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4 ABSTRACT: Identifying the target proteins of small-molecule drug
5 candidates is important for determining their molecular mechanisms
6 of action. Porous membranes derivatized with such small molecules
7 may provide an attractive target-identification platform due to a high
8 protein-capture efficiency during flow through membrane pores. This
9 work employs carbonic anhydrase II (CAII) binding to immobilized
10 4-(2-aminoethyl)benzenesulfonamide (AEBSA) to examine the
11 efficiency and selectivity of affinity capture in modified membranes.
12 Selective elution of captured protein, tryptic digestion, tandem mass
13 spectrometry analysis, and label-free quantification (LFQ) identify
14 CAII as the dominant AEBSA target in diluted serum or cell lysate.
15 CAII identification relies on determining the ratio of protein LFQ
16 intensities in sample and control experiments, where free AEBSA
17 added to the control loading solution limits CAII capture. Global proteomics shows that the spiked CAII is the only protein with a
18 log2 ratio consistently >2, and the detection limit for CAII identification is 0.004 wt % of the total protein in 1:4 diluted human
19 serum or 0.024 wt % of the total protein from breast cancer cell lysates. The same approach also identifies native CAII in human
20 kidney cell lysate as an AEBSA target. Comparison of affinity capture using membranes, Affi-Gel 10 resin or M-270 Dynabeads
21 derivatized with AEBSA suggests that only membranes allow identification of low-abundance CAII as a target.

22 This work explores the use of porous affinity membranes
23 for identifying the protein targets of a small-molecule
24 drug. During flow of serum or cell lysates through modified
25 membranes, immobilized drugs capture target proteins.
26 Subsequent mass spectrometry (MS) analysis identifies the
27 eluted targets through comparison with control experiments.
28 Such target identification is crucial for understanding the
29 mechanisms of action of potential drugs identified through
30 phenotypic screening, and for predicting side effects due to
31 drug interactions with off-target proteins.1

32 Phenotypic screening identifies small-molecule drugs that
33 modulate the properties of cells or organisms. This method is
34 more likely to produce active drugs than target-based screening
35 because the small molecule “hits” already show cellular
36 activity.2 However, subsequent identification of target proteins
37 is a bottleneck for phenotype-based drug development.3,4

38 Thus, many recent studies modified potential small-molecule
39 drugs so that they tag or modify target proteins to enable their
40 identification.5−9

41 Despite recent progress in tagging methods, the relatively
42 simple technique of affinity purification remains an effective
43 approach to identify protein targets of small-molecule
44 drugs.4,10 This strategy typically consists of five steps: (1)
45 immobilization of a small molecule on a substrate; (2) capture
46 of target proteins from a protein mixture; (3) rinsing to
47 remove nonspecifically adsorbed proteins; (4) elution; and (5)

48identification and quantitation of eluted proteins using sodium
49dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
50PAGE) and/or MS.4 This method has identified targets of
51small-molecule drugs such as tacrolimus,11 imatinib,12 and
52vancomycin.13 Moreover, quantitative MS-based proteomics
53analyses effectively distinguish specific targets from nonspecific
54binding in affinity purification.14,15

55Although often successful in target identification, affinity
56purification has two main drawbacks. First, it requires small
57molecules with functional groups that enable immobilization
58without altering biological activity. Thus, other methods
59employ changes in protein properties (e.g., melting temper-
60ature shift,16 solubility in an organic solvent,17 resistance to
61oxidation,18 or proteolysis19) to identify protein targets
62without the need for a coupling point on the small molecule.
63However, the properties of some proteins will not greatly
64change upon binding a small molecule.20,21 The need for an
65appropriate moiety to immobilize a small molecule of interest
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66 is sometimes only a minor limitation. Studies of structure−
67 activity relationships are integral to the development of small-
68 molecule drugs and show whether a specific functional group
69 can participate in immobilization without altering activity.
70 Additionally, some drug libraries contain specific groups for
71 immobilizing the molecules.22,23

