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Bioaffinity Screening with a Rapid and Sample-Efficient Au-
tosampler for Native Electrospray Ionization Mass Spectrometry

Jérdme Kaeslin®, Cyrill Brunner’, Sahar Ghiasikhou', Gisbert Schneider’, and Renato Zenobi™'

" Department of Chemistry and Applied Biosciences, ETH Ziirich, Vladimir-Prelog-Weg 3, CH-8093, Switzerland

ABSTRACT: Fast and efficient handling of ligands and biological targets are required in bioaffinity screening based on native
electrospray ionization mass spectrometry (ESI-MS). We use a prototype microfluidic autosampler, called the “gap sampler”, to
sequentially mix and electrospray individual small molecule ligands together with a target protein and compare the screening results

with data from thermal shift assay (TSA) and surface plasmon reso-
nance (SPR). In a first round, all three techniques were used for a
screening of 110 ligands against bovine carbonic anhydrase I1 (CAII),
which resulted in five mutual hits and some false positives with ESI-
MS, presumably due to the high ligand concentration or interferences
from dimethyl sulfoxide (DMSO). In a second round, 33 compounds
were screened in lower concentration and in a less complex matrix,
resulting in only true positives with ESI-MS. Within a cycle time of
305, dissociation constants were determined within an order of mag-
nitude accuracy consuming only 5 pmol of ligand and less than 15
pmol of protein per screened compound. In a third round, dissociation
constants of five compounds were accurately determined in a titration
experiment. Thus, the gap sampler can rapidly and efficiently be used

for high-throughput screening.
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In small molecule drug discovery, scientists are searching for
pharmaceutically suitable compounds that modulate the activity
of a biological target.! Typically, this quest involves testing the
target for binding against chemical libraries consisting of hun-
dreds to millions of compounds in a process called high-
throughput screening (HTS).> This challenge has to be ad-
dressed with analytical techniques which are fast, reliable and
efficient in terms of costs and reagents. Biophysical methods
based on a variety of principles are employed. The most com-
monly used include X-ray crystallography, nuclear magnetic
resonance spectroscopy (NMR), surface plasmon resonance
(SPR), thermal shift assay (TSA), isothermal titration calorim-
etry (ITC) and mass spectrometry (MS), each one with its indi-
vidual advantages and disadvatages.’ One particular MS ap-
proach detects a binding event by direct observation of target-
ligand complexes. This so-called native/non-covalent MS is
performed by electrospray ionization (ESI) MS, which is so soft
that non-covalent interactions survive the ionization and the
transfer from solution to the gas phase.** Reviews generally
summarize the advantages of native MS as follows>*’: no la-
beling/immobilization required, low sample consumption and
easily interpretable mass spectra that directly afford the binding
stoichiometry. In contrast, disadvantages include false negative
hits due to non-specific binding and the requirement of an ESI-
friendly buffer, i.e., only volatile reagents and buffers can be
electrosprayed.

Importantly, MS is generally so rapid and sensitive such that
feeding the instrument quickly with low amounts of sample be-
comes the bottleneck for high speed analysis.® Various ESI*'?

or ESI-derived'>!'® microfluidic autosamplers were developed
to tackle this issue. However, most of these autosamplers were
only used to analyze small molecules. Only the NanoMate'”'#
from Advion is commonly used to perform native MS with
large molecules in a HTS setting. The NanoMate can sample 1—-
20 pl from a well plate with a disposable pipette tip. Next, the
sample is delivered to a multi-nozzle nano-ESI chip and pushed
into an inlet. Finally, the sample is electrosprayed with a 50—
300nlmin™' flow rate at a high voltage.

Zhang et al. were the first to use the NanoMate for bioaffinity
screening based on native MS." Since then, the NanoMate has
been used numerous times for native MS bioaffinity HTS. How-
ever, there are only a handful of studies which directly compare
automated native MS screening with alternative methods in
terms of hit rate, quantification accuracy, cycle time and sample
consumption. Benkestock et al. screened 23 ligands against the
two human fatty acid bindings proteins H-FABP and A-FABP
by NMR and native MS using the NanoMate.”’ MS was signif-
icantly faster, and hits were highly correlated between the two
methods. Jecklin ef al. quantified dissociation constant values
Kp for 8 known inhibitors of human carbonic anhydrase com-
paring SPR, ITC and titration by native MS with the Nano-
Mate.?' MS was very time and sample efficient, but the Kp val-
ues diverged significantly between the three methods for some
ligands. Maple ef al. screened 157 compounds against the anti-
apoptotic protein Bcl-xi. with the NanoMate and the results for
20 ligands were further validated with NMR and ITC.>* Again,
MS outperformed other methods significantly in terms of re-
quired time and sample, while having similar hit rates as NMR
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Figure 1. Overview of the gap sampler for native ESI-MS
screening. (a) shows an overview of the gap sampler. (b) depicts
schematically the moment of injection. The pin injects a L+IS
containing hanging droplet into the P+IS containing droplet on
top of the open capillary.

