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Characterizing the mode of action of non-covalent inhibitors in multisubunit enzymes often presents

a great challenge. Most of the conventionally used methods are based on ensemble measurements of

protein–ligand binding in bulk solution. They often fail to accurately describe multiple binding processes

occurring in such systems. Native electrospray ionization mass spectrometry (ESI-MS) of intact protein

complexes is a direct, label-free approach that can render the entire distribution of ligand-bound states

in multimeric protein complexes. Here we apply native ESI-MS to comprehensively characterize the

isoprenoid biosynthesis enzyme IspF from Arabidopsis thaliana, an example of a homomeric protein

complex with multiple binding sites for several types of ligands, including a metal cofactor and

a synthetic inhibitor. While standard biophysical techniques failed to reveal the mode of action of

recently discovered aryl-sulfonamide-based inhibitors of AtIspF, direct native ESI-MS titrations of the

protein with the ligands and ligand competition assays allowed us to accurately capture the solution-

phase protein–ligand binding equilibria in full complexity and detail. Based on these combined with

computational modeling, we propose a mechanism of AtIspF inhibition by aryl bis-sulfonamides that

involves both the competition with the substrate for the ligand-binding pocket and the extraction of

Zn2+ from the enzyme active site. This inhibition mode is therefore mixed competitive and non-

competitive, the latter exerting a key inhibitory effect on the enzyme activity. The results of our study

deliver a profound insight into the mechanisms of AtIspF action and inhibition, open new perspectives

for designing inhibitors of this important drug target, and demonstrate the applicability and value of the

native ESI-MS approach for deep analysis of complex biomolecular binding equilibria.
Introduction

Characterizing binding equilibria of oligomeric biomolecular
complexes with multiple ligands oen poses considerable
challenges when using conventional methods such as kinetic
binding assays, isothermal titration calorimetry, or surface
plasmon resonance.1 These “gold-standard” techniques oen
fail because they do not reveal how the distribution of
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sity of Munich, Garching, Germany

ESI) available: Experimental procedures
, protein denaturation, buffer exchange
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ourt Road, CB2, 1QW, UK.
individual ligand-bound states changes with ligand concentra-
tion but instead describe an average property of the ensemble as
a function of ligand concentration.2 In such cases, analysis is
oen carried out using mixed models comprising both
competitive and non-competitive binding. While useful for
formally describing the measured signal and extracting some
quantitative parameters of the system, suchmodels provide very
little insight into the mechanisms of ligand binding and
recognition and, if chosen and applied improperly, can lead to
an erroneous conclusion. Homomeric symmetrically arranged
proteins oen feature cooperative effects in ligand binding.
That is, occupation of a binding site by a ligand enhances or
reduces the affinity of the other binding sites in the protein.
This phenomenon brings the problem of characterizing the
protein–ligand binding in multimeric proteins to the next level
of complexity. Apart from purely fundamental importance,
characterizing binding equilibria in multimeric proteins is also
a critical step in the drug discovery process because it is crucial
This journal is © The Royal Society of Chemistry 2018
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for accurately evaluating the inhibitor binding mode and
efficiency.

In order to precisely describe the binding mode involved in
oligomeric biomolecular complexes, new methods and
approaches are needed. Native electrospray ionization mass
spectrometry (ESI-MS) has recently emerged as a powerful
technique for direct, label-free analysis of intact protein
complexes. Native ESI-MS has been increasingly recognized for
its ability to directly probe such properties of intact macromo-
lecular assemblies as the protein–ligand complex stoichiom-
etry, binding affinities, and allosteric effects. When providing
appropriate solution conditions, as well as assuring that colli-
sions with the buffer gas to achieve efficient desolvation are of
sufficiently low energy, gentle transfer from the solution to the
gas phase has enabled the detection of large multi-protein
assemblies, up to intact ribosomes and viruses in the MDa
range.3–13 Since proteins and their complexes are detected as
distinct signals, ESI-MS provides invaluable information on
protein complexes with specically bound small molecules.2

Although native ESI-MS has been successfully employed in
the past to study model systems with already known charac-
teristics including complex stoichiometry and the binding
mechanism,4,14 examples in which native ESI-MS was imple-
mented to predict properties and binding mechanisms of an
unknown protein–ligand system are scarce.2,15–17 Here we
describe a native ESI-MS study of the enzyme IspF (2C-methyl-D-
erythritol-2,4-cyclodiphosphate synthase) that catalyzes an
intermediate step in the non-mevalonate, or DXP, pathway
(DXP: 1-deoxy-D-xylulose-5-phosphate, Scheme 1).18–22 The
products of the DXP pathway are isoprenoids, which play
a critical role in growth, differentiation, and regulation of the
metabolism in living cells. The DXP pathway is exclusively
Scheme 1 The non-mevalonate (DXP) pathway for the biosynthesis of is
detail. The transition state is marked by ‡ and shows the charge delocaliza
DXS: 1-deoxy-D-xylulose-5-phosphate-synthase, IspC: 1-deoxy-D-xylul
phosphate cytidylyltransferase, IspE: 4-diphosphocytidyl-2C-methyl-D-
synthase, IspG: (E)-4-methyl-D-erythritol-2,4-cyclodiphosphate-reduct
IPP: isopentenyldiphosphate, DMAPP: dimethylallyldiphosphate, CDP-ME
2-C-methyl-D-erythritol-2,4-cyclodiphosphate, CMP: cytidine monopho