72 A second challenge in affinity purification is that nonspecifi-
73 cally adsorbed proteins may suppress signals from target
74 proteins or produce false-positive identifications.24 To over-
75 come this, affinity purification often examines differences in
76 levels of target proteins in sample and control experiments.
77 The two main types of control experiments include binding to
78 substrates without immobilized small molecules or capture
79 with the free small molecule added to the loading solution to
80 compete for binding sites on the targets.20 After digestion of
81 captured proteins, subsequent quantitative comparison of
82 peptide signals in sample and control experiments allows
83 statistical determination of potential targets. However, even
84 with such controls nonspecific adsorption remains a challenge
85 in affinity purification. For example, control substrates typically
86 do not show the same nonspecific adsorption properties as
87 substrates derivatized with the small molecule.25 Moreover, if
88 nonspecific adsorption is extensive in both control and sample
89 experiments, it will both mask signals of real targets and give
90 false-positive identifications.26

91 The overall success of target identification using affinity
92 purification depends on both efficient capture of target
93 proteins and low nonspecific adsorption. We hypothesize
94 that affinity purification using vertical flow through membranes
95 with immobilized small molecules could enhance protein
96 capture and decrease nonspecific adsorption relative to bead-
97 based capture. Flow through μm-sized membrane pores rapidly
98 brings target proteins to binding sites to avoid diffusion
99 limitations on binding.27 Additionally, rapid flow limits
100 residence times and enhances rinsing, which may decrease
101 nonspecific adsorption. Finally, the use of membranes modified
102 with poly(acrylic acid) (PAA)-containing films enables
103 extensive small-molecule immobilization and protein binding
104 with low nonspecific adsorption at physiological ionic
105 strength.28

106 To examine membrane-based target identification, we
107 employ carbonic anhydrase II (CAII) binding to an inhibitor,
108 4-(2-aminoethyl)benzenesulfonamide (AEBSA), as a model
109 system. AEBSA has a primary amine group that allows covalent
110 immobilization to PAA-containing membranes, and the
111 structure−activity relationship of CAII binding to AEBSA is
112 well studied.29 Prior studies show that CAII is amenable to

s1 113 affinity purification with benzensulfonamides.6,30 Scheme 1
114 shows the protocol for these studies in which CAII in human
115 serum or cell lysate binds to immobilized AEBSA during
116 passage through a derivatized membrane. Subsequent rinsing,
117 elution, and digestion of bound protein, and LC−MS/MS
118 analysis with label-free quantitative proteomics enable
119 comparison of binding with (control experiment) and without
120 (sample experiment) free AEBSA in the serum or lysate. In the
121 control, free AEBSA should bind to target proteins in solution
122 to limit their binding to the membrane and decrease their
123 signal intensities in eluate analyses.
124 This work explores membrane-based methods for target
125 identification and includes optimization of immobilized ligand
126 density, development of selective elution, investigation of
127 detection limits for target identification in serum and cell
128 lysates, and native CAII capture in human kidney lysate. To

129investigate whether membranes can enhance affinity purifica-
130tion relative to other substrates, this study compares CAII
131identification using membranes, agarose beads (Affi-Gel
13210),6,31 or magnetic beads (Dynabeads M-270 Carboxylic
133Acid)32 derivatized with AEBSA.

134■ EXPERIMENTAL SECTION
135Materials. Hydroxylated nylon membranes (LoProdyne
136LP, 1.2 μm pore size, 100 μm thick) were obtained from Pall.
137Poly(acrylic acid) (PAA) was acquired from Sigma-Aldrich
138(molecular weight (Mw) ≈ 100 000 Da, 35% aqueous solution)
139or Polysciences (Mw ≈ 120 000 Da, 35% aqueous solution).
140Polyethylenimine (PEI, branched, Mw = 25 000 Da), bovine
141carbonic anhydrase II (CAII), 4-(2-aminoethyl)-
142benzenesulfonamide (AEBSA), 1-ethyl-3-(3-(dimethylamino)-
143propyl)carbodimide hydrochloride (EDC), N-hydroxysuccini-
144mide (NHS), and human serum were used as-received from
145Sigma-Aldrich. Human kidney whole tissue lysate in buffer was
146purchased from Novus Biologicals. Section S1 of the