and Kp values comparable with ITC. Woods et al. screened 720
compounds against human carbonic anhydrase II with SPR and
validated seven of these hits with X-ray crystallography and na-
tive MS using the NanoMate.”® All seven SPR hits were also
found with MS and six of them with X-ray crystallography. In
a second round, 70 compounds were screened with SPR and
MS: 24 were hits with both methods and 37 with at least one of
the two indicating some false positives with SPR or MS. Using
TSA and native MS with the NanoMate, G6th ef al. screened
four different proteins against 33, 16, 21 or 21 compounds, re-
spectively.?* Depending on the protein, the agreement between
the methods was high (16 mutual hits) to very poor (0 mutual
hits). 361 ligands were screened against endothiapepsin by
Schiebel ef al. with a biochemical assay, a reporter ligand dis-
placement assay, NMR, TSA, MST, X-ray crystallography and
native MS with the NanoMate.?>® The reported hit overlap be-
tween the techniques was remarkably low.

Beside the well-established NanoMate, Hoffmann-La Roche
patented their own microfluidic ESI autosampler (figure 1).%’
This so called gap sampler was originally designed to pick up a
few nanoliters of sample with a pin from a well plate and to
inject it into the space between two capillaries positioned face-
to-face to form a gap. A carrier liquid fed at a few pl min™
through the first capillary bridged the gap to the second capil-
lary, from which the liquid was constantly electrosprayed by
application of a high voltage. An overpressure, which enclosed
the two capillaries, prevented flooding. Thus, the sample

injected into the liquid bridge is conveyed towards the end of
the second ESI capillary. Meanwhile, the sampling pin is auto-
matically washed and dried. This original setup was used for
characterization studies involving small molecule flow injec-
tions?®, for automated non-specific extraction with a Cys solid
phase® and for specific extraction using a protein modified ex-
traction phase®’. However, the gap sampler’s operation was lim-
ited to carrier liquids with a high percentage of organic solvents
to sustain the liquid bridge. Consequently, these denaturing
conditions do not allow to analyze proteins in their native state.
Additionally, the mixing of the nanoliter droplet with the mi-
croliters per minute flow rate lead to significant mixing and
broadening of the sample plug.’' However, it was shown to be
advantageous to replace the two capillaries by a single capillary
with an upwards oriented opening to allow access by the pin
(figure 1(b)).

In this article, we demonstrate that we can use the gap sampler
with this kind of capillary for bioaffinity HTS based on native
ESI-MS. The operating principle is as follows: a protein P is
delivered through the open capillary. The pin picks up a ligand
L from the well plate and injects it into the P feed (figure 1(b)).
To quantify the amount of injected L, a nonbinding internal
standard IS is spiked both into the L and P solution. L, IS and
P are mixed inside the open capillary. The L, IS and P pass
through the capillary within some residence time during which
the P and L are incubated. Then, the IS concentration pulse is
electrosprayed. At the same moment, a potential ligand protein
complex [P+L] can be observed in the extracted ion chromato-
gram (XIC) (figure 2(a)). From the acquired mass spectra (fig-
ure 2(b) and (c)), where both bound and unbound P are ob-
served, the Kp can be determined. With this method, the P and
L mixing is performed automatically inside the open capillary.
This has the advantage that unused P and L remain pure and
can be used for another project or screening technique. Addi-
tionally, our autosampler does not require any disposable parts
beside washing solvents which translates to low operating cost.

We test this method with a model system consisting of bovine
carbonic anhydrase II (CAII) and a library of small molecules.
In a first round, we qualitatively screen 110 ligands and com-
pare the results with SPR and TSA. In a second round, we semi-
quantitatively screen a smaller 33 compound library and com-
pare Kp values of 10 binders with results from SPR. In a third
round, we titrate five compounds to accurately determine the Kp
values.