This journal is © The Royal Society of Chemistry 2018
present in protozoan parasites from phylum Apicomplexa, such
as malaria-causing Plasmodium spp., Toxoplasma gondii, and
Cryptosporidium, as well as in plants, and in numerous patho-
genic bacteria including Mycobacterium tuberculosis. Multidrug
resistance remains a major obstacle to successful treatment of
many human life-threatening and prevalent diseases including
malaria,18,23,24 new and previously treated cases of tubercu-
losis25–27 and toxoplasmosis.28–30 Apicomplexan parasites, such
as Neospora, Babesia, Theilleria, as well as Toxoplasma, put
a tremendous burden on food security through diseases in
livestock and poultry. Repeated use of different herbicide
mixtures contributed to the emergence of highly resilient weeds
with multiple resistance to almost all commercial herbicides,
which puts the future world food production at risk.31–34

Emerging resistance problems of many pathogens as well as
weeds urgently call for new affordable therapeutics and herbi-
cides with novel modes of action.18,28,32 Enzymes of the DXP
pathway are attractive drug targets, because there are no
homologues in mammals.30,32,35 Moreover, these enzymes are
clinically validated as drug targets in apicomplexans, patho-
genic bacteria, and as targets for herbicides in
plants.19–21,23,24,36–39 Any potential inhibitor of the enzymes dis-
rupting the metabolic cascade in the DXP pathway will be
devoid of target-related toxicity.40,41

The enzyme IspF catalyses the cyclization of 4-diphospho-
cytidyl-2C-methyl-D-erythritol 2-phosphate (CDP-MEP, 5,
Scheme 1) to 2C-methyl-D-erythritol-2,4-cyclodiphosphate
(MEcPP, 6, Scheme 1) with the release of cytidine mono-
phosphate (CMP, 7, Scheme 1).20,29 Published X-ray crystal
structures show IspF to be a globular bell-shaped C3-symmetric
homotrimer.20 The enzyme's active sites are located at the
interfaces between adjacent subunits, which also contain
oprenoids. The part of the DXP pathway catalyzed by IspF is shown in
tion by Zn2+. The secondmetal ion Mg2+ is brought in by the substrate.
ose 5-phosphate reductoisomerase, IspD: 2-C-methyl-D-erythritol 4-
erythritol kinase, IspF: 2C-methyl-D-erythritol-2,4-cyclodiphosphate-
ase, IspH: 1-hydroxy-2-(E)-methylbutenyl-4-diphosphate-reductase,
P: 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate, MEcPP:
sphate.

Chem. Sci., 2018, 9, 5976–5986 | 5977
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tetrahedrally coordinated zinc ions that is essential for catal-
ysis.19 Depletion of IspF in E. coli and Bacillus subtilis has
a signicant impact on cell wall biosynthesis leading to cell
death and proves, therefore, a legitimate target for the devel-
opment of new therapeutics.42 While the number of potent
inhibitors of IspF available today is limited,43,44 new promising
molecules based on the aryl-sulfonamide moiety that inhibit
IspF from Arabidopsis thaliana and Plasmodium falciparum with
submicromolar IC50 in vitro were recently identied.45 No co-
crystal structure of AtIspF with any of these inhibitors could,
however, be obtained. Rational derivation of the inhibition
mechanism was complicated by the availability of several
binding sites, as well as binding partners including the metal
ion cofactor and the inhibitor. Although some synthetic ligands
showed strong inhibition, the interpretation of biochemical
assay data was difficult due to a lack of information on the
mode of action of the inhibitors.46 Therefore, the stoichiometry
of protein–ligand binding remains unknown, as well as the
binding site location, inhibition mode (competitive/allosteric),
and exact binding constants.

We applied native ESI-MS to study interactions of recombinant
IspF from A. thaliana (AtIspF) with various ligands including zinc
ions, its natural substrate, and aryl sulfonamide inhibitors.
Thanks to the ability of the method to resolve multiple co-existing
ligand-bound states and simultaneously trace their abundances
in themixture as a function of concentration, we disentangled the
parallel binding events occurring in the system. Based on the MS
data, we suggest a model for the binding and inhibition mecha-
nism of aryl sulfonamides that combines a competitive binding to
the enzyme active site and removal of the essential Zn2+ ion co-
factor.

