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ABSTRACT: DNA topoisomerases are enzymes that control DNA topology and are vital targets
for antimicrobial and anticancer drugs. Here we present a mass spectrometry study of complexes
formed between the A subunit of the topoisomerase DNA gyrase and the bifunctional inhibitor
simocyclinone D8 (SD8), an antibiotic isolated from Streptomyces. These studies show that, in an
alternative mode of interaction to that found by X-ray crystallography, each subunit binds a single
bifunctional inhibitor with separate binding pockets for the two ends of SD8. The gyrase subunits
form constitutive dimers, and fractional occupancies of inhibitor-bound states show that there is
strong allosteric cooperativity in the binding of two bifunctional ligands to the dimer. We show that
the mass spectrometry data can be fitted to a general model of cooperative binding via an extension
of the “tight-binding” approach, providing a rigorous determination of the dissociation constants

and degree of cooperativity. This general approach will be applicable to other systems with multiple binding sites and highlights mass
spectrometry’s role as a powerful emerging tool for unraveling the complexities of biomolecular interactions.

rotein—ligand interactions are of paramount importance in
Pbiology, and determination of their stoichiometries, affinities,
and dynamic behavior is key to understanding biological pro-
cesses. A variety of structural and biophysical methods have been
applied to these systems; in particular, X-ray crystallography has
proven to be of immense value. However, despite revealing
atomic details of the ligand-binding sites, the structures obtained
are a “snapshot” and do not necessarily provide a complete
picture of possible binding modes, nor do they provide informa-
tion about the strength of the interactions, aspects of which are
often crucial to their function.

Mass spectrometry (MS) offers a complementary approach to
high-resolution structural methods. It has been established that
gas-phase noncovalent protein complexes can retain the struc-
tural features seen in solution, even after relatively long periods of
time (15—30 ms)," and that under carefully controlled condi-
tions the gas-phase structures of proteins and protein complexes
resemble those determined in solution by nuclear magnetic
resonance (NMR) or in the solid state by X-ray crystallo-
graphy.' ¢ In addition, many studies have convincingly shown
that important information about protein—protein, protein—
oligonucleotide, and protein—ligand interactions can be deter-
mined.”'* For example, MS provides a rapid, straightforward
evaluation of stoichiometries and a quantitative determination of
binding affinities,"> ™' both of which are often time-consuming
and challenging to obtain by other methods.

Here we report a MS study of the interactions between the
antibiotic simocyclinone SD8 and the topoisomerase DNA
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gyrase. DNA topoisomerases are enzymes that catalyze changes
in DNA topology in all cells,"®" via transient breakage of DNA
in one or both strands and the formation of a covalent enzyme—
DNA intermediate. All topoisomerases can relax supercoiled
DNA, but only DNA gyrase, an essential enzyme in all bacteria,
can introduce supercoils into relaxed DNA at the expense of ATP
hydrolysis. Gyrase consists of two subunits, GyrA (97 kDa in
Escherichia coli), which is mainly involved in DNA binding, and
GyrB (90 kDa in E. coli), which contains the ATPase activity,
with the active enzyme forming an A,B, complex.18

Because of their essential nature and the fact that they stabilize
breaks in DNA, topoisomerases have become important dru%
targets for both antibacterial agents and anticancer drugs."”” >
DNA gyrase is the target of a number of antibacterials, including
the fluoroquinolones, such as ciprofloxacin, and the aminocou-
marins, such as novobiocin. Recently, the aminocoumarin simo-
cyclinone D8 (SD8) (Figure 1) has been identified as a gyrase-
specific antibiotic. Simocyclinones are hybrid antibiotics contain-
ing both aminocoumarin (AC) and polyketide (PK) groups at
opposite ends of an elongated molecule.”>”** Whereas novo-
biocin and other aminocoumarins bind to the GyrB subunit and
inhibit the ATPase activity, simocyclinones bind to GyrA and
prevent the binding of DNA to GyrA.*> This novel mode of
action presents new opportunities for drug development.
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Figure 1. Chemical structures of SD8 and monofunctional fragments, each containing one of the two active binding ends of SD8, which were isolated
from the biosynthetic pathway for SD8 (SC4) or chemically synthesized (N2A). In later figures, each structure will be represented by a cartoon in which a
downward-pointing green triangle depicts the aminocoumarin N2A, a cyan circle the polyketide SC4, and a downward-pointing green triangle linked to a

cyan circle the bifunctional SD8.