EXPERIMENTAL SECTION

Chemicals used. Water (H,O, LC-MS grade, Merck), methanol
(MeOH, OPTIMA LC/MS, Fisher Scientific), isopropanol
(iPrOH, >99.5%, Fisher Scientific) and dimethyl sulfoxide
(DMSO, 99.7%, Acros organics for MS, VWR chemicals for
SPR) were used as solvents. Mass calibration was performed
with Caesium iodide (Csl, Fluka). A 10 mM ammonium acetate
(NHsAc, VWR) solution adjusted to pH 7.9 with ammonium
hydroxide (Sigma Aldrich) was used as buffer for MS, a 10 mM
phosphate buffered saline (PBS) solution supplemented with
5% DMSO for TSA and a 10 mM PBS with 0.05% V/V Poly-
oxyethylen(20)-sorbitan-monolaurat (Tween20) solution (PBS-
T) for SPR. Bovine carbonic anhydrase II (CAII, Sigma Al-
drich) was investigated as model protein P. As in previous
work, tributylmethylammonium bromide (Bu;MeNBr, abcr)
served as nonbinding internal standard (IS) for MS.? For TSA,
SYPRO Orange from Sigma Aldrich was used. For SPR, 1-
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Figure 2. One exemplary injection cycle for binding ligand A27
(a) shows the XIC during one injection cycle of a high affinity
ligand for the nonbinding IS, the complex signal [P+L]"'* and
the free protein P*'°. All XICs drop to zero during the injection
because the spray becomes momentarily unstable. After a few
seconds of residence time, the IS and [P+L]™ signals raise
while the P*'? signal from the unbound protein is decreasing.
The dashed line marks the point when the mass spectrum is read
out for Kp calculation, i.e., where the bound to unbound ratio R
is maximal. (b) shows exactly this mass spectrum. At low m/z
the IS is observed and at high m/z different charge states of both
bound and unbound P are visible. (c) shows a zoom into the re-
gion of the +10 charge state. L and acetate (Ac) complexes are
observed.

ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDC), N-hy-
droxysuccinimide (NHS), 1 M Ethanolamine solution, 10 mM
acetate buffers pH 5.0 and High Capacity Amine Sensors
(HCA) were bought from Bruker Daltonics (Hamburg, Ger-
many). The names, structures and supplier informations of the
ligands L are listed in the supporting information S1 (Al to
Al111) and S2 (B1 to B28). Visually insoluble ligands in the
stock solution were excluded in this study.

Sample Preparation for MS. A P stock solution was prepared
by dissolving CAII in buffer. To minimize alkali metal ion ad-
ducts, the stock solution was buffer exchanged using spin col-
umns (Micro Bio-Spin P-6 Gel Columns, SSC buffer, 6000 Da
limit, Bio-Rad) preconditioned with NHsAc buffer. Subse-
quently, [P] was quantified by UV/Vis (NanoDrop 2000,
Thermo Scientific) with an extinction coefficient €39 = 50400
M ecm™.33 Thereafter, the stock solution was diluted to the

target concentration [P]o (typically 3 to 7 uM) with NHsAc
buffer. During this dilution step, the IS in NH4Ac buffer was
spiked to get the desired [IS] (typically 0.5 to 2 uM).

For the ligands, 5 to 100 mM L stock solutions in DMSO were
prepared and subsequently diluted to the desired concentration
for injection (typically 100 pM to 3 mM) with either DMSO or
buffer. During this dilution step, the IS in NH4Ac buffer was
spiked in a known ratio to the L (typically 1:1 to 3:1). Prior to
analysis, 40 pl of this L solution was filled into a 384 microwell
plate.

Gap Sampler Operation. A detailed description on the gap
sampler’s design®’** and hardware®® can be found in previous
work. Instead of the original setup with an inlet and an outlet
capillary, a laser ablation machined open capillary (schemati-
cally shown in figure 1(b)) was used. The open capillary was
recently presented and characterized.” Furthermore, the gap
sampler’s desolvation performance during ESI was improved
by mounting a coaxial sheath gas (250 1h™! N,) around the open
capillary’s end (details in figure S3).

The P was constantly fed through the open capillary (typically
with 2.5 to 4 ulmin™"). To prevent flooding out of the open ca-
pillary’s middle opening, an overpressure was applied (typi-
cally 40 mbar to 120 mbar). For ESI, a capillary voltage of 2.8
to 4kV was applied. To achieve a stable liquid flow and an ef-
ficient ionization, the flow rate, overpressure and capillary volt-
age were tuned every day prior to measurements.