Experimental section
Mass spectrometry

Native ESI-MS was carried out on a Synapt G2S HDMS (Waters,
Manchester, UK). All experiments were carried out in positive
ion mode. Au/Pd-coated glass capillary emitters (1 mm outlet
inner diameter; Thermo Scientic, Madison, WI, USA) were
used to load 3 mL of the protein sample. A commercial nano-ESI
source was used at ambient temperature by applying 0.8–1.3 kV
to generate the electrospray. A backing pressure of 0.25–0.3 bar
was applied to assist the sample ow. Several tuning parameters
such as the cone voltage, collision energy, and the gas trap
pressure were carefully optimized to preserve noncovalent
complexes and at the same time obtain the most efficient ion
transfer, and the highest signal intensity and resolution. The
parameters were tuned as follows: the cone voltage was set to
80 V. The trap and transfer collision energies were optimized to
50 V and 30 V, respectively. The gas trap pressure was set to 6.0
mL min�1. The quadrupole prole was adjusted for the desired
m/z range. Mass spectra were obtained in a window of m/z 50–
8000 with a scan time of 2 s and an inter-scan delay of 0.1 s.
Typically, y scans were combined to produce a mass
spectrum.

Mass spectra were recorded using the MassLynx 4.0 soware
(Waters, Manchester, UK). All mass spectra were baseline-
5978 | Chem. Sci., 2018, 9, 5976–5986
corrected, normalized, and smoothed using MATLAB R2017a
(MathWorks, Natick, MA, USA). An aqueous CsI solution (40 mg
mL�1) was used to perform calibration of the mass spectrom-
eter. Aer averaging the recorded spectra (50 scans), they were
smoothed with a moving average algorithm (span of �3 steps)
and centroid spectra were generated at 80% peak height. Them/
z axis was calibrated by tting a polynomial function.

Inhibitor titration experiments

Direct titration experiments of AtIspF with aryl-sulfonamides
were carried out as follows: the ligand stock solution was used
to prepare a dilution series in DMSO, which was further diluted
1 : 50 (v/v) in 200 mM aqueous ammonium acetate solution (pH
8.0). These solutions were mixed 1 : 1 (v/v) with the protein
solution at a trimer concentration of 8 mM in 200 mM aqueous
ammonium acetate (pH ¼ 8.0). Such a mixing procedure
ensures constant protein and DMSO concentrations (ctrimer ¼ 4
mM and 1%, respectively) but a variable ligand concentration
(Scheme SI1†). The ligand concentration spanned the range of
1–100 mM. Each measurement was replicated 3 times. For the
ligand competition test, the samples were prepared in analo-
gous fashion.

Results and discussion
Analysis of AtIspF under denaturing and native-like
conditions using native ESI-MS

The crystal structure of IspF in complex with CMP was previ-
ously resolved and shows IspF as a globular bell-shaped
homotrimer (Fig. 1a).47 We produced a recombinant full-
length AtIspF in house (see ESI Methods for details†). In order
to conrm the protein's molecular weight, stoichiometry, and
purity, nano-ESI mass spectra of recombinant AtIspF were
recorded under denaturing and native-like conditions
(Fig. SI1,† 1b, respectively). The signal detected in the mass
spectrum of the denatured protein was attributed to a single
species with the measured molecular weight of 19 225.0 �
0.3 Da, which is in perfect agreement with the mass of AtIspF
monomer calculated based on its amino acid sequence
(19 225.1 Da; Fig. SI1, Table SI2†). The acquired native ESI mass
spectrum showed dominant trimer signals (T; MWT z 57 681�
5.4 Da) of AtIspF based on the measured mass (Fig. 1b, Table
SI2†). The trimeric stoichiometry of AtIspF was conrmed by
collision-induced dissociation (CID) tandem MS of the isolated
T14+ ion (m/z ¼ 4120) (Fig. 1c). The parent ion (T14+) asym-
metrically dissociated48–50 via ejection of relatively highly
charged unfolded monomer ions and compact dimer ions
carrying the remaining charge. This experiment also conrmed
the non-covalent nature of the association of monomers into
trimer, because only intact protein chains were found in the
fragment ion spectrum.

Binding of the natural ligands, CDP-MEP and Zn2+ to AtIspF

The zinc cofactor is essential for catalysis in AtIspF: it positions
the b-phosphate group of the substrate and favours nucleo-
philic attack by decreasing the negative charge on the b-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Ribbon diagram representing the X-ray structure of AtIspF in
complex with 7 and Zn2+ shown as stick models. Side (left) and top51

