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Abstract

The discovery of activation state dependent kinase inhibitors, which bind specifically to the
inactive conformation of the protein, is considered to be a promising pathway to improved cancer
treatments. Identifying such inhibitors is challenging, however, because they can have Ky values
similar to molecules known to inhibit kinase function by interacting with the active form. Further,

while inhibitor induced changes within the kinase tertiary structure are significant, few
technologies are able to correctly assign inhibitor binding modes in a high-throughput fashion

based excl

usively on protein-inhibitor complex formation and changes in local protein structure.

We have developed a new assay, using ion mobility-mass spectrometry, capable of both rapidly

detecting i

nhibitor binding and classifying the resultant kinase binding modes. Here, we

demonstrate the ability of our approach to classify a broad set of kinase inhibitors, using
micrograms of protein, without the need for protein modification or tagging.

Introduction

Kinase regulation plays a central role in multiple biochemical pathways and several disease
states, most-notably, cancer.! For example, tyrosine kinase inhibitors are a prominent
treatment approach for chronic myelogenous leukemia (CML), where fusion between the
Abelson (Abl) kinase gene and the break point cluster (BCR) at chromosome 22 results in a
chimeric Ber-Abl tyrosine kinase implicated in the disease.? As such, there are many
ongoing efforts aimed at designing small molecules capable of influencing the function of
this broad class of proteins. Small molecule kinase inhibitors can fall into at least four
general categories, with two of the most important being those that bind to the ATP binding
site within the kinase domain (type 1) and those that extend into a nearby “allosteric” site
outside the ATP binding pocket (type I1).3 The tertiary structure of kinases bound to these
two small molecule classes are known to undergo small, yet significant changes. Type |
molecules are conformationally non-specific, and thus will bind all states of the kinase
including the open, or active conformation. In contrast, type Il binders interact preferentially
with an inactive, or closed conformation, where the flexible 'activation loop' region of the
protein refolds to cover the substrate binding site. While the active kinase form is broadly
conserved, inactive forms can vary considerably between kinases. Thus, while many small
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molecule drugs are available for type | binding, these inhibitors typically lead to less-
selective control over kinase function.2 Type Il inhibitors are, therefore, generally preferred
for therapeutic purposes, as they provide higher degrees of kinase selectivity. However, the
widespread use of type |1 kinase inhibitors as cancer therapies has, in some cases, led to
drug resistance in many cell lines and CML patients, thus new type 11 inhibitors are needed
to counteract such effects.

The main technology underpinning our approach to this problem is ion mobility-mass
spectrometry (IM-MS), where ions produced by nano-electrospray ionization (nESI) can be
filtered first by a quadrupole according to their m/z, separated according to their
orientiationally averaged size (collision cross-section, CCS) on the millisecond timescale,
and can then be analyzed by time-of-flight mass spectrometry.6 IM-MS has been used
extensively to characterize the structures of small biomolecules in the gas-phase,’ and has
begun to be used broadly to analyze the structure of larger proteins and protein complexes,8
in many cases revealing high degrees of correlation between solvated and solvent-free
datasets.? Many past IM-MS experiments have focused on protein and peptide systems
where alterations in IM data could be related to significant structural changes in the gas-
phase biomolecules of interest.10 For example, IM-MS experiments are capable of
discerning helical and globular peptide conformations,! as well as the calcium dependant
conformational shifts of calmodulin,2 at modest IM resolution values. To assess finer
protein tertiary structure details, IM-MS datasets must be combined with sophisticated MD
simulations.13 Since many protein folds project identical CCS values, the information
content carried by the IM-MS experiment necessarily decreases as the size of the protein
increases, and the structural filtering requirements of the MD simulations utilized are greatly
enhanced. Despite this inherent limitation, the structures of many small proteins have been
determined in this fashion, including the desolvated structures for ubiquitin 14 and ABq_s0.1°
However, it is also clear from these previous reports that the inherent limitations of CCS as a
lone constraint in structure determinations are a key challenge for the application of IM-MS
in structural biology.