We have recently reported the crystal structure of the complex
between SDS8 and the N-terminal domain of GyrA (GyrA59).>
This revealed that each GyrA monomer can bind the aminocou-
marin (AC) and polyketide (PK) ends of SD8 in separate
binding pockets, which are distinct from the binding pocket for
quinolones. The crystal structure demonstrated that SD8 at high
concentration induces tetramerization of GyrA by forming a
bridge between two homodimers. This tetramer was confirmed
by analytical ultracentrifugation and mass spectrometry to be not
just a crystallization artifact but also present in solution under
similar conditions.”®

This study, while confirming the crystallographic 1:1 stoichi-
ometry, shows that the major solution state species at lower,
pharmaceutically relevant, ligand concentrations are GyrAS9
dimers bound to one or two SD8 ligands. MS experiments with
fragments of the antibiotic (Figure 1) have established that both
the AC and PK ends of the inhibitor are required for tight
binding. In addition, our titration experiments have established
that SD8 exhibits a previously undetermined positive allosteric
cooperativity in binding to GyrAS9. Cooperative effects play a
central role in many aspects of biology and are increasingly
important in drug discovery.””*® However, elucidating the subtle
complexity of such interactions represents a considerable chal-
lenge. The ability of mass spectrometry to quantitate the
populations of each species in a reaction mixture has been most
widely applied to the study of metal—peptide interactions.”
However, the growing application of MS to larger biological
systems makes it a powerful emerging tool for unraveling the
complexities of cooperative interactions.*>*' Here we demon-
strate that mass spectrometry data can be directly fitted to the
equations describing the population of each species in a general
model of cooperative binding,”” providing a rigorous determina-
tion of the dissociation constants and degree of cooperativity in

the binding of SD8 to GyrAS9. Such behavior explains the

reduced inhibitory activity observed in in vitro assays using
SD8 fragments and unambiguously demonstrates that both ends
of the SD8 drug interact simultaneously with GyrA. Taken
together, the MS data support a model in which SD8 binds in
an alternative “bent-over” conformation, previously thought to
exist, with the AC and PK ends binding to the same GyrA

26
monomer.

B EXPERIMENTAL PROCEDURES

Proteins, DNA, and Drugs. Full-length GyrA from E. coli was
purified using a protocol similar to that described previously,*
omitting the ammonium sulfate precipitation step. GyrAS9 was
purified using a protocol similar to that described previously,*
omitting the ammonium sulfate precipitation step and including
a phenyl-Sepharose column between the heparin Sepharose and
MonoQ columns.** Relaxed pBR322 DNA was purchased from
Inspiralis Ltd. Simocyclinone D8 (SD8), simocyclinone SC4,
and MGD8N2A were obtained from H.-P. Fiedler and A. Zeeck.
All three compounds were dissolved in dimethyl sulfoxide
(DMSO).

Mass Spectrometry. Proteins (44 #M monomer con-
centration) were buffer-exchanged into 250 mM ammonium
acetate (pH 7.5) using mini gel filtration columns (Bio-Rad,
Hercules, CA). SD8 stock solutions were prepared in DMSO;
the final protein/antibiotic solutions contained not more than
1.6% DMSO. Ions were generated by nanoflow electrospray
ionization and spectra recorded on an LCT Premier XE mass
spectrometer (Waters, Manchester, U.K.) modified for high-
mass operation. Nitrogen gas was leaked into the initial stages of the
vacuum chamber to aid in the radial focusing of high-mass ions.
Typically, nanospray ionization was performed using 2—3 4L of an
aqueous protein solution and a capillary voltage of 1.6—1.9 kV.
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Spectra were calibrated externally using an aqueous 33 mg/mL
solution of cesium chloride.

Tight-Binding Analysis for Multiple Bound Dimer Species.
For single-site binding, the standard approach to analysis of
inhibition in the “tight-binding” limit, i.e., in which a significant
fraction of the total ligand is bound to the target protein, involves
nonlinear regression to the quadratic equation that describes the
fraction of binding sites occupied (or reduction in velocity of a
reaction) in terms total ligand (S,,) and total protein concen-
trations.>>® We have used an analogous approach to determine
the binding constants in this case. The mass spectrometry data
provide information about the fractional populations of protein
dimers in the apo state (T), bound to one ligand (T}), and
bound to two ligands (T5) for any experimental combination of
S¢ot and dimer concentration Dy,.