views are presented (PDB entry 2PMP).52 Individual protein chains are
in different color. (b) ESI mass spectrum of AtIspF recorded under
native-like conditions (ammonium acetate 150 mM, pH ¼ 8.0). The
dominant peaks were attributed to the trimer ions (T) (+13 to +15). (c)
The trimer ion (+14; m/z ¼ 4120) was isolated in the quadrupole and
subjected to collisional activation inside the collision cell of the mass
spectrometer (CID-MS/MS). The parent ion undergoes asymmetric
charge partitioning ejecting highly charged unfolded monomer (M)
ions below the parent ion peak and compact dimer (D) ions carrying
the remaining charge at m/z above that of the parent ion peak.
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phosphate oxygen.29 Upon incubation of AtIspF with zinc, we
expected saturation of each active site with one Zn2+ ion. We
expected that the enzymatic activity could be inuenced
depending on depletion or addition of zinc ions in AtIspF.
Indeed, the spectrum of Zn2+-saturated AtIspF differs from that
of the bare protein (Fig. 2a and b) by a shi in m/z attributed to
the binding of three Zn2+ ions to the protein active sites (Fig. 2e
and f). Incubation of the Zn2+-depleted enzyme with its
substrate, 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phos-
phate (5, CDP-MEP, Scheme 1), afforded complexes containing
up to three molecules of 5 in addition to the bare protein signal
in the mass spectrum (Fig. 2c and d). As expected, no substrate
conversion was observed in the mass spectrum suggesting that
the specic enzymatic activity was disabled by the absence of
Zn2+. Upon incubation of Zn2+-saturated AtIspF with the
This journal is © The Royal Society of Chemistry 2018
substrate (Fig. 2g and h), several peaks were mass-shied rela-
tive to the bare protein trimer by approximately n� 322 Da (n ¼
1, 2, 3), which matches the mass of CMP (7, Scheme 1). The
detected complexes were not ESI artefacts but present in solu-
tion, because only negligible – if any – signals of PREFL
complexes with a non-binding reference protein (PREF: PMSF-
inactivated bovine cationic trypsin) were detected in the
control measurements (Fig. SI2†). At the same time, no signals
corresponding to Zn2+-saturated AtIspF in complex with the
substrate 5 or the second product of the reaction, MEcPP 6, were
observed (Scheme 1). Interestingly, similar to our observation,
only 7 was found bound in the active site when AtIspF was co-
crystallized with the substrate.53,54 While 6 is released from
the active site, 7 is bound tighter and stays in the cytidyl-binding
pocket. Thus, the complex can survive in electrospray and be
detected in the mass spectrum. The absence of free 6 in the
mass spectrum can be explained by its acidity, making it
undetectable in the positive ion mode. We demonstrated that
we can monitor and inuence the specic enzymatic activity of
AtIspF, as well as binding of the metal cation and the natural
ligands, 5 and 7, by native ESI-MS. Our results also have
implications for the mechanism of the negative-feedback
regulation of the enzyme activity via competitive inhibition by
the product.
Aryl bis-sulfonamide inhibitors bind to AtIspF trimer and
extract Zn2+ cation from the active site

Having demonstrated the validity of the native ESI-MS approach
for AtIspF with its natural ligands, we explored the binding
mechanism of aryl sulfonamide inhibitors. Computational
simulations suggested that aryl sulfonamide-based inhibitors
bind to the active site of AtIspF,46 but the detailed binding
mechanism and the mode of inhibition are unknown. In the
absence of Zn2+, we initially anticipated no or weak non-specic
binding of aryl sulfonamide based inhibitors (Scheme 2, Table
SI1†), but we expected to detect specic TL3 complexes in the
presence of Zn2+, as well as a trend in the observed binding
affinity that would correspond to the trend in inhibitor potency
(IC50). Surprisingly, all bis-sulfonamides pronouncedly bound
to the Zn2+-decient protein trimer regardless of their solution-
phase inhibitory activity (Fig. 3a, SI3a–7a†). The signal of every
TLn complex increases gradually followed by a gradual decrease
when TLn+1 complex takes over (Fig. 3a). Complexes containing
up to six inhibitor molecules were observed in the spectrum.
The situation, however, changed when we incubated Zn2+-
saturated AtIspF with the inhibitors (Fig. 3b, SI3b–7b†). In this
case, three key observations were made. First, up to six ligands
bound to the protein trimer, similar to the case of Zn2+-free
AtIspF. The detected complexes were not ESI artifacts, because
only negligible – if any – signals of PREFL complexes with the
reference protein (PREF) were detected in the control measure-
ments (Fig. SI9†). Second, in contrast to Zn2+-free AtIspF, the
binding pattern was clearly more complex, with a dominant TL3
(in some cases TL4 or TL2) peak. Third, the number of bound
Zn2+ ions per trimer got increasingly scrambled as the ligand
concentration increased. On the one hand, Zn2+-depleted states
Chem. Sci., 2018, 9, 5976–5986 | 5979
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Fig. 2 ESI-mass spectra of AtIspF incubated with 5 (T : L ratio 1 : 0 to 1 : 2) in the absence and presence of Zn2+ (a, b and e, f, respectively). A
zoom-in into the most intense signal (T14+) is shown next to the individual spectra. A native ESI mass spectrum of the bare protein is given for
reference (a). AtIspF was incubated with 5 (T : L ratio of 1 : 2) in the absence (c, d) and presence of Zn2+ (g, h). Red and black markers indicate the
number of 7 or 5 molecules bound to AtIspF, respectively. (c, d) Incubation of zinc-deficient AtIspF with the substrate yields complexes con-
taining up to three 5molecules bound to the protein trimer. (e, f) Saturating AtIspF with Zn2+ results in a mass shift corresponding to three Zn2+