For the L sampling, a 229 um diameter pin picked up a hanging
droplet of a L solution from the well plate. Subsequently, the
pressure chamber was opened for injection. The overpressure
loss to atmospheric pressure (from >40 to 0 mbar) caused flood-
ing of the feed solution such that a small droplet formed on top
of the open capillary (figure 1(b)). As a consequence, the elec-
trospray faded out because no more feed solution was delivered
to the capillary’s end. During this time, the detected MS signal
dropped to zero. Meanwhile, the pin was inserted into the pres-
sure chamber and injected the L hanging droplet into the P con-
taining droplet on the capillary’s top. After injection, the pin
was pulled out of the pressure chamber and the pressure valve
closed. As a result, the overpressure built up again and pushed
the droplets back into the capillary. The liquid flow restabilized
and the potential [P+L] complex was ionized after a few sec-
onds of residence time in the open capillary. An example of
such an injection cycle together with a schematic, the time re-
solved MS signal as well as the camera’s view on the open
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Figure 3. (a) First round screening: Venn diagram representing the
hits from the first round screening of A1-A111 with TSA, SPR and
the gap sampler measured from a 3 mM L solution on the well plate.
A98 was removed from the set because it was insoluble for SPR and
TSA compatible concentrations. (b) Second round screening: Venn
diagram representing the hits after rescreening the first round hits at
lower concentration and with no DMSO in the capillary feed. The
precipitating A29 was not rescreened but assumed to be an MS hit
from the first round. Compound information is listed in table S1.



capillary can be found in figure S4. The XICs of an exemplary
injection are also shown in figure 2(a). After the injection, the
pin was automatically washed by 50:50 MeOH:H,O and 50:50
iPrOH:H,O0 (each typically 2 to 6 s) and dried by nitrogen (typ-
ically 2 to 65). The typical cycle time was 20 to 40 s depending
on the flow rate and washing time.

Mass Spectrometry. ESI-MS was performed in positive mode
on a Synapt G2 HDMS (Waters). Prior to installation of the gap
sampler onto the MS, a CsI cluster (40 mgml™ in H,O) mass
calibration was performed using a commercial nano-ESI source
with Au/Pd-coated glass capillary emitters (Thermo Scientific).

For native ESI-MS with the gap sampler, the instrument was
run in Q-TOF (no ion mobility) and resolution (single-pass
TOF) mode in the 100 to 5000 m/z mass range. The scan time
was set to 1 s. The auto quadrupole profile was selected to have
high transmission for the whole mass range. The MS parameters
were tune for soft and sensitive ion transmission. The following
parameters were selected: Sampling cone 0V, source offset 0
V, source temperature 30 °C, trap collision energy voltage 2V,
trap gas flow 5.5 mlmin™' and transfer collision energy voltage
1V.

MS Data Treatment. Spectra were recorded with MassLynx
4.0 (Waters). The .raw data was converted to .mzXML files us-
ing msconvert* and then processed by Matlab R2018a (Math-
Works).

For quantification of the dissociation constant Kp, the following
formula was used:*
[L]max - 1 f R [P]O

R
[L]max is the maximum ligand concentration in the concentra-
tion pulse after an injection. [L]max Was determined by the max-
imum IS concentration [IS]m.x since they were injected in a
known ratio (Figure S4(h)). [IS]msx Was determined by a stand-
ard addition during the injection of the L and IS containing
hanging droplet into the P and IS containing feed droplet. In the
above formula, [P]o is the free protein concentration which cor-
responds to the feed concentration. Dilution upon injection was
neglected since only a nl droplet is injected into a pl min™' flow.
The parameter R = I([P + Ac, + L]*")/I([P + Ac,]*") is
the charge state averaged intensity ratio of bound to unbound
protein P considering ¢=0,1,2 acetate (Ac) adducts. R is deter-
mined from the mass spectrum with the highest proportion of
bound protein in a time series of mass spectra, i.e., where
[L]max is reached. This means that the spectrum used to calcu-
late the Kp therefore was acquired only for the set scan time (1
8). Such an exemplary spectrum is shown in figure 2(b) and (c).
This spectrum was smoothed, baseline subtracted, and the cor-
responding peaks were integrated to calculate R and conse-
quently Kp.

KD=

Alternatively, Kp was determined by titration in some experi-
ments. In this case, different concentrations of L were injected
into a constant [P] feed. R is then plotted against [L]max. Kp was
determined by a least squares regression with the following for-

mula:?"7

[L]max_ [P]O — K [L]max [L]max _ [P]O_ K 2
L J el (R Be)

R=

2

TSA and SPR experimental. The sample preparation and
methodology for TSA and SPR followed the standard approach
described in the supporting information.