Scheme 1. Workflow for Identifying CAII as a Target of
AEBSAa

aSample (CAII-spiked protein mixture, left) and control (CAII-spiked
protein mixture with free AEBSA, right) solutions pass through
membranes containing immobilized AEBSA. Subsequent LC−MS/
MS analysis of eluted and digested proteins leads to plots of log2 ratios
of protein LFQ intensities in the sample and control analyses along
with p values. Abbreviations: CAII, carbonic anhydrase II; AEBSA, 4-
(2-aminoethyl)benzenesulfonamide; and MaxLFQ, MaxQuant label-
free quantification.
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147 Supporting Information (SI) describes the buffer for kidney
148 lysate and detailed procedures for breast cancer cell lysate
149 protein extraction. Buffers were prepared using analytical grade
150 chemicals and deionized water (Milli-Q, 18.2 MΩ). The buffer
151 (pH 7.4) compositions were as follows: binding buffer, 20 mM
152 phosphate buffer in 150 mM NaCl; washing buffer I, 20 mM
153 phosphate buffer in 500 mM NaCl; and washing buffer II, 20
154 mM phosphate buffer in 500 mM NaCl with 0.1% Tween-20.
155 Immobilization of AEBSA in Porous Nylon Mem-
156 branes. Membranes were modified with PAA/PEI/PAA films,
157 and reacted with AEBSA using EDC/NHS chemistry as
158 described in Section S1 of the SI.
159 Capture of CAII from Diluted Human Serum or Cell
160 Lysate. Varying amounts of CAII were spiked into breast
161 cancer cell lysate or binding buffer-diluted human serum.
162 Kidney tissue lysate was diluted with binding buffer to give 2.0
163 mg/mL of total protein. A protein mixture (0.25 mL) was
164 passed through an AEBSA-modified membrane (1 cm
165 diameter) followed by washing the membrane with 5 mL of
166 binding buffer and 5 mL of washing buffer I. (Washing entails
167 passing the solutions through the membrane.) Further washing
168 included 5 mL of washing buffer II and 5 mL of deionized
169 water for membranes loaded with ≥0.01 mg/mL spiked CAII,
170 or only 5 mL of deionized water (no washing buffer II) for
171 membranes loaded with <0.01 mg/mL spiked CAII or kidney
172 tissue lysate. (Loading and washing employed a flow rate of 0.5
173 mL/min.) In subsequent elution, 0.5 mL of 2.0 mg/mL
174 AEBSA flowed through the membranes at ∼0.1 mL/min.
175 Eluates were concentrated to ∼40 μL using a 10 kDa cutoff
176 filter (Amicon Ultra) and then were loaded on 4−20%
177 gradient SDS-PAGE gels or dried down for digestion and LC−
178 MS/MS analysis.
179 Mass Spectrometry Analysis of Eluates from AEBSA-
180 Modified Membranes. Dried eluates were digested in
181 solution and then desalted using ZipTips. (See Section S1 of
182 the SI for the protein-digestion procedure.) The digests were
183 dried using a SpeedVac and reconstituted with 15 μL of 0.1%
184 formic acid. Two μL of the reconstituted solution was injected
185 into a Waters NanoAcquity UPLC system coupled to a Q
186 Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
187 (Thermo Fisher) to identify proteins in eluates. UPLC
188 employed a BEH C18 column (Waters, 100 × 100 μm2, 300
189 Å, 1.7 μm). Peptide separation used a method with a 60 min
190 gradient from 4 to 33% B with a flow rate of 900 nL/min.
191 (Solution A was 0.1% formic acid in LC−MS grade H2O, and
192 solution B was 0.1% formic acid in acetonitrile.) Full MS scans
193 were acquired from 415 to 2000 m/z at a resolution of 70 000,
194 and the top 12 precursors were selected for fragmentation.
195 MS/MS scanned from 200 to 2000 m/z at a resolution of
196 17,500 with an AGC target of 2 × 105. Each sample was
197 analyzed in triplicate for label-free quantification analysis.
198 MS/MS Data Processing. Raw LC−MS/MS files were
199 processed by MaxQuant (version 1.6.12.0) and were searched
200 against the human serum proteome (790 proteins) or the
201 Uniprot human proteome UP000005640 (74 788 Proteins)
202 with the addition of trypsin and bovine CAII sequences. In
203 MaxQuant, the main search peptide mass tolerance was 4.5
204 ppm, and the product ion mass tolerance was set to 20 ppm.
205 Trypsin was set as the enzyme with a maximum of two missed
206 cleavages. Variable modifications included oxidation (M),
207 acetyl (protein N-term), deamidation (NQ), Gln→pyro-Glu,
208 and Glu→pyro Glu. The fixed modification was carbamido-
209 methyl on cysteine. The “match between runs” was checked