ions bound to the protein. (g, h) Upon incubation of Zn2+-saturated AtIspF with 5, fine-structured complex peaks were observed with amass shift
of approx. 322 Da matching to 7, one of the products of the reaction. Ions corresponding to free 5 (c) or 7 (g), protonated or with sodium cations
bound, were found in the mass spectrum. The signal intensity in spectra c and g was magnified 10-fold in the range from 300 to 600 m/z.
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were observed for T, TL1 and TL2 ions, while, on the other hand,
excess numbers of zinc ions were observed for the complexes
containing three ligands and onwards.

We can conclude that all tested bis-sulfonamides bind to
AtIspF in solution in the absence of Zn2+ in a sequential, inde-
pendent fashion, producing TLn complexes with n# 6, i.e. up to
two ligands per AtIspF monomer. Surprisingly, even the inhib-
itor with the lowest IC50 value, 13, exhibited pronounced
binding suggesting that Zn2+-depleted AtIspF lacks selectivity
towards aryl bis-sulfonamides. However, the presence of Zn2+

dramatically altered the protein–ligand binding and conferred
selectivity on AtIspF. For instance, AtIspF bound 8 with a higher
affinity compared to 12, which is in a good qualitative agree-
ment with the trend in IC50 values for the inhibitors. Further-
more, the distribution of peak intensities for various TLn
complexes (0 # n # 6) in the mass spectra suggested a prefer-
ence for certain complex stoichiometries (n ¼ 2–4). This,
together with the observed scrambling of the Zn2+ binding
stoichiometry, suggests that aryl bis-sulfonamides could extract
the cation from the protein active site and associate into
5980 | Chem. Sci., 2018, 9, 5976–5986
a dimeric chelate complex [L2Zn]
2� in solution (Fig. SI10†),46

which in turn could also bind to the protein.
We hypothesized that if aryl bis-sulfonamide ligands could

indeed remove Zn2+ from the active site of AtIspF, presaturation
of the ligand with the cation would prevent Zn2+ extraction from
the protein complex. Therefore, no Zn2+-decient complexes
should be observed. We mixed Zn2+-saturated AtIspF with Zn2+-
saturated 8 (Fig. 4). The increase of the concentration of 8 (T : L
ratio from 1 : 0 to 1 : 7) resulted in complexes containing up to
six ligands, but no Zn2+-depleted states. An excess of Zn2+ (3 <m
# 6) was detected in complexes containing two to six ligands.
The peak intensity distribution showed only a small fraction of
complexes containing 1, 2, and 3 ligands bound, whereas the
signals of the complexes containing four to six ligands (4# n#

6) were highly pronounced. This strongly indicates positive
binding cooperativity. The binding of the 1st chelated dimer
complex increases the affinity of the 2nd and 3rd binding site for
the binding of the 2nd and 3rd chelated dimer complex. This
explains the dominant signal intensities corresponding to
complexes containing four and six ligands in the mass
This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Chemical structures of the aryl bis-sulfonamide inhibitors of AtIspF used in this study. 8:N,N0-(4,5-dibromo-1,2-phenylene)bis[1-((4-
bromophenyl)methanesulfonamide)], 9: N,N0-(4,5-dibromo-1,2-phenylene)bis(4-bromobenzenesulfonamide), 10: N,N0-(4,5-dibromo-1,2-
phenylene)bis(4-methylbenzenesulfonamide), 11: N,N0-(4,5-dibromo-1,2-phenylene)bis(thiophene-2-sulfonamide), 12: 4-bromo-N-(3,5-
dibromo-2-hydroxyphenyl)benzenesulfonamide, 13: N,N0-(4,5-dimethyl-1,2-phenylene)bis(4-methylbenzenesulfonamide).
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spectrum. Additionally, the chelated dimer complex is in equi-
librium with its free constituents (with an association constant
of 15.6 � 106 M�2).46 Binding of the free ligand to the abundant
protein–ligand complex, when it already contains two chelated
dimer complexes, explains the pronounced signal intensity of
the complex containing ve ligands. The inhibitor bound to the
protein trimer mainly in the form of [L2Zn]

2� complex, which
also explains the excess of Zn2+ ions observed in the spectra.
Overall, these results are consistent with binding of a dimeric
chelate complex of aryl bis-sulfonamide inhibitors with Zn2+ to
the active sites of AtIspF trimer.
Docking of bis-sulfonamide ligands

To rationalize the observed binding of six ligands per IspF
homotrimer, possible binding modes were evaluated
Fig. 3 ESI-mass spectra of the titration series of AtIspF (at a monomer co
bis-sulfonamide inhibitor 10 in the absence (a) and presence (b) of Zn2+

containing 1% DMSO (Fig. SI10†). The spectral region around the 12+ c
number of ligands (n) and Zn2+ cations (m) bound to the protein trimer.
containing up to six ligands. (b) Upon an increase of the 10 concentra
addition, binding of the dimeric ligand chelate complex [L2Zn]