In addition to simple CCS measurements, IM-MS is also capable of recording protein CCS
as a function of ion internal energy, thus enabling the technology to record protein unfolding
as well as static protein structure. The first observations of protein ion unfolding predate the
application of IM-MS to gas-phase biomolecules, 18 and related to the influences of
Coulombic forces on gas-phase protein structure. Following these observations, IM 17 and
IM-MS 18 were coupled with ESI, enabling the observation of protein unfolding both as a
function of ion charge and internal temperature. Though these observations appeared
throughout the early IM-MS literature, they were rarely interpreted relative to solution-phase
protein structures. Recently we, and others, introduced collision induced unfolding (CIU) as
a means of distinguishing between the subtle differences in protein tertiary structure that
result as a function of small molecule binding.19 For example, CIU data has been used to
assess the different binding modes that exist between tetrameric transthyretin (TTR) and its
natural ligand, thyroxin.1% Significant differences in CIU response were detected in wild
type TTR and an amyloidogenic mutant form of the protein, indicating that different
thyroxin binding modes are operative in the two protein forms. While these data allowed for
a critical demonstration of the CIU method as a means of detecting local stability shifts
within proteins upon ligand binding, such data had not yet been correlated with the more-
subtle changes that occur within protein tertiary structure upon ligand binding.

In this report, we develop a new method using the basic architecture of CIU, aimed at
protein kinases. We have begun by differentiating type | and Il inhibitors using the protein
kinase domain of the Abl kinase as a model system. Key innovations in this new IM-MS and
CIU based method include using both collision induced dissociation (CID) and CIU data as
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a means of creating a more discriminating ‘fingerprint’ for kinase-inhibitor complexes, as
well as employing CIU 'fingerprints' to assign regions of interest capable of streamlining the
CIU methodology. Most critically, we find that despite the relatively small structural
changes that exist between active and inactive kinases, CIU is an excellent method for
differentiating type | and Il inhibitors, requiring relatively small amounts of unmodified
protein. In addition, since the technology is built using an MS-based technology, it functions
in a manner that can be extended, in principle, to any kinase/inhibitor system in a relatively
high-throughput mode (up to 100s of samples per day).

Experimental Methods

General

Imatinib, dasatinib, ponatinib, nilotinib, tozasertib, staurosporine, saracatinib, and sorafenib
were purchased from LC Labs (Woburn, MA), PP2 was purchased from Sigma (St. Louis,
MO), DCC-2036 was purchased from SelleckChem (Houston, TX), and bosutinib was
purchased from Tocris Bioscience (Bristol, United Kingdom). Protein samples were buffer
exchanged into 100 mM ammonium acetate at pH 7 using Micro Bio-Spin 6 columns (Bio-
Rad, Hercules, CA), and prepared to a final concentration of 8.8 KM. The inhibitors were
added in a 1:1 mole ratio of Abl: inhibitor and incubated at room temperature for 1 hr, after
which all samples were moved to ice until analysis.

Protein Expression, Purification and Activity Assays

c-Abl kinase domain was synthesized by GeneArt (Life Technologies, Grand Island, NY)
using £. coli modified codons. The kinase domain was subcloned into pET28a, modified
with a TEV protease cleavable N-terminal 6x-His tag. The plasmid was transformed by
electroporation into BI21DE3 electrocompetent cells containing YopH in pCDFDuet-1. Cell
growth, expression, and protein purification were performed using modified literature
protocols previously reported for expression of wild-type c-Src kinase domain.2° For the
experimental details of our kinase activity assays, see the online supporting information
documentation.

lon Mobility-Mass Spectrometry

Sample aliquots (~5 pl) were analyzed by ion mobility-mass on a quadrupole-ion mobility-
time-of-flight mass spectrometer (Q-IM-ToF MS) instrument (Synapt G2 HDMS, Waters,
Milford, Ma) and ionized using a nESI source, as described previously.®?: 21 The capillary
voltages ranged from 1.2-2.0 kV, with the source operating in positive mode and the sample
cone operating at 50V. The trap travelling-wave ion guide was pressurized to 2.2x10~2 mbar
of argon gas. The ToF-MS was operated over the //zrange of 1000-8000 and at a pressure
of 1.6x1078, and the quad profile was set to dwell on 3000 /77/z. The wave height was set to
40V and the wave velocity set to 900 m/s. The concentration of both inhibitor and protein
are kept sufficiently low so as to avoid the formation of artifact complexes, and all data
collected conforms to the expected inhibitor binding stoichiometry.22

Prior to the ion mobility separator, ions were activated by collisions in the ion trap traveling-
wave ion guide in order to perform CIU of protein complexes in order to investigate the
differences in the unfolding pathways of unphosphorylated Abl stabilized by type | and type
1 inhibitors.192 Charge states were chosen based on their relative intensity as a function of
ligand binding and according to the number of intermediate conformations that could be
observed during CIU experiments. Each mass-selected ion was activated by increasing the
trap collision voltage (TCE), from 20V to 50V in 2V increments.
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All mass spectra were calibrated externally using a solution of cesium iodide (100 mg ml=1)
and were processed using Masslynx 4.1 software (Waters, UK) 23. The data for previously
identified type | and type Il drift time spectra were averaged to produce their corresponding
average spectra for high-throughput analysis. Similarity scores were found by first
determining the x2 correlation between the averaged data and individual datasets.