It is straightforward to write down the expressions for the
fractional occupancies [using the definitions of equilibrium
constants K; and K, of the first and second binding events,
respectively (eqs 7 and 8), and cooperativity oL (eq 9)] in terms of
the free ligand concentration (S):

To = 1/(1+2K;S + aK,;*S?) (1)
T) = (2K,S)/(1 + 2K, S + aK,*S?) (2)
T, = (0K, *S*) /(1 + 2K, S + 0K, *S*) (3)

Some previous attempts to utilize MS data to analyze coop-
erativity have used the fact that the concentration of free ligand,
S, can be estimated from the experimental data using eq 10, plotted
the experimental data for Ty, T, and T, versus S, and simulated
curves using a variety of values for equilibrium constants to find a
match to the experimental data. While this approach can, in
principle, be formalized into an iterative fitting procedure, it is
known from studies of single-site binding that in the tight-
binding limit, using such indirect estimates for S results in both
systematic and larger statistical errors in the fitted parameters.>”
Essentially, the difficulty is that in the case of high-affinity binding,
S is always small and, because its indirect estimate is significantly
affected by combined errors in the measurement of T, and T, often
has an unphysical negative value. A further approach in the literature
is to estimate o alone from the relationship o = (4T,T5)/ T,>ata
single concentration.>' This is effective if both a and the affinities,
which are not available from this analysis, are not too large.
However, with that approach in cases of high affinity, or highly
cooperative binding or high concentrations of ligand, T} is depleted
and the error in its measurement very strongly affects the reliability
of estimates of the degree of cooperativity.

For a tight-binding approach, we rewrite eqs 1—3 in terms of
the experimentally measured total ligand concentration (S,), by
substituting the expression for S from eq 10 into eqs 1—3 and
rearranging. We obtain three cubic equations, each of which
describes the population of one species in terms of Sy, Dyor, and
the equilibrium constant K; and cooperativity .

4K Dior” (1 = ) To® + 4K *Dyot (20Dt — Dot
+ Stot — aStot)TOZ + (4(1K1 ZDtotStot - a1<125t0t2
— 40K *Dyoi* — 2K Seoe — 1)To +1 = 0 (4)

0K, *Dior* (1 = &) T}® + 2K Dyoi (1 — @ — QK Do) Ty >
+ (20K * DiocStor — OK2Stor” — 2K Dyor — 2K Sioc — 1) T
+ 2K S0t = O ()

40K *Diot* (1 — 0) Ty + 4K Dyt (0K Dyoy + 07K St

— 0K Spor + 200 — 2)T22 + a(41<12DtotStot - 4aK12DtotStot
— 4K’ Dior> — 0K 2Stot> — 2K Stor — 4K Dot — 1) T

+ 0?K %S> = 0 (6)

Equations 4—6 have a role in this analysis analogous to that of
the single quadratic equation that describes the fraction bound
for simple single-site binding. In the single-site case, the real root
of the quadratic equation gives the so-called “tight-binding
equation” for the fraction bound, used in the nonlinear least-
squares fitting algorithm to obtain the best fit parameters.>®

In this cooperative binding case, the algebraic solutions of
eqs 4—6 are complicated, and it is not clear in advance which, or
indeed how many, of the three roots of each equation will have a
real value, because this changes with the values of the equilibrium
constants. Consequently, it is simpler to solve numerically for all
three roots of each equation. This produces (usually) three
possible values each of T, T}, and T,. However, only one com-
bination of these values satisfies the following three physically
necessary conditions: (i) Ty, T}, and T, are each real, (ii) each has
a value between 0 and 1, and (iii) Ty + T} + T, = 1. This unique
combination of values can be obtained for any given values of the
parameters (S Dioy Kj, and o). Consequently, numerical
estimates of the partial derivatives of the fractional occupancies
(i.e., changes arising from a small change in the parameters) can be
made, and these are used in an otherwise standard nonlinear least-
squares Levenberg—Marquardt algorithm®® to obtain the best fit
parameters. Error estimates for the parameter values are deter-
mined from the covariance matrix in the standard manner using
the residuals as the error estimates in the data points.*® Mathe-
matica (Wolfram Inc.) scripts used in the analysis are available at

http://people.cryst.bbk.ac.uk/~ubcg66a/software.html.