210with default settings. LFQ analysis was selected to get LFQ
211intensities. For peptide quantification, modifications included
212oxidation (M), acetyl (protein N-term) and deamidation
213(NQ), and the “discard unmodified counterpart peptides” was
214unchecked. LFQ intensities were uploaded to Perseus (version
2151.6.12.0) to generate volcano plots with a log2 ratio of sample
216and control LFQ intensities against a−log (p value).

217■ RESULTS AND DISCUSSION
218This section develops membrane-based affinity capture to
219identify targets of AEBSA. We first examine the effect of
220AEBSA immobilization density on protein binding and then
221establish selective elution methods to collect target proteins
222from membranes loaded using protein mixtures with and
223without spiked CAII. Subsequent studies show that analyses of
224digested eluates (via LC−MS/MS with LFQ) differentiate
225specific and nonspecific binding in both human serum and cell
226lysates. Finally, we compare target identification using affinity
227capture with membranes or resins (Affi-Gel 10 and Dynabeads
228M-270).
229Protein Binding as a Function of Ligand (AEBSA)
230Density. As Section S2 of the SI shows, studies with films on
231flat surfaces suggest that there is an optimal AEBSA
232immobilization density for capturing large amounts of CAII
233while maintaining low nonspecific adsorption. Thus, we varied
234the AEBSA concentration used for membrane derivatization to
235control the extent of AEBSA immobilization and optimize
236protein binding. The SI shows that the amount of AEBSA
237immobilization increases approximately linearly with the
238AEBSA concentration in the derivatization solution (Figure
239S5). For AEBSA-modified membranes loaded with CAII-
240spiked diluted serum, SDS-PAGE analyses of eluted protein
241suggest that derivatization with 0.5 mg/mL AEBSA gives lower
242nonspecific adsorption than derivatization with higher AEBSA
243concentrations (Figure S6). Thus, all further experiments
244employed circulation of 2 mL of 0.5 mg/mL AEBSA for ligand
245immobilization in a 2 cm diameter membrane.
246Ideally, modified membranes should capture all of the target
247protein from solution. Breakthrough curves (Figure S7) show
248that AEBSA-derivatized membranes adsorb around 90% of the
249CAII during passage of the first 2 mL of ∼0.1 mg/mL CAII (in
250binding buffer) through the membrane. Thus, to ensure a high
251binding efficiency, subsequent capture experiments passed only
2521 mL of CAII solution through a 2 cm diameter membrane or
2530.25 mL of CAII solution through a 1 cm diameter membrane.
254The high CAII binding from the first mL of solution is
255consistent with isothermal titration calorimetry data that give a
256dissociation constant, Kd, of 5.21 ± 0.95 μM for the CAII-
257AEBSA complex in solution (Figure S8). A literature study
258reports a similar Kd value.33 Presuming that the immobilized
259AEBSA has the Kd value for CAII, binding of all of the protein
260from a 1 mL solution would require <55% of the equilibrium
261binding capacity (see Section S4 in the SI).
262Development of Selective Elution Methods. In
263addition to protein capture, identification of drug targets
264requires effective methods for selective target elution from
265membranes. In studies of elution, we first loaded membranes
266with 1 mL of 0.05 mg/mL CAII in 1:4 binding buffer-diluted
267human serum. Under these conditions, CAII is 0.4 wt % of the
268total protein. After sequentially passing binding buffer and
269washing buffers I and II through the loaded membrane, we
270eluted bound proteins with either 2% SDS in 100 mM
271dithiothreitol (DTT) or 2.0 mg/mL AEBSA in deionized
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272 water. The SDS/DTT mixture is a stringent eluent that
273 denatures proteins and dissociates ligand−target complexes.34