RESULTS AND DISCUSSION

Qualitative Screening. In a first experiment, we investigated
the gap sampler’s performance for qualitative and rapid hit de-
tection as often encountered in a first screening round during
drug discovery. This implies that the library might contain weak
binders only detectable at high L concentrations. In such a
screening, DMSO is the preferred solvent due to its dissolving
ability®®, which on the downside might introduce artifacts in
ESI. Thus, our model library, consisting of compounds Al to
A111, was filled into the well plate as a 3mM L and 600 uM IS
solution in 94:6 DMSO:buffer. Upon injection with the gap
sampler, the L solution is expected to be significantly diluted to
minimize the effect of DMSO. The open capillary was fed with
3uM P and 0.5 uM IS in 2:98 DMSO:buffer at a flow rate of 3
ul min™'. The 2% DMSO in the open capillary are used to wash
out any L precipitate in case an insoluble compound were in-
jected. However, the DMSO and the high L concentration led
to charge state shifts and ion suppression during injection. Con-
sequently, accurate quantification of the binding affinity was
not possible. Despite the ESI artefacts, we assumed that both
the bare and the bound protein suffer equally from ion suppres-
sion. Thus, we nonetheless determined a calculatory-Kp to de-
fine an affinity cut-off for binders at 100 pM. Since many lig-
ands also showed multiple non-specific adducts, complex sig-
nals [P+L,] with up to n=3 ligands together with the Ac adducts
were taken into account. No calculatory-Kp was determined for
ligand A29 because it precipitated in the open capillary but was
clearly binding (see depletion of P™'* XIC in figure S5). Fortu-
nately, A29 didn’t clog the open capillary and thus waiting and
flushing A29 out was sufficient to resolve the problem. For the
reference measurements with TSA, a melting temperature cut-
off of AT > 1.5 °C was selected, which corresponds to the five-
fold sum of the mean and standard deviation of the negative
control A24.%° Likewise, the SPR cut-off was set to the threefold
of the highest observed mean normalized signal of A24. The
experimental values for SPR, TSA and MS can be found in table
S1, the XICs in figure S5, the mass spectra in figure S6 and the
SPR sensorgrams in figure S7.

The Venn diagram in Figure 3(a) shows the TSA, SPR and MS
hits. All three methods identify five hits, all of which contain a
sulfonamide moiety that mediates the binding to CAIl. How-
ever, all methods detected a few compounds uniquely, i.e., TSA
found 1 uniquely, SPR 4 and the gap sampler 29. Particularly
the gap sampler seems to detect a significant number of false
positives. Presumably, this is due to some compounds forming
significant amounts of non-specific adducts as can be observed
by the Poisson-like distribution of multiple L adducts* (figure
S6). The same problem with false positives was also reported in
the NanoMate HTS studies mentioned above.?*** Non-specific
binding might be enhanced at high L concentration or with the
presence of DMSO, which was reported to alter binding
strength in ESL*!

To reduce the effect of non-specific binding, the first round pos-
itive hits found by TSA, SPR and the gap sampler were re-
screened in a second round (assuming the precipitating A29 to
be binding, ignoring insoluble A98). This time, the 41 com-
pounds were injected three times from a 600 uM L and 600 uM
IS in 12:88 DMSO:buffer solution into a stream of 5.5 uM P



and 0.5 uM IS in 100% buffer. While the charge state shift upon
injection was still observed (figure S8), non-specific adducts
were less problematic this time (figure S9) and thus the affinity
cut-off was set to 400 uM. Figure (b) shows the adapted Venn
diagram, where the supposedly false positives are reduced from
29 to 11. Four compounds are detected with all three methods.

Table 1. Ligand (L) amount, protein (P) amount and time re-
quirements for the three methods used in this manuscript for one
qualitative measurement only, i.e., ignoring repetitions. Values
represent estimates for the methods and instruments used in this
study and might deviate from values with other equipment.