(Ai; — Eyj)°
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In Equation 1 above, Ajand £jare the actual and expected frequency of the it row, jth
column respectively, ris the number of data rows, and cis the number of data columns. The
X2 value is used here as a measure of the goodness of fit between IM data acquired from a
given inhibitor and either type | or Il averaged data, and could be further used in conjunction
with knowledge of the critical values from the x2 probability distribution and the degrees of
freedom for a dataset to determine the confidence interval of such assignments (as in the
Pearson test).24 Determining x2 is a common approach used to analyze MS and separations
datasets for similarity.2> The similarity score discussed at length here was derived by
normalizing the x2 value obtained for an imatinib/average type Il comparison to a value of
100. The same normalization factor was then applied to all other x2, thus creating a scale for
ranking the type Il character of a given Abl-inhibitor CIU response. Smaller values indicate
a poorer fit to the averaged type 11 data (the inverse of the original x2 metric). The errors
shown in Table 1 result from standard deviations of three replicate experiments, and are
1.9% on average. Complete x2 and similarity scores for three different CIU fingerprint
regions are shown below in Table S1. White colored values indicate those that would not
cluster correctly during an analysis based only on the similarity score shown.

Outlining the Challenges in Activation State-Selective Kinase Inhibitor Discovery

Screening for type Il inhibitors with current measurement technologies is a major challenge,
as the structural changes that occur within the kinase domain upon binding are small, and
mainly limited to the activation loop within the protein fold. Enzyme activity assays, while
effective in limited cases, are exceptionally difficult to utilize within the framework of a
broad inhibitor screen. For example, we began our experiments by employing a fluorescence
assay, where the activity of the Abl kinase domain (33.2 kDa) is measured in the presence of
an inhibitor. Measurements are then made for Abl where the activation loop has been
phosphorylated, causing the enzyme to favor its active conformation (Figure S1A). Since the
primary mode for differentiating kinase inhibitor binding type involves similar activity
assays, 20 the results shown in Figure S1 likely represent a good benchmark for state-of-the-
art high-throughput methods in kinase inhibitor binding mode identification.

While our results indicate the expected disparity in enzymatic activities for the known type
Il inhibitor imatinib (Gleevec), dasatinib (Sprycel) and all other inhibitors tested had a
statistically preference for the active form of Abl, despite representing different known Abl
binding modes (Figure S1B). Type I and Il inhibitors appear to bind with similar strengths to
the kinase if the activation state of the protein is not considered, making them difficult to
distinguish using classical molecular biology tools. Screening methods that compare
compound binding strengths to the different phosphorylation-controlled forms of Abl are
available,2’ as are those that use fluorescence resonance energy transfer (FRET) to track the
conformational form of the protein once bound to unknown inhibitors,28 but they typically
involve protein modifications, covalent tagging, and limited dynamic range, making them
non-optimal for high-throughput screening efforts.
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The CIU kinase inhibitor binding mode assay

Many results have demonstrated that, when collisionally activated in the gas-phase, protein
ions of sufficiently low charge state can unfold.82 22 Gas-phase protein unfolding is distinct
from protein denaturation in solution, and is primarily characterized by the adoption of
multiple long-lived (>100 ms) intermediately unfolded species that are likely unique to the
solvent free environment. Unfolding processes have been studied in both