274 As the electrophoretic gel in Figure S9A shows, the SDS/DTT
275 solution elutes a large amount of nonspecifically adsorbed
276 protein in addition to the CAII target. Such nonspecifically
277 bound proteins may suppress the MS signal of target proteins
278 and lead to false-positive target identifications.
279 In contrast to SDS/DTT elution, free AEBSA in solution
280 should compete with immobilized ligand to specif ically elute
281 protein targets. In Figure S9B, the five consecutive free-AEBSA
282 eluates from a CAII-loaded membrane each display a dominant
283 CAII band (lanes 6−10). This occurs even though CAII is only
284 0.4 wt % of the total protein. Chromatographic analysis of the
285 eluate yields a dominant peak at 8.6 min corresponding to a

f1 286 species with Mw = 28984.3 Da (Figure 1. Thus, the eluate

287 contains remarkably pure CAII. Although the CAII recovery
288 with the free AEBSA eluent is not as high as with SDS/DTT
289 (compare Figure S9A,B), selective elution simplifies the eluted
290 protein composition and avoids the need for surfactant
291 removal prior to protein digestion for MS-based analysis. For
292 these reasons, the following studies employ solutions of free
293 AEBSA as the eluent.
294 Control Experiments to Differentiate Specific and
295 Nonspecific Binding. When CAII is 0.4 wt % of the total
296 protein in spiked human serum, after capture and specific
297 elution from the membranes, CAII provides the darkest band
298 in SDS-PAGE (Figure S9B) and the highest absorbance in a
299 chromatogram (Figure 1). Thus, one might distinguish this
300 target from other proteins simply based on its high signal
301 intensity. However, this identification strategy is not statisti-
302 cally definitive, and it is not effective for low-abundance
303 targets. As the fraction of CAII in protein mixtures decreases,
304 the amount of nonspecifically adsorbed (and subsequently
305 eluted) proteins will eventually exceed the amount of CAII.
306 Most target-identification methods compare the abundance
307 of eluted proteins in sample and control experiments to
308 differentiate between specific and nonspecific adsorption.35

309 The control experiments often employ capture from a protein
310 solution containing the free drug, which binds to the target
311 protein in solution to decrease its specific adsorption.15,36

312 Following this strategy, we compare protein adsorption from
313 diluted human serum with and without the addition of free
314 AEBSA. To limit variations due to small differences in
315 modification of different membranes, parallel sample and

316control experiments employ two pieces (1 cm diameter) taken
317from the same AEBSA-modified membrane (2 cm diameter).
318 f2The electrophoretic gel in Figure 2 compares sample and
319control experiments for binding of 0.05 mg/mL CAII (0.4 wt

320% of total protein) in 1:4 human serum diluted in binding
321buffer. After capture in a membrane and washing, the protein
322eluted from the membrane (in the absence of free AEBSA)
323shows a dominant band for CAII (lane 5). In contrast, the
324eluate from the control experiment (binding in the presence of
325free AEBSA) shows no noticeable protein bands (lane 10).
326Quantitation of the differences in the band intensities between
327multiple sample and control experiments could statistically
328identify potential protein targets.37 However, most target
329identification studies employ mass spectrometry for quantifi-
330cation.
331Label-Free Quantification of Proteins from Sample
332and Control Experiments. Quantitation of differences in
333peptide and protein intensities in different samples often
334employs differential labeling approaches, such as stable isotope
335labeling by amino acids in cell culture15 or the introduction of
336isobaric tags.26 Such methods exhibit quantitative accuracy and
337a wide dynamic range.38 However, time-consuming and
338expensive sample-preparation procedures complicate these
339approaches and may limit the number of sample replicates.39

340Label-free quantification (LFQ) is convenient40 and allows
341examination of more replicates, although it may show lower
342accuracy than the labeling approaches. Advanced mass
343spectrometers and bioinformatics software have improved the
344performance of proteomics experiments41,42 and catalyzed the
345development of LFQ.43

346MaxLFQ is a generic LFQ approach integrated in MaxQuant
347software,44 and this technique requires minimal but parallel
348analyses.45 In this work, the parallel analyses result from
349nanoUPLC with MS/MS detection for digested proteins from
350sample and control experiments. Using Perseus, we processed
351the MaxLFQ data to obtain the log2 ratios of protein LFQ

Figure 1. Chromatogram (UV detection) of proteins eluted from an
AEBSA-modified membrane loaded with CAII (0.4 wt % of total
protein) in 1:4 diluted human serum. Elution used free AEBSA. The
small peak around 9.6 min is not a protein (there is no charge
envelope in the MS analysis at 9.6 min).