TSA SPR Gap sampler
L (pmol) 1250 6250 10
P (pmol) 40 in total 670 | 10
time (s) 50 620 35

TSA detects A91 as a hit which is neither detected by SPR nor
the gap sampler. A91 presumably exhibits an aggregation phe-
nomenon in TSA which can be concluded from the relatively
large difference between the duplicated TSA measurements.
The gap sampler seems to outperform TSA regarding false neg-
atives because it detects A78 and the sulfonamide bearing lig-
and A121 together with SPR. In contrast, SPR is the only
method that detects the compounds A50, A92, A106 and A110.
AS50 and A92 might be false positives in SPR since the rectan-
gular sensorgram indicates non-specific binding. Thus, the sul-
fonamide bearing and SPR hits A106 and A110 are presumably
false negatives with the gap sampler. We hypothesize that these
false negatives arise from kinetic limitations. Since the kinetic
constants ko, and ko are known from the SPR experiment (table
S1), the binding kinetics can be modeled and a time-dependent
apparent pre-equilibrium Kp(#) constant can be computed (fig-
ure S10). Reading the Kp(f) for the =24 s residence time
through the open capillary shows that successfully identified
MS hits are near the equilibrium or at least have an apparent
Kp(?) in the range of a few tens of uM. In contrast, the false
negatives A106 and A110 have a significantly higher apparent
Kp(?) and therefore did not form enough complex to be detected.
Hence, under these conditions, the gap sampler is limited to sys-
tems which equilibrate sufficiently rapidly to reach a detectable
apparent Kp(#) within 24 s. Nonetheless, we conclude that the
gap sampler performs well with regard to false negatives be-
cause all TSA or SPR hits not detected by MS can be explained
by either being a TSA/SPR artefact or by kinetic constraints.
Controlling false negatives is crucial in the early drug discovery
phase because false positives are discarded later in the process
while false negatives are permanently lost in a drug discovery
campaign.

With a cycle time of 35 s per L for these experiments, the gap
sampler outperforms the 50 s of TSA (96 well plate in 81 min)
and the 620s of SPR. These numbers correspond to the experi-
mental time required in this study for one repetition only (see
table 1). Larger TSA well plates or newer SPR instruments can
lead to shorter cycle times for these reference methods. With
the gap sampler, 5 pmol P per tested L were used in the first
screening round and 10 pmol P in the second round. Meanwhile,
the L consumption was 10 or 6 pmol, respectively. For compar-
ison, SPR consumes 6250 pmol L per measurement and 670
pmol P in total since SPR is non-destructive regarding P. For

(a) B1 B4 A24 B9 B12 A25 B17 B20 A26 B24 B26
© B2 B5 B7 B10B13 B15 B18 B21 B23 B25 B27
vo— 1.5- B3 B6 B8 B11 B14 B16 B19 B22 A27 A23 B28
12}
& | &
> IS
[ 200.24
é 05 +0.02 m/z
£
(b, 0-
“o 1.5
c'g- R
o 1
.é‘ o 5- [P+L]+10
@ v variable
2 " +1miz
©@= O "
g 1
@
o
2 0.5 10
> P’
S 9 | I +1miz
£ 0 20 30 40 50
Time / min
(d)
e A27
s 10 o A23
3 : L] ° B9
a = ] e B13
R + * B3
% i 5 ® B22
£ o B6
g 1071 '] e B28
s i ® B19
(O]
102 e wue e s
102 107 1 10’

Equilibrium SPR K,/ uM

Figure 4. Screening ot'a 33 L set with three repetitions. (a) The XIC
of the IS, which present both in-line in the P feed as well as in the
injected L solution. The representation and color coding is identical
to figure 2(a) but for multiple ligands with 3 repetitions, each. (b)
The XIC at the mass, where the complex [P+L]*'* would be observ-
able if a binder was injected. Due to spray instability, B9 was in-
jected four instead of three times. (c) The XIC of the unbound P*1°.
(d) Comparison of Kp values determined by SPR and by the gap
sampler. The dots represent averagetstandard deviation and the
ticks on the axes are the individual values.

TSA, the consumption was 1250 pmol L and 40 pmol P per
measurement. A major advantage of the gap sampler is the fact
that P and L are mixed inside the open capillary. This means
that the last step of the sample preparation is done on-line,
which minimizes work and unrecoverable P and L. Undoubt-
edly, this is an advantage because unused L on the well plate
could be used for another screening project by simply changing
the target in the feed solution.

In summary, we conclude that the gap sampler performs well
for rapid screening. Speed, sample efficiency and reliable true
positive detection are the main advantages. Limitations are
found for L and P combinations which do not bind sufficiently
rapidly within the residence time of 24s. Additionally, multiple
false positives were found, presumably due to high L concen-
tration or due to the high DMSO content.