monomeric 18. 190. 30 and multimeric 82 29 protein model systems as a means of providing
information on local structure and stability changes that occur upon ligand binding.192 The
CIU strategy employed here is significantly modified from these previous reports, as we
have optimized our ability to distinguish between different kinase inhibitors by including
both unfolding and dissociative transitions in our CIU fingerprints (Figure 1). lons are first
generated by nESI in a range of charge states, which are then filtered with a quadrupole
mass analyzer. For much of our final dataset, have chosen to focus on 11* Abl-inhibitor
complex ions because they typically provide a larger number of unfolding transitions due to
the increased Coulombic strain on the gas-phase protein.18 Following m/z selection,
activation is achieved by accelerating ions into an ion trap pressurized with argon. Energetic
collisions increase the internal temperature of the protein-ligand complex and illicit
unfolding transitions. At coincident energies, the protein also undergoes charge-stripping
(through the dissociation of small, loosely-bound, positively-charged counterions) and
ligand dissociation events that we also collect into our CIU fingerprint. Since the unfolding
transitions for these systems still dominate the fingerprints recorded, we term these data
'CIU Fingerprints'. We have extensively tracked the signals within these datasets to assign
each transition observed (Figure S2), and including all three types of transitions shown in
Figure 1 is critically important for differentiating kinase inhibitors using our approach. The
total three-dimensional dataset is then combined by plotting the 1M drift time features
observed against the acceleration voltage used to generate them. We use a contour plot
representation, as it also allows us to track the relative intensity of features in our CIU
fingerprints across the entire dataset for given protein-inhibitor complex, and thus easily
focus on areas within a given dataset that provide a maximized ability to distinguish
between inhibitors of interest.

Identifying the expected CIU response for kinase inhibitors in different binding modes

In order to build, test, and evaluate our CIU method in the first instance, we selected two
kinase inhibitors, one from each of the two types we intended to differentiate using our
approach. For these initial experiments, we chose dasatinib and imatinib as our archetypal
type | and Il kinase inhibitors respectively. Both molecules are approved for leukemia
treatment, and previous structural biology and screening data has shown that they are among
the clearest examples of their respective binding modes (Figure S3A, B).3! CIU fingerprints
for the 10" complex ions for both inhibitors in the presence of apo-Abl reveal striking
differences (Figure S3C-E). Three or four main CIU features are observed over the
acceleration voltages shown, ranging from 9ms to 13ms, with imatinib-bound complexes
displaying patterns where the feature at ~12ms is entirely absent. Strikingly, the ligand-
bound proteins are both de-stabilized relative to the apo form in the gas-phase, which is
unique among similar gas-phase protein-ligand stability measurements reported in the
literature.19: 32 Most-importantly, we observe clear differences in the energetics of CIU,
such that both ligand bound states can be differentiated from one another and the apo form
simply by measuring the intensity of the compact state observed over a narrow window of
collision voltages (dashed box regions, Figure S3C-E). The signal intensity difference
observed between imatinib and dasatinib-bound complexes for the most-compact conformer
is approximately 2.5-fold (Figure S3F), and thus provides us with a promising level of
dynamic range and differentiating power relative to the two inhibitor-kinase binding modes
targeted in these experiments.
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A complete CIU training dataset from known kinase inhibitors

Building on the initial dataset shown in Figure S3, we have compiled a more complete CIU
dataset for 11* Abl-inhibitor complexes that includes 7 inhibitors previously classified by X-
ray crystallography in complex with the Abl kinase (Figure 2). Within this dataset, we note
that there are a number of CIU regions that may be optimal to differentiate type 1 and 1l
inhibitors. For example, the region between 22V and 26V provides an IM spectrum
analogous to the region between 32V and 42V shown in Figure S3, where the low-energy
transitions of compact kinase-inhibitor complexes are probed. We also note that the region
between 30V and 36V provides at least 3 drift time features, appearing between 10ms and
14ms that may be utilized for effective differentiation. We have extensively analyzed these
two areas, along with the region between 40V and 44V, highlighted in Figure 2A. This final
region provides ~8 drift time features between 8ms and 14ms for type 11-bound Abl ions,
while exhibiting 2 main drift time features for type I-bound proteins. We have computed
average drift time spectra for this region of the CIU fingerprints (Figure 2B) and, in addition
to the dramatic differences in the number of peaks observed, all of the centroid values for
the drift time peaks recorded within this range are exclusive to either type 1 or type Il
datasets. Thus, while not all IM drift time peaks observed in our dataset are resolved, the
dramatic differences in the number and centroid values for the features recorded between the
two binding types allow us to use this region alone to differentiate type 1 and 11 kinase
inhibitors. This result is critically important for using CIU in a high-throughput screening
mode, as while complete CIU fingerprint data collected over the complete acceleration
voltage ranges shown in Figures 2 and S3 can take many minutes to acquire, drift time data
over a narrow acceleration voltage range can be acquired in seconds.