B RESULTS AND DISCUSSION

Stoichiometry of the Simocyclinone D8—Gyrase A59
Complex. The nanoESI MS spectrum of GyrAS9 alone was
recorded under conditions suitable for the preservation of
noncovalent interactions (Figure 2a). A well-resolved charge
state series was observed, containing a single ion series centered
at m/z 5580. Incubating GyrAS9 with a 1.6-fold excess of SD8
(70 uM) gives a spectrum very similar to that obtained for the
apoprotein; however, the charge states are shifted to higher m/z
values (centered at m/z 5952), indicative of an increase in mass
(Figure 2b). The average number of charges in the ion series has
been reduced by one because of the addition of 0.5% (v/v)
DMSO used to solubilize SD8. DMSO reduces the surface tension
of the solution, and consequently, the droplet size from the ESI
process is reduced, resulting in fewer charges on the gas-phase ion.
Consequently, DMSO concentrations were minimized to ensure
no disruption of protein structure took place as determined from
the charge state profile (up to 1.6% DMSO we observed only small
changes to the average charge and no change to the charge state
distribution or appearance of the peaks.) The measured masses of
117214 £ 9 and 119060 = 29 Da for the apo and ligand-bound
species, respectively, compare well with those calculated from the
sequence for the GyrAS9 dimer (117217 Da) and the GyrAS9
dimer bound to two SD8 molecules (119083 Da).

The spectra (Figure 2a) clearly show that the GyrAS9 dimer is
almost exclusively in the doubly bound state at an approximately
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Figure 2. Nanoelectrospray ionization mass spectra of GyrAS9 (a) alone (bottom trace) and after incubation with an excess of SD8 (top trace). A
single ion series is observed, centered at m/z $580. Incubation with SD8 shifts the charge state series to higher m/z values indicative of an increase in
mass. The measured masses are consistent with the apo GyrAS9 dimer and a bound species with a 1:1 ligand:subunit stoichiometry, which sees the
GyrAS9 dimer bound to two SD8 molecules. The singly charged ion at m/z 954 corresponds to unbound sodiated SD8. (b) Nanoelectrospray
ionization mass spectra of the larger, full-length GyrA after addition of 1.5, 3, and 3.75 equiv of SD8. There is a progressive conversion of the GyrA
dimer to a tetrameric species producing an ion series centered at m/z ~11000. The atomic model of the cross-linked tetramer was produced from the

X-ray structure.*®

1:1 SD8 ligand:subunit ratio indicative of a high-affinity interac-
tion. We have previously shown, by analytical untracetrifugation
and MS, that incubation of GyrA with higher molar equivalents of
SD8 leads to the formation of a tetrameric species with four SD8
molecules bound (Figure 2b) and reported the crystal structure
of this tetrameric form of the GyrAS9—SD8 complex.”®

Elucidating the Mechanism of Binding of SD8 to GyrA59.
To gain further insight into the specific binding mechanism of
SD8, we performed MS experiments using monofunctional
fragments of the SD8 inhibitor molecule in complex with
GyrAS9.

Spectra obtained for 0.5 and 2 molar equiv of the polyketide
containing simocyclinone C4 (SC4) and the aminocoumarin
MGDS8N2A (N2A) are shown in Figure 3.

It is clear that the interaction of SC4 with GyrAS9 is
substantially weaker than that of SD8. For 0.5 equiv of SC4,
<50% of the GyrAS9 dimers have any ligand bound and
approximately 18% have both sites occupied. Only with 2 equiv
of SC4 did a majority of the GyrAS9 dimers form liganded
complexes, although still short of saturation. There is no measur-
able population of the aminocoumarin-containing fragment
MGDS8N2A bound to GyrAS9 at 0.5 equiv (we estimate from
the peak widths that we would not be able to detect binding if this
was at levels of <3—5%) and ~50% singly bound at 2 equiv.
(There appears to be a small population of doubly bound ions on
the +18 charge state at 2 equiv, but this is not apparent on the
other charge states in the series.) The data obtained for the
polyketide and aminocoumarin fragments of SD8 clearly
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Figure 3. MS spectra obtained after titrations of GyrAS9 with the monofunctional SD8 fragments SC4 (a and b) and N2A (c and d). The interaction of
the PK-containing SC4 is substantially weaker than that of SD8. (b) At 0.5 equiv of inhibitor, SC4 has bound 44% of the GyrAS9 dimers, with ~18%
having both sites occupied. (a) With 2 equiv of SC4, ~72% of the GyrAS9 dimers are doubly bound. (Of those, ~18% have bound a third molecule of
SC4. This is believed to be a nonspecific interaction, possibly due to self-interaction with the bound lipophilic ligands.) The interaction of N2A with
GyrAS9 is the weakest of those of the three molecules studied. (d) There is no measurable population of N2A bound to GyrAS9 at 0.5 equiv of inhibitor.
(c) At2 equiv of N2A, ~50% of the GyrAS9 dimers have bound a single N2A ligand; however, there is a small population of ions with two N2A ligands
bound on the +18 charge state, but we are unable to measure any such populations on the other charge states in the series (we estimate from the peak
widths that we would not be able to detect binding if this was at levels of <3—5%).