2� brings

This journal is © The Royal Society of Chemistry 2018
computationally. Crystallographic data are available for the
trimeric IspF enzyme of Arabidopsis thaliana.47 However, co-
crystallization attempts with bis-sulfonamide ligands have
remained unsuccessful. The structure-based analysis was
therefore performed on the crystal structure of CMP-bound
AtIspF (PDB ID: 2PMP, 2.3 Å resolution).20 The trimeric
complex has three equivalent active sites, which present the
only cavity capable of binding small organic molecules in an
enclosed environment. As a representative for other inhibitors,
the para-methyl substituted derivative 10 was chosen. As
a prerequisite for successful docking of the ligands, the space
lling of the active site by two ligands was calculated. The
program HOLLOW was used to generate a cast of the active site
to the periphery of the enzyme, which amounted to a volume of
2100 Å3 (Fig. 5a).55 The ligand 10 was calculated to have
a volume of 350 Å3, resulting in a packing coefficient of 33% if
ncentration of 24 mM) with increasing concentration (cL ¼ 0–50 mM) of
. The spectra are recorded in 150 mM ammonium acetate (pH ¼ 8.0)
harge state of the protein trimer is shown. The markers indicate the
(a) In the absence of Zn2+, sequential ligand binding yields complexes
tion, Zn2+-depleted states (m < 3) of T, TL1, and TL2 are observed. In
extra Zn2+ ions (m > 3) to the TLn species, where n $ 2.
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Fig. 4 ESI-mass spectra of AtIspF (at a monomer concentration of c¼
24 mM) presaturated with Zn2+ and incubated with an increasing
concentration (c¼ 0–50 mM) of Zn2+-presaturated 8. A spectral region
around the 13+ charge state is shown. The markers indicate the peak
position and the number of 8 and Zn2+ cations bound (n and m,
respectively). The ligand concentration in mM is indicated next to the
traces. No Zn2+-depleted states were observed for any of the
complexes formed. An excess amount of Zn2+ was observed for
complexes containing two ligands onwards.

Fig. 5 Proposed binding mode of two molecules of 10 in the active
site of AtIspF ((a), PDB ID: 2PMP,20 2.3 Å) and conformational
constraints for aryl sulfonamides (b). The mesh surface spans the
volume of the active site. Atom coloring: Br brown, N blue, O red, S
yellow, distances are given in Å.
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two ligand molecules occupy each active site. This value is
consistent with an ideal packing coefficient of 55%, showing
that the active site provides sufficient room for two ligands, and
further permits that larger derivatives of the series could be
bound in a similar fashion.56 Ligands were positioned to be in
agreement with the previously reported structure–activity rela-
tionship,46 and to account for the conformational preferences of
their functional groups (Fig. 5b, for details see ESI
Experimental†). Inhibitors bearing bromine substituents on the
diamine scaffold constitute the most active derivatives of the
ligand class. Superior inhibition and binding of bromide over
the corresponding methyl derivatives, such as 10 vs. 13, suggest
favourable halogen bonding interactions of the two halide
substituents.57 The modelled binding mode of 10 demonstrates
the ability of the active site to favourably accommodate two
ligand molecules and could be used for the design of larger
inhibitors lling the entire active site.

To complement binding studies in the presence of Zn2+, the
[L2Zn]

2� complex, previously characterized by small molecule
crystallography, was modeled in the active site (ESI Experi-
mental, Fig. SI11†).46 In the obtained binding mode, the zinc
5982 | Chem. Sci., 2018, 9, 5976–5986
ion coordinates with Asp66 in the complex, analogous to the
magnesium ion, which coordinates with the diphosphate of
CDP-MEP and Asp66 during turnover (Scheme 1).29,58,59 A
favorable electrostatic contribution to the anionic ligand
complex binding, similar to that of the anionic substrate CDP-
MEP, is expected.
CDP-ME and aryl bis-sulfonamide inhibitors compete for the
same binding site in AtIspF

In order to determine the binding site as well as the inhibition
mode exhibited by aryl sulfonamides a ligand competition
experiment was carried out. Fig. 6 shows Zn2+-saturated AtIspF
mixed with both 5 and 8 at different ratios. As expected, inde-
pendent binding of multiple 7 residues was found when the
protein was incubated with 5 alone (Fig. 6, 1st row). In the case
of 8, signals corresponding to the binding of one, two, three,
and four ligands per trimer were detected by ESI-MS (Fig. 6, 1st

column). Remarkably, when both ligands were added to the
protein together, the resulting native ESI mass spectrum looked
like a superposition of those recorded in the presence of each
ligand individually (Fig. 6, bottom row). No multiplexing of
spectra or appearance of new signals was found. Instead, the
peak intensities of protein–ligand complexes were attenuated.