A simple scoring approach allows the differentiation of type | and Il inhibitors based on

ClIU data

While the data above points toward the ability of a ClU-based IM-MS approach to engage in
a high-throughput screen containing hundreds or thousands of potential inhibitors, simplified
metrics that measure the similarity or difference of an experimental dataset when compared
to reference data for either type | or type Il inhibitors is necessary to enable such
applications. We have evaluated the CIU data collected for 11 inhibitor-kinase complexes,
comparing multiple CIU regions and applying a wide range of approaches to evaluate their
similarity (Figure S4 and Table S1 and S2).262 33 The optimized approach that we have
developed uses the selected region shown in Figure 4 and a simple x2 —based score. In this
way, we can evaluate the similarity of the IM drift time data recorded between 40V and 44V
for an individual inhibitor complex and the averaged IM drift time data for type Il inhibitors
shown in Figure 2B. Despite the broad chemical space that we have probed using our CIU
approach, the simple x2 — based similarity score shown effectively clusters all type Il and
type | binders based on their similarity to the average type Il CIU response. The similarity
scores shown in Table 1 range from 100 (a normalized score) for imatinib, which has the
greatest similarity to the average type 1l CIU response within the selected acceleration
voltage range, to 21.8 for dasatinib, which exhibits the least similarity to the type Il response
and, therefore, the most type | character in our CIU dataset. The breadth of different scores,
dispersed relatively evenly in the range defined by the two extreme responses recorded for
imatinib and dasatinib-bound complexes, allows us to project that CIU data would allow for
type | and Il differentiation in an even broader chemical screen than shown here. Replicate
experiments were performed and analyzed to provide standard deviations for the similarity
scores shown, and these were found to represent 1.9% of the values on average.
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Discussion

Most previous methodologies aimed at the rapid discovery of novel kinase inhibitors have
not focused on differentiating the binding modes accessed by the small molecules screened,
and have favored instead increased speed and chemical space over additional information
content on the bound species created.3* More recently, viral-fusion K4 analysis,?’
fluorescence,8 and affinity selection MS (AS-MS) approaches 3 have emerged with the
ability to differentiate the binding modes of potential kinase inhibitors, with final
verification of the inhibitor binding mode determined ultimately by solving the high-
resolution structure of the complex.# For example, based on the concentration-dependant
binding curves observed for dissociated ligands captured following multi-stage
chromatography, AS-MS can differentiate between inhibitors that bind in either a
competitive, independent, or cooperative manner to the kinase. Generating such data,
however, is time consuming due to the chromatographic separation typically employed and
the multiple concentration dependent runs that must be generated, making such detailed AS-
MS data difficult to acquire in a screening mode.3> While fluorescent based approaches are
capable of generating binding mode information rapidly during screening, they require
covalent modification of the kinase and typically have a low (10%) dynamic range with
respect to the type I and 11 kinase binding modes discussed here.28 Similarly, viral fusion-
based approaches,26¢ while enabling vast datasets of kinase-inhibitor interaction profiling
and Ky measurements, 280 require genetic fusion of the kinase to bacteriophage (or, in
principle, other signal-amplifying tags) and display limited discriminating power for many
type Il inhibitors.2” The IM-MS and CIU methodologies disclosed in this report mitigate
many of the limitations described above. CIU provides information that is clearly correlated
to the kinase-inhibitor binding mode, can operate from mixtures or in competitive assays,
requires little starting material, the data can be accumulated rapidly if regions of interest are
identified (as above) that adequately differentiate between the structural states of interest,
and does not require covalent modification of the protein substrate prior to screening.
Despite the small difference in CCS between the active and inactive forms of the kinase
predicted computationally (~1%),3¢ CIU data allows for their clear differentiation, and thus
circumvents many of the traditional limitations of IM-MS where many protein tertiary
structures overlap in drift time and cannot be resolved by their CCS alone with our IM-MS
instrument (Figure S5, IM Resolution of ~100 is required).

A comparison of the results shown in Tables 1 and S1 reveals a clear advantage for
performing CIU experiments using more highly-charged ions. This observation is not
surprising, as previous protein complex CID and CIU datasets have suggested similar trends.
For example, charge amplification protocols applied to the 396 kDa 24-mer of HSP16.5
from Methanococcus jannaschii 3" and the boiling stable protein 12-mer from Populus
tremula 38 have revealed substantially enhanced unfolding and dissociation. Detailed
computational and 1M studies have linked the unfolding transitions observed in CIU to
charge migration, which in turn relies upon the total amount of charge on the protein
surface. As such, charge amplification agents (/.. sulfolane) may be useful in enhancing the
CIU information content presented in this report,3° while acknowledging the potential for
such additives to alter the ability of protein ions to access compact starting structures.0
Critically, the 11* charge state of Abl-inhibitor complexes is sufficient to effectively
differentiate between the activation states of the protein complexes probed here, as well as
demarcate a strong correlation between inhibitor binding mode and CIU response.