Semi-quantitative screening. To assess the gap sampler’s per-
formance in more detail, a smaller 33 ligand library was
screened, including the previously used A23 to A27 as well as
B1 to B28 (table S2). The requirement for all of them is that
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Figure 5. Kp Quantification by titration. (a) The XIC of the IS dur-
ing B13 injection. (b) XIC of [P+B13]"'? with increasing concen-
tration. (c) XIC of unbound P*'°. (d) concentration dependence of
the bound to unbound ratio R for the five compounds. (¢) Kp values
determined by regression compared with the values from SPR. x-
error bars are the 95% confidence interval of repetitions, which are
shown as ticks on the axis. y-errors bars mark 95% confidence in-
terval of the estimate Kp calculated based on the residuals from (d).

they are soluble in NH4Ac buffer. Ten compounds were ex-
pected to bind due to their sulfonamide group, which is known
to interact with CAIL** The other 23 compounds were chosen
arbitrarily as negative controls. A 6.24 uM P and 1.76 uM IS
solution was fed with 4 ul min™' through the open capillary. The
600 uM L and 600 uM IS solutions were injected three times
from the well plate into the open capillary. Figure 4(a) shows
the IS XIC, from which [L]max is calculated. The determined
[L]max was 15 uM on average. Thus, we estimate that the mean
total amount of L injected is 5 pmol or 8.3 nl of the 600 uM L
solution. With the higher flow rates used here, the gap sampler’s
operating figures were: 30 s cycle time, 5 pmol L and 13 pmol
P consumed per injection. Figure 4(b) shows the XIC at the m/z,
where the complex [P+L]"'® would be expected if a binding L
was injected. Figure 4(c) depicts the XIC of the unbound P*°.

Qualitatively, all sulfonamide bearing ligands can be identified
as binders by the peak in the [P+L]"'° XIC and by the unbound
P depletion, observable in the corresponding XIC. At the
same time, none of the other ligands shows a response in the
[P+L]""% XIC, highlighting that they are non-binders. Thus, all
10 sulfonamide compounds were hits while all 23 negative con-
trols were non-binding. Hence, when working at lower L and
DMSO concentrations, an excellent true positive hit rate was
observed while there was no more problem with false positives.
Additionally, there was no charge state shift observed anymore

caused by DMSO. Remarkably, the gap sampler outperformed
SPR here regarding true positives: sulfonamide bearing B16,
which was previously reported to be binding®, was a hit with
the gap sampler and TSA but not with SPR.

Taking the [P+L]"'® XIC signal as a response for binding, a
screening figure of merit called Z” can be calculated.* It de-
scribes the statistical significance of a screening assay by com-
paring the response of a positive and a negative ligand. I[f 0.5 <
Z' <1, ascreening qualifies as excellent. Here, the binders B6
and B13 were compared with the nonbinding A25, which
yielded in Z’ = 0.82 and Z’ = 0.73, respectively (figure S11). In
fact, the binders were very well separated from nonbinders and
the [P+L]"'? signal for one individual L showed a low standard
deviation. Notably, the [P+L]"'* XIC maximum has a lower
standard deviation than the IS XIC. This indicates that accuracy
of the Kp quantification’s presumably will be limited by the IS
quantification.

From the binder’s mass spectra (figure S12), the Kp values were
determined by using the Kp formula. The weakest binder was
the SPR false negative B16 with a Kp value of 6.6 pM and 2.0
uM standard deviation. The Kp values of the other 9 binders are
compared with SPR in Figure 4(d) (values in table S1 and S2,
sensorgrams in figure S13). On average, Kp values are a factor
of 3.9 higher with the gap sampler compared to SPR. Thus, the
gap sampler tends to underestimate the binding of the ligands.
Again, we hypothesize that this is due to kinetic limitations.
However, modelling of with the k. and kon kinetic constants
from the SPR data indicates that only the Kp of A23 and B3 is
overestimated by more than 10% because equilibrium is not
reached within the 12 s residence time in the open capillary (fig-
ure S14). Consequently, kinetic limitations do not fully explain
the Kp discrepancy. Other explanations for the discrepancy
might be (1) distorted SPR Kp values due to P immobilization,
(2) incomplete mixing in the open capillary, i.e., P, which is not
in contact with sufficient L, seems to be non-binding, leading
to an overestimated Kp or (3) insufficient time resolution with
a 1 s scan time, i.e., the actual highest bound to unbound ratio
R in a L concentration pulse is not captured correctly. In fact,
we found that the Kp overestimation is significantly worse when
3's of mass spectra were averaged instead of 1s, i.e., the as-
sumption that the maximum observed R is caused by the ob-
served [L]max becomes invalid. Consequently, quantification at
high flow rates might be restricted by how accurately the bound
to unbound ratio R can be time resolved. The relatively high
fluctuations of the gap sampler presumably arise from a trade-
off between accuracy and precision depending on the selected
time resolution: On the one side, it is important to catch the peak
apex of a L and IS concentration pulse for correct Kp determi-
nation. On the other side, using only a single scan (duration 1 s)
to determine R introduces fluctuations from the electrospray to
the Kp determination.