demonstrate that the high-affinity binding of SD8 to GyrAS9 is a
function of both functional groups of SD8 and both binding
pockets on each monomer of GyrAS9.

These observations raise the question of whether the func-
tional ends must be conjoined in one bifunctional molecule or if
occupancy at both binding pockets is sufficient to promote an
enhanced interaction. To directly address this, we titrated both
SC4 and N2A fragments of SD8 into solutions of GyrAS9. Given
that each GyrAS9 dimer has four binding sites, two for SC4 and
two for N2A, there are 10 possible species that could be formed
from a solution containing both fragments (Figure 4a). Of those,
three possible populations will not be resolved as they are either
isobaric at the experimental resolution or positional isomers.
Isobaric ions were as follows: (N2A), with SC4 (834.12 Da vs
722.22 Da) and (SC4)(N2A), with (SC4), (1556.34 Da vs
1444.44 Da). On the +18 charge state, these would produce
pairs of peaks that differ by m/z 6.2, and the experimental peak
width is m/z 18. A positional isomer of the SC4—N2A complex s
also produced in which both fragments are located on one
monomer or one on each. [ The structure with three SC4 fragments
bound is also isobaric with (SC4),(N2A),.]

The MS spectrum obtained after the addition of 2 equiv of
both SC4 and N2A is shown in Figure 4b. As expected, the
spectrum recorded for the titration with mixed fragments has
charge states that are split into heptets (Figure 4b, inset). It is
clear from a comparison of the spectra that there is no enhance-
ment of binding when both fragments are added to GyrAS9. It is
difficult to analyze such (potentially) complex binding in a rigorous
manner, but a simplistic analysis, assuming that SC4 binds with
much higher affinity than N2A, gives an approximately 1:1:2 ratio
of species without SC4 bound, singly bound to SC4, and doubly
bound to SC4. In comparison with the previous data for SC4
alone (approximately 1:2:3), this ratio implies a somewhat reduced

apparent affinity for SC4 in the presence of N2A. This may well
arise because of interaction between the lipidic regions that both
fragments contain.

Via comparison of the binding behavior of monofunctional
fragments of SD8 added individually or in combination, we can
unambiguously determine that high-affinity binding of SD8 to
GyrAS9 requires the covalent tethering of the two active ends of
the molecule to form a bifunctional inhibitor.

Mass Spectrometry Reveals Positive Allosteric Coopera-
tivity in SD8 Binding to GyrA. To further investigate the nature
of the GyrAS9—SDS8 interaction, we performed a series of
titrations involving the addition of SD8 to GyrAS9 (Figure S).
Each charge state appears in the spectrum as a well-resolved
triplet corresponding to the apo GyrAS9 dimer, a singly bound
SD8—GyrAS9 dimer complex, and a doubly bound SD8—
GyrAS9 dimer complex. For the 4-19 charge state, the concen-
tration of the singly bound GyrAS9 dimer reaches a maximum at
an ~0.5:1 ratio of molar equivalents and then begins to decrease
and the doubly bound species saturates at an ~1.1:1 ratio of
molar equivalents. It is striking that the population of the singly
bound dimer is lower than the population of the doubly bound
dimer even at low ligand concentrations. This behavior is not
expected for independent binding sites, because it is statistically
more likely that a dimer will bind one molecule rather than two at
low inhibitor concentrations. This is strongly indicative of the
presence of two nonindependent binding sites that are exhibiting
positive cooperativity, where binding of the first molecule enhances
the affinity of a second binding reaction.