At higher concentrations of 8, scrambling of Zn2+-bound
states was observed, similar to the results of AtIspF titration
with 8 only (Fig. SI3†). These results suggest that the natural
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Competitive binding of 8 and 5 to AtIspF. The entire spectrum of the bare protein is given for reference (top left). AtIspF (at a monomer
concentration c ¼ 24 mM) was mixed with increasing concentrations of 5 (3–48 mM, middle and right columns), and/or 8 (1–100 mM, second to
fourth row). The spectral region around the T13+ signal is shown. Red and black markers indicate the number of 7 and 8 ligands bound,
respectively. Upon addition of 5 to the protein, peaks matching to one, two, or three 7 residues bound to the trimer were found in the spectrum
(first row). When 8was added exclusively, signals of the protein complex with up to four ligands were detected (bottom row). No additional peaks
were observed when two ligands were added to the protein together (third and fourth row). Increasing the concentration of 5 at a fixed
concentration of 8 (100 mM) resulted in a superposition of both signal patterns of the complexes formed. A fine structure of the complex peaks
was attributed to scrambling of Zn2+ bound states as already shown for the protein titration with 8 alone (Fig. SI4†).
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substrate and the aryl bis-sulfonamide inhibitor compete for
the same binding site in AtIspF, or that their binding sites
overlap signicantly. The nucleotide binds much stronger, but
the intensity of the corresponding peaks in the mass spectra is
attenuated by the presence of the bis-sulfonamide – even when
the signal of the AtIspF–8 complex is hardly seen in the absence
of the substrate. Our results suggest that the inhibition mech-
anism is mixed competitive and non-competitive. The compet-
itive component is relatively weak, but the non-competitive
inhibition occurs via extraction of the Zn2+ cation from the
active site, which has a much more detrimental effect to the
enzyme activity (see Fig. 2 and the associated discussion).
Suggested mechanism of bis-sulfonamide inhibitors binding
to AtIspF

The results obtained provide insight into the mechanism of bis-
sulfonamide inhibitor binding to AtIspF. Scheme 3 shows two
binding scenarios depending on whether or not AtIspF was
preincubated with Zn2+. In the absence of Zn2+, the binding
This journal is © The Royal Society of Chemistry 2018
sites of AtIspF are sequentially occupied by up to six ligand
molecules (Scheme 3a). AtIspF contains three binding pockets
that are sequentially lled by up to two inhibitor molecules
each. We observed only a minor difference in the apparent
affinity of AtIspF towards different aryl bis-sulfonamides in the
absence of Zn2+. However, the binding must have occurred in
solution, because no complexes were formed between a refer-
ence protein and the inhibitors (see Fig. SI9† and associated
discussion).

Scheme 3b shows the scenario for an aryl bis-sulfonamide
inhibitor binding to Zn2+-presaturated AtIspF (no free Zn2+ in
solution). The ligand competition experiment showed that the
natural substrate and the synthetic inhibitor compete for the
same binding site in AtIspF. Zinc-depleted complexes are
formed as a result of zinc extraction from the protein active sites
by the aryl-sulfonamide inhibitor, which forms a dimeric
chelate complex with zinc in the condensed phase.46 Enzyme
trimers containing more than six inhibitor molecules also carry
an excess of zinc due to binding of dimeric chelate Zn2+-
inhibitor complex, [L2Zn]

2�.
Chem. Sci., 2018, 9, 5976–5986 | 5983
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Scheme 3 Proposed binding mechanism of bis-sulfonamide inhibi-
tors (L) to AtIspF in the absence (a) and presence (b) of Zn2+. In (b), only
a few initial steps are shown. (a) In the absence of Zn2+, a sequential
occupation of the three available binding sites of AtIspF takes place. In
total, up to six ligands can bind to AtIspF. (b) The ligand binds to Zn2+

saturated AtIspF resulting in the complex containing one ligand
(TZn3L1). The bound monomeric ligand can extract Zn2+ from the
active site and dissociate into the bulk phase where it can form
a dimeric chelate complex [L2Zn]

2�. Zn2+ deficient AtIspF (TZn2)
emerges in solution. A ligand molecule can bind to the Zn2+ deficient
complex producing TZn2L1. In turn, the dimeric chelate complex
[L2Zn]

2� can bind to Zn2+ saturated AtIspF (TZn3) resulting in TZn4L.
Combinations of these basic steps yield all the other complexes
detected by ESI-MS.
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Conclusions

We demonstrated how a thoroughly planned experimental
design combining native ESI-MS and computational modelling
delivers answers to fundamental questions in a complex bio-
logical system, where a more conventional approach involving
“gold-standard” biophysical techniques could not be applied.
We focused our study on structural and functional aspects of
protein–ligand interactions in A. thaliana IspF, an enzyme of the
DXP pathway of isoprenoid biosynthesis and an attractive target
for the development of new antimalarial and antituberculosis
drugs, as well as herbicides with novel mode of action. Using
direct native ESI-MS titration, we comprehensively explored the
processes of the protein binding with various ligands, including
the zinc cation, the natural substrate, and a range of synthetic
aryl bis-sulfonamide inhibitors.