In conclusion, with MS-friendly solvents, the gap sampler
shows great screening capabilities regarding the hit rate as well
as Z’. Quantitatively, the binding strengths are underestimated
with the gap sampler. However, the values match within one
order of magnitude and fit well in their relative order with the
exception of A23 (figure S15). Thus, the gap sampler is suitable
to estimate a dissociation constant within an order of magnitude
rapidly and sample-efficiently.

Quantification via titration. For all experiments described so
far, L and P were mixed at a fixed ratio. Alternatively, they can



be mixed at different ratios and by a least squares regression,
the Kp value can be determined. This titration approach, which
is known to give more accurate results’>**, was performed for
the compounds A27, B13, B3, B6 and B28 covering a broad
affinity range. For this experiment, 6.91 uM CAII and 0.79 uM
IS were fed at 3.5 plmin™' through the open capillary. Solutions
with an increasing L. concentration and a known L to IS ratio
were injected. Each compound was injected at five different
concentrations with three repetitions. As an example, the 15
point titration of B13 is shown in Figure 5(a) to (c) (other lig-
ands in figure S16). With increasing B13 being injected, more
[P+L]™% is observed in the XIC and more unbound P is de-
pleted. From the mass spectra in figure S17, the ratio of bound
to unbound protein R can be determined as a function of [L]max.
This dependence is shown for all the five compounds in Figure
5(d) together with the titration curve obtained from a least
squares regression for the Kp value. These Kp values are com-
pared with the SPR Kp values in Figure 5(e).

Using titration for quantifying Kp yields in more accurate re-
sults. The 15 measurements per ligand during one titration ex-
periment compensate the large standard deviation for one indi-
vidual measurement. On average, the Kp determined with the
titration is overestimated by only 20%. The deviation is more
pronounced for the strongly binding ligands B6 and B28. Quan-
tification for these ligands tends to be difficult because the un-
bound protein signal, used to calculate R, is almost completely
depleted. While the titration yields in accurate quantification,
it consumes significantly more sample, i.e., roughly 190 pmol P
and 20 pmol L for one titration experiment. Additionally, one
titration experiment requires approximately 8 min.

Therefore, the gap sampler can quantify Kp values with an ac-
curacy comparable to SPR. However, this requires higher
amounts of P and L as well as more time. Consequently, this
approach is more suitable for a second round profiling than for
a first round rapid screening.

CONCLUSIONS

In conclusion, we demonstrated that the gap sampler is a prom-
ising autosampler for high throughput bioaffinity screening
based on the noncovalent detection of protein ligand [P+L]
complexes by electrospray ionization mass spectrometry. In un-
der 40's and with less than 15 pmol of protein and ligand con-
sumed per tested compound, a library of 110 small molecules
was screened against bovine carbonic anhydrase II. Sample
handling is minimized because protein and ligand are mixed in-
side the electrospray capillary. This on-line incubation makes
the unused ligand solutions on the well plate and protein solu-
tion in the syringe fully recoverable for the next screening steps.
Screening involving ligands at high concentration and dissolved
in DMSO is possible but might increase the number of false
positives due to formation of non-specific adducts. Addition-
ally, the autosampler’s high throughput compromises the
method’s use for ligands with slow binding kinetics, which is
an inherent problem for fast techniques. By using lower ligand
concentrations and volatile buffer, the problem with non-spe-
cific adducts was circumvented and the gap sampler detected all
true positives and true negatives from a 33 small molecule li-
brary. Dissociation constants lie within the same order of mag-
nitude as those obtained by surface plasmon resonance and,
more importantly, follow the same ranking. In titration experi-
ments requiring more sample and time, accuracies with a mean
difference of 20% were obtained.

Benchmarking the gap sampler with reference techniques like
thermal shift assay or surface plasmon resonance showed that
the gap sampler has a similar or even better performance in
terms of speed, sample consumption and hit detection. Future
developments of the prototype might help to improve these fig-
ures. First, an aspiration instead of an overpressure setup could
allow faster injection rates. Second, the protein could be fed in
concentration pulses, which would reduce the protein consump-
tion. Third, feeding a protein incubated with a reporter ligand,
which is replaced upon injection of the ligand under investiga-
tion, would help to distinguish nonspecific from specific bind-
ing which would reduce false positives.
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