Analysis of Cooperative Behavior Using MS Data. The
unique ability of the MS titration experiments to allow the
determination of the relative concentrations of each macromo-
lecular species in solution allows the fractional populations of the
apo and singly and doubly bound SD8—GyrAS9 dimer complexes
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Figure 4. (a) Possible species formed from titration of GyrAS9 with inhibitor fragments SC4 and N2A. There are 10 possible combinations of ligand-
bound GyrAS9 that may be formed after titration with both SC4 and N2A. Of those, three will not be resolved as they are either isobaric at the
experimental resolution or positional isomers. An 11th structure represents a nonspecific complex in which three SC4 fragments are bound (in brackets).
(b) MS spectra after titration of GyrAS9 with both N2A and SC4 monofunctional fragments. The charge states are split into heptets (inset) and are
labeled according to the scheme in panel a. There is little difference between the affinities of the fragments when added alone and when added in
combination. From these data, we can unambiguously determine that the tight binding of SD8 to GyrAS9 is a property of the tethering together of both
active moieties of SD8 to form a hybrid bifunctional inhibitor.
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Figure 5. Mass spectra of GyrAS9 after titration with its inhibitor SD8. Stack plot of the mass spectra of the +19 charge state of the GyrAS9 dimer
obtained for the full titration from 0.25 to 1.125 molar equiv of SD8 into a 44 M solution of GyrAS9. The charge states of the GyrAS9 dimer appear as a
well-resolved triplet corresponding to the apo GyrAS9 dimer, a singly bound SD8—GyrAS9 complex, and a doubly bound SD8—GyrAS9 complex. From
the spectra recorded at low SD8 concentrations, it is clear that there is a strong preference for formation of the doubly bound form of the dimer. This
nonstatistical behavior is indicative of dependent binding sites exhibiting a strong positive cooperativity of binding.

to be plotted as a function of total ligand concentration (Figure 6). fit the data to a theoretical model in terms of their common
We measured the peak heights of all the charge states in the mass parameters, i.e., the total concentrations, binding constants for
spectrum. Assuming equal ionization efficiencies for the apo and the first and second binding events, and the degree of coopera-
ligand-bound forms of the protein, we then estimated the fractions tivity of the interaction.

of each corresponding species in solution, the apo state (Ty), the A simple phenomenological model for cooperativity in a
singly bound state (T)), and the doubly bound species (T,). As we constitutive dimer”’ is provided by the scheme in Figure 6a. It
know the total concentration of dimeric protein (Dy,) and ligand is worth noting that this simple scheme is compatible with both
(Stor) at each step in the titration, we are able to simultaneously the classic MWC?® and KNF*® models for cooperativity, making
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no assumption about the physical mechanism other than that
prior to binding the two subunits are equivalent. Here

K, = T1/(2T,S) (7)

K, = (2T,)/(T1S) (8)

where S is the free ligand concentration, K; the association
constant for the first ligand to bind, and K, the association
constant for the second ligand.*” The factors of 2 in these
definitions of the equilibrium constants arise because there are
two ways of binding a ligand to the apo state dimer to create a
singly bound state and two ways of dissociating a doubly bound
state to create a singly bound state.>® The degree of cooperativity
is defined as

o = K /K, 9)

If binding to each site is independent, o = 1; if the binding is
positively cooperative, o > 1, and if the binding is negatively
cooperative, 0 < 1. The free ligand concentration is not measured
in MS experiments but is related to the known total concentra-
tions of the dimeric protein (Dy,) and ligand (S and
measured fractional populations of the bound states at each step
in the titration

S = Stot - DtotTl - 2Dt0tT2 (10)

The excellent quality of the data and a newly developed tight-
binding analysis and fitting method (see Experimental Proce-
dures for details) allow us to simultaneously fit the fractional
populations of each species to the theoretical model in terms of
Ky, Ky Siop and Dy (Figure 6b). The binding is found to be
highly positively cooperative with an o of 23 &£ 0.7, with a low
micromolar dissociation constant for the first binding event
(K4 =22 uM) and a submicromolar dissociation constant for the
second ligand (K4 = 97 nM); this is consistent with the affinity pre-
viously determined by surface plasmon resonance.”® Consequently,
the highly effective inhibition of gyrase by SD8 (ICso = 0.6 uM)*® is
dependent on positive cooperativity in its binding.