Figure 2. SDS-PAGE analysis of proteins in loading, washing, and
elution aliquots from sample and control experiments. Lane 1:
molecular weight ladder; lanes 2−5 are from the sample experiment
and lanes 7−10 are from the control experiment. Lanes 2−3: loading
solution (0.05 mg/mL CAII spiked in 1:4 binding buffer-diluted
human serum) before and after passing through the membrane,
respectively. Lane 4: last wash. Lane 5: eluate from the sample
experiment (15 μL out of 40 μL of total eluate). Lane 6: CAII
standard (1.0 μg). Lanes 7 and 8: loading solution (0.05 mg/mL CAII
spiked in 1:4 human serum in binding buffer containing 2.0 mg/mL
AEBSA) before and after passing through the membrane, respectively.
Lane 9: last wash. Lane 10: eluate from the control experiment.
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352 intensities in sample and control experiments along with p
353 values for whether the differences between control and sample
354 LFQ values are significant for three replicate analyses (Scheme
355 1).

f3 356 Figure 3 shows a volcano plot for proteins eluted from an
357 AEBSA-modified membrane previously loaded with 0.001 mg/

358 mL CAII-spiked diluted serum. In the control experiment, free
359 AEBSA in the loading solution should inhibit target binding
360 during passage through the membrane. Thus, proteins whose
361 MaxLFQ intensities decrease significantly in the control
362 experiment are the most likely targets. Importantly with
363 CAII concentrations ranging from 0.001 to 0.05 mg/mL in
364 diluted human serum, CAII is the only protein that
365 reproducibly shows a log2 ratio >2 (Figures 3 and S10). We
366 repeated all of these experiments with two different
367 membranes and obtained similar results (Figure S11 in Section
368 S6 of the SI shows data for other replicates).
369 With 0.0005 mg/mL CAII (∼0.004 wt % of total protein),
370 one experiment shows that CAII is still the only protein with a
371 log2 ratio >2 in a volcano plot (Figure S12). However, another
372 replicate exhibits CAII LFQ intensity in the sample but not in
373 the control experiment. This prevents statistical identification
374 of CAII as a target. Nevertheless, CAII is the only protein that
375 shows a significant intensity in the sample and no intensity in
376 the control experiment so one might think it is a target. When
377 the spiked CAII concentration is 0.0001 mg/mL (0.0008 wt %
378 of total protein), neither sample nor control experiment shows
379 an LFQ intensity for CAII. Thus, the detection limit for
380 identifying CAII as a target in serum is ∼0.004 wt % of total
381 protein. This detection limit is about 5-fold lower than the
382 literature value of ∼0.02 wt % CAII when using a DNA-
383 programmed affinity labeling method.7 Low detection limits
384 are important for identifying low-abundance targets.
385 In addition to looking for proteins that consistently show a
386 log2 ratio >2, we also determined proteins that have a log2 ratio
387 >1 and a p value <0.05 in multiple volcano plots. These
388 proteins may bind to AEBSA with weak affinity. Considering
389 ten volcano plots obtained with different concentrations of
390 spiked CAII in serum, seven other proteins show a log2 ratio
391 >1 and a p value <0.05 in at least three experimental replicates
392 (Table S1). However, only hemopexin, insulin-like growth
393 factor-binding protein, and histidine-rich glycoprotein (HRG)
394 exhibit a log2 ratio >1 in more than four volcano plots. These
395 three proteins may weakly adsorb to AEBSA. HRG gives a log2