The training dataset used to validate the CIU method presented in this report contains 11
total inhibitors (5 type 11, and 6 type 1) selected in order to represent a broad range of
structures, binding constants, and molecular masses. Inhibitors were also selected for this
initial set based on the availability of high-resolution structural data confirming the binding
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mode accessed with either Abl or other kinase domains that possess a high degree of
sequence homology (Table 1). The 11 compounds included here represent all the
commercially available compounds that fit the above criteria. It is worth noting that the total
number of compounds we have used in proof-of-principle experiments in this report is
significantly greater than that used in previous technology development efforts. We have
undertaken these extra steps primarily due to the novel nature of the CIU technology
employed in our assay. A detailed analysis of the data presented in Table 1 reveals a number
of inhibitors clustered around a similarity score of 43, and this value would be a likely cut-
off point for future screening applications that utilize the CIU protocol described here. It is
worth noting that while using this similarity score as a cut-off may engender a significant
false positive rate, based on the fact that DCC-2036, bosutinib, and tozasertib all posses
scores within error of this value, it is also clear that this rate can be adjusted to easily
accommodate a more-stringent screen without a significant loss of dynamic range. The
average type Il similarity score of 65.6 is 1.4 standard deviations away from the average
type | value of 34.2. We find that type | values are more-tightly clustered in our dataset,
having a standard deviation of 9.0, which places the mean type | response 3.5 standard
deviations from that of the average type Il. We have used our current dataset to extrapolate
the potential results in a larger library screen (Figure S6) as well as investigate alternate
scoring functions for our dataset (Table S2). In all cases, we find strong evidence of
correlation between the CIU response described here and the known kinase-inhibitor binding
modes for the complexes within our dataset.

Limitations of the CIU approach currently revolve around the potential universality of the
technology. In order to measure a CIU response, kinase-inhibitor complexes must first be
generated by nESI, which is a property that may not be constant across all kinases and
inhibitors. We note, however, that Abl and other related kinases have, so far, provided
excellent signal intensities and dynamic range for our experiments. In addition, while the
correlations reported here remain robust, the mechanism of CIU depends, in a relatively
unknown way, on the structure of the intermediates generated during gas-phase activation.
As such, example inhibitors must be identified in order to train the CIU methodology prior
to screening a new protein target and complete CIU fingerprints of the desired binding
targets must be obtained initially so that regions of discriminatory power can be identified.

Conclusions

In summary, we present strong evidence indicating a marked correlation between the gas-
phase unfolding of kinase-inhibitor complexes and their known activation states when bound
to the same inhibitors in solution. Our assay integrates elements of CID and CIU for the first
time to maximize the discriminatory power of the IM-MS data observed. We utilized CIU
fingerprint analysis to identify regions of maximum difference between Abl kinase ions
bound to type I and Il inhibitors, and developed a simple scoring metric that clusters these
data in a manner precisely correlated with their known binding modes. Overall, our data
suggests that the CIU approach presented will likely be a highly-effective screening tool that
obviates many of the limitations of current technologies. Future CIU development work will
seek to use larger screening datasets to accurately define the discrimination power and
confidence intervals associated with type | and 11 kinase binders, investigate the ability of
CIU to screen for allosteric (type IV) kinase inhibitors (e.g., GNF-2) 34, and develop screens
for other kinases linked to cancer (e.g., Src).20

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic describing the basic steps involved in the CIU assay to determine kinase inhibitor
binding modes. Protein ligand complexes are ionized by nESI in a range of charge states
(A), asingle charge state is selected for activation in a quadrupole mass filter (B). Following
selection, collisional activation with argon (varying the amount of accelerating voltage) is
used to initiate three different processes: charge stripping, inhibitor dissociation, and gas-
phase protein unfolding (C). IM drift time is monitored and recorded over a broad range of
collision voltages to create a complete CIU fingerprint, which creates a contour plot of the
intensity of ion populations as a function of these two parameters (D).
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CIU fingerprints for indicated 11* Abl-inhibitor complex ions (A). Dashed areas are
between 40 and 44 volts of acceleration voltage, and are color-coded to correspond with the

known binding mode of the inhibitor (as previously). Average |
from integrating the dashed-box regions from A (B). Data from

M drift time data derived
selected types (I and Il as

indicated) are averaged and displayed, and overlayed below. Average IM drift time data in
this region provide the greatest dissimilarity between inhibitor binding types, revealing

sufficient detail to classify all of the inhibitors studied in this re
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