift
perturbations, and the intermolecular NOEs. A ribbon
diagram of the U1A X-ray structure complexed with the
RNA hairpin is illustrated in Figure 5D. The U1A X-ray
structure was aligned with the ZipA185-328 NMR structure
based on the common secondary structure elements. Superposition of the CR atoms between the four β-strands of the
U1A X-ray structure with comparable β-strands from the
ZipA185-328 NMR structure (β1, β4, β5, and β6) results in an
rms difference of 2.70 Å. Including the R-helices from U1A
spliceosomal protein in the alignment with ZipA185-328 (R1
and R2) increases the resulting rms to 3.94 Å. This
comparison implies that the structural similarity between
ZipA185-328 and U1A spliceosomal protein is primarily
limited to the overall folding motif.
It is readily apparent from Figure 5, panels B and D that
the U1A RNA binding site correlates very well with the
observed chemical shift perturbations observed for ZipA185-328
in the presence of the FtsZ C-terminal peptide. In fact, the
relative positioning of the FtsZ C-terminal peptide in the
ZipA binding site correlates equally well with the binding
of the RNA hairpin in U1A (Figure 5, panels C and D). The
striking correlation between the U1A RNA binding site and
the proposed ZipA185-328 FtsZ C-terminal peptide binding
site in addition to the similarity between the protein folds
may provide further insight into the ZipA-FtsZ interaction.
It is plausible that characteristics of the ZipA-FtsZ binding
interaction may be consistent with the observed features of
the U1A-RNA complex, especially given that the major
interactions observed between ZipA185-328 and the FtsZ
C-terminal peptide are mediated by Y5 and F11 consistent
with the hydrophobic nature of the U1A-RNA interaction.
Additionally, the observation that a structural motif is
adaptable to function as either an RNA- or protein-binding
domain is an intriguing consequence of the determination
of the ZipA185-328 NMR structure. The observed fold for the
ZipA185-328 protein in conjunction with the identification of
the potential FtsZ binding site is an important step toward
understanding the details of the ZipA-FtsZ interaction and
establishing a structure-based approach to designing inhibitors of the ZipA-FtsZ complex.
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