Although fewer data and a smaller portion of their binding
curves are available from the MS data on the SC4 and N2A
fragments, the cooperative binding analysis described above can
also be applied in those cases. The results of this give a K4 of 42.3
“M and an o of 6.5 for the PK-containing SC4 fragment (errors
from the fit are ~10%). For the N2A fragment, we estimate a Ky
0f 210 uM (given that this is effectively determined from a single
data point the error is at least 15%) and find no evidence of any
significant cooperativity (although given the difficulties in accu-
rately quantitating the doubly bound species some small effect
cannot be ruled out). We can say that the cooperativity seems to
arise mostly from binding of the polyketide group.

SD8 Binds to Gyrase in a Bent-Over Conformation. The
data we have obtained have allowed us to validate our previous
proposed model for the binding of SD8 to GyrAS9, which
explains the high inhibitory activity and takes into account our
observations of positive cooperativity and the unusual tetrameriza-
tion of the complex at high inhibitor concentrations. The relative
affinities of the constituent fragments of SD8 suggest that the most
likely binding scenario is one in which the initial binding of the
higher-affinity polyketide group anchors SD8 to GyrAS9, introducing
abeneficial localization effect (sometimes also called a configurational
cooperativity), i.e., the local concentration of the low-affinity amino-
coumarin is enhanced by this polyketide anchor (Figure 7).

The only sterically possible arrangement of SD8 that can
account for the requirement of both binding ends interacting
with GyrAS9 is one in which both sites on a single monomer are
occupied by a single molecule of SD8. We have modeled this
starting from our recent crystal structure; treating the protein as a
rigid entity, we are able to place two ligands in a bent-over
conformation to maintain the crystallographically observed
interactions at each of the PK and AC binding sites*® without
invoking any substantial conformational change to the protein.

MS data have shown that the binding of the polyketide
fragment is weakly allosterically cooperative with binding at the
second polyketide site, being enhanced by binding at the first. In
the context of the bifunctional SDS8, this cooperativity is
strengthened. The bent-over conformation introduces “strain”
into the SD8 linker that could cause small structural changes in
the protein sufficient to account for the additional cooperative
interplay between the binding sites on adjacent monomers.

We have reported a detailed mass spectrometric evaluation of
the mechanism by which SD8 binds to the A subunit of DNA
gyrase, the results of which have allowed us to validate an
alternative mechanism of binding to the one observed by X-ray
crystallography. MS studies have shown that at pharmaceutically
relevant concentrations the dimeric protein binds SD8 with a
stoichiometry of 1:1, and experiments with fragments of SD8
have revealed that the polyketide moiety interacts with GyrAS9
with a S-fold greater affinity than the aminocoumarin moiety.
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Figure 7. Bent-over binding model. (1) The initial binding of the higher-affinity polyketide anchors SD8 to GyrAS9. (2) The local concentration of the
low-affinity aminocoumarin is enhanced by this anchor, leading to occupation of both binding pockets in a single monomer. (3 and 4) It is proposed that
both a response to the polyketide binding in one pocket and strain in the arched over SD8 induce conformational changes in the protein that can modify
the binding pocket on the second GyrAS9 subunit, making it easier for a second SD8 molecule to bind in a manner akin to that of the first.

Furthermore, these interactions are significantly weaker than that
of the bifunctional SD8. There is no enhancement of the affinity
of each functional moiety in samples containing both inhibitor
fragments, demonstrating that the high-affinity binding requires
conjoining both functional ends in a single molecule. The
enhanced affinity of the bifunctional molecule can be thought
to result in part from an increase in the local concentration of the
AC moiety through anchoring by the PK moiety. Further, we are
able to quantitatively analyze the MS data to show that allosteric
cooperativity produces a >20-fold enhancement in the affinity of
the bifunctional antibiotic binding to the second subunit following
the binding of the first. This produced estimates of the dissocia-
tion constants for both binding events (K = 2.2 M for the first
and K3 = 97 nM for the second). Together, the allosteric
cooperativity between binding sites on adjacent gyrase subunits
and local concentration effects inherent in a bifunctional mole-
cule binding at two neighboring sites provide a mechanistic
explanation of the high affinity of SD8. The mass spectrometry
methodology we have established here provides a rigorous and
general approach to the direct estimation of the dissociation con-
stants and a quantitative estimation of cooperative effects in dimeric
systems and provides the basis for extension to helping unravel the
complexities of systems with larger numbers of binding sites.
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