Our data strongly suggest that the zinc cation in the protein
active site plays a key role for the catalytic activity and inhibition
of AtIspF. Extraction of Zn2+ from the active site with EDTA fully
inhibits the specic enzymatic activity of AtIspF, which was
reected in the native ESI mass spectra by detection of the
protein complexes with the intact substrate molecule, 5. Adding
Zn2+ back fully restored the catalytic activity of the protein, so
that signals of the complexes with one of the reaction products,
7, were present in mass spectra. These results are consistent
with the previously published data on AtIspF high-resolution 3D
5984 | Chem. Sci., 2018, 9, 5976–5986
structure and function, hence, demonstrating the validity of the
native ESI-MS approach for the analysis of such protein
systems.

We analysed the stoichiometry, specicity, selectivity, and
relative strength of binding of a range of synthetic aryl bis-
sulfonamide inhibitors to AtIspF – both in the presence and
absence of Zn2+. In the absence of zinc, up to two inhibitor
molecules per active site could bind to the protein in
a sequential, independent fashion. We computationally evalu-
ated the binding mode and showed the ability of the spacious
active site to favorably accommodate two inhibitor molecules.
However, the Zn-decient AtIspF exhibited a weak selectivity
towards different aryl bis-sulfonamides. The binding pattern
changed dramatically in the presence of Zn2+. The relative
binding affinity for the range of studied ligands followed the
previously characterized trend in the corresponding IC50 values.
The most potent inhibitor 8 was binding to AtIspF in our direct
native ESI-MS titration experiments more readily, indicating
a high binding affinity, while incubation of the protein with the
inactive 13 resulted in negligibly small amount of complexes.

Aryl bis-sulfonamide binding proceeded with scrambling of
the protein trimer to Zn2+ stoichiometry: we detected a range of
the protein trimer and TLn complexes containing between zero
and six Zn2+ ions. We attributed this observation to two parallel
processes taking place in solution: rst, the extraction of Zn2+

from the protein active site by the inhibitors, to form a dimeric
chelate complex [L2Zn]

2� in the bulk phase, and second, the
binding of these [L2Zn]

2� complexes to the protein. Hence, the
former process reduced the number of zinc cations bound,
whereas the latter increased the Zn2+ : protein stoichiometric
ratio. In agreement with our interpretation, zinc-depleted states
were not observed in a control experiment when both the
protein and the ligand were pre-incubated with Zn2+, with up to
six ligands bound to the protein trimer. On the contrary, TLn
complexes contained extra Zn2+ in addition to the three cations
that were present in the protein originally: a total of four Zn2+

cations were found for n¼ 2 to 3, ve for n¼ 4 to 5, and six for n
¼ 6. Interestingly, the distribution of TLn peak intensities in
mass spectra revealed a preference for the complexes binding
four to six ligands (4 # n # 6), strongly indicating a positive
cooperativity effect. Overall, these results are consistent with
binding of a dimeric chelate complex of aryl bis-sulfonamide
inhibitors with Zn2+ to the active sites of AtIspF trimer.

Based on the results of our analysis, we propose a mixed
competitive and non-competitive mechanism of AtIspF inhibi-
tion by the synthetic aryl bis-sulfonamides. Competition
experiments revealed that the natural substrate and bis-
sulfonamide inhibitors compete for the same binding site in
AtIspF, but the inhibitor binds weaker than 7, which is one of
the reaction products and a moiety present in the substrate.
However, non-competitive inhibition via zinc extraction from
the active site has a more detrimental effect on the enzyme
activity. Noteworthy, divalent metal cations are oen present in
the buffer for spectrophotometric enzyme-coupled assays,
rendering the analysis of metal ion cofactor binding to proteins
like AtIspF difficult.
This journal is © The Royal Society of Chemistry 2018
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While native ESI-MS has been extensively used in a number
of proof-of-principle studies of well-characterized model
proteins, application of this method to predict the behavior and
binding mechanisms of truly unknown systems are rare. The
work presented here demonstrates that the native ESI-MS
approach can be efficiently used to elucidate unknown
binding mechanisms of oligomeric proteins involved into
complex, multistage binding equilibria with cofactors, drugs,
and other ligands. The native ESI-MS titration approach
provides a direct, label-free access to the information on protein
complex composition and stoichiometry and quantitative
analysis of binding. A careful design of experiment allows one to
keep potential artefacts under control and get an insight into
the specicity and selectivity of protein–ligand interactions.
Binding of several ligands can be monitored simultaneously
permitting parallel analysis of multiple binding equilibria and
designing more sophisticated binding assays, such as ligand
competition. In summary, the native ESI-MS data alone or in
combination with complementary solution-phase assays and/or
computational modelling deliver an unprecedented insight into
the mechanisms of multimeric protein binding of several
ligands.
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