396ratio >1 only in volcano plots where the concentrations of
397spiked CAII are relatively high (≥0.0025 mg/mL). Thus, HRG
398may interact with CAII rather than AEBSA. Hemopexin and
399insulin-like growth factor-binding protein show log2 ratios >1
400even with low CAII concentrations in some cases.
401Human serum is a biased protein mixture as ∼50 wt % of the
402total protein is albumin.46 Moreover, 10 proteins account for
40390 wt % of the total human serum protein, and the other 10 wt
404% primarily consists of 12 dominant species.46 Thus, we also
405examined CAII capture from breast cancer cell lysates (MDA-
406MB-231) to explore membrane-based affinity purification with
407a larger number of detectable proteins. Breast cancer cell
408lysates contain ∼8000 different detectable proteins with a wide
409range of molecular weights and reported abundances.47 Similar
410to the work in serum, we spiked different amounts of CAII into
411cell lysates to establish the limit of detection for this protein.
412Figure S13 shows the SDS-PAGE analysis of loading and
413eluate solutions for a protein mixture consisting of 0.01 mg/
414mL CAII spiked into a cell lysate containing 2.1 mg/mL of
415total protein. As the stained gel shows, the cell lysate clearly
416has a higher variety of abundant proteins than human serum
417(compare lane 2 in Figure S9B to lane 3 in Figure S13).
418Nevertheless, the eluate from the sample experiment presents
419only one light band (∼29 kDa, lane 6, Figure S13), and no
420such band is visible in the control experiment (lane 10, Figure
421S13), suggesting specific capture from cell lysate and elution of
422CAII from the AEBSA-modified membranes.
423 f4Figure 4 shows a volcano plot of proteins eluted from PAA/
424PEI/PAA-AEBSA-derivatized membranes previously loaded

425with CAII-spiked MDA-MB-231 cell lysate. Compared to
426experiments with human serum, eluates from cell lysates
427contain more proteins because of the increased complexity of
428the protein mixture. Even with the cell lysate, CAII is still the
429only protein (out of 436 total proteins with determinable log2
430ratios) that shows a log2 ratio substantially >2 when the spiked
431CAII concentration is 0.0025 mg/mL (0.12 wt %, Figure 4.
432This is also the case with a CAII concentration of 0.01 mg/mL
433(0.48 wt %, Figure S14). We repeated these experiments with
434two different membranes and obtained similar results although
435three other proteins show log2 ratios just greater than 2 (Figure
436S15 in the SI shows data for other replicates).
437In the case of cell lysate spiked with 0.0005 mg/mL CAII
438(0.024 wt % of total protein), the average CAII log2 ratio is
4393.12 in four replicate experiments. However, this ratio is >2

Figure 3. Volcano plot of the ratio of eluate LFQ intensities in sample
(no free AEBSA) and control (free AEBSA in the loading solution)
experiments. The y-axis shows the−log(p) values for a t test of
whether the sample and control experiments differ significantly. The
loading solutions contained 0.001 mg/mL (0.008 wt %) CAII spiked
into 1:4 human serum in binding buffer, and the wt % is relative to the
total protein. The plot shows 37 total proteins.

Figure 4. Volcano plot of the ratio of eluate LFQ intensities in sample
(no free AEBSA) and control (free AEBSA in the loading solution)
experiments. The loading solutions contained 2.1 mg/mL cell lysate
spiked with CAII at a concentration of 0.0025 mg/mL (0.12 wt % of
total protein). The plot shows 436 total proteins.
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440 only in two of the replicates (Figure S16). Permutation-based
441 false discovery rate calculations indicate that the CAII log2
442 ratios are significant in all four replicates. In two additional
443 experimental replicates, CAII shows signals only in the sample
444 but not in control experiments. A number of other proteins
445 also show significant log2 ratios (see below).
446 With 0.0001 mg/mL CAII (0.005 wt % of total protein) in
447 MDA-MB-231 cell lysate, a LFQ intensity for CAII appears
448 only in the sample experiment. However, other proteins also
449 show signals in the sample but not the control experiments.
450 Similar to results with diluted serum, when the CAII
451 concentration is below ∼0.0005 mg/mL, we cannot identify
452 this protein as a possible drug target. However, with more
453 concentrated cell lysates, the wt % at which we can identify
454 drug targets may decrease. In the case of 0.0005 mg/mL CAII
455 in the solution, we inject only 60 fmoles of this protein into the
456 mass spectrometer for analysis (assuming a 10% recovery). At
457 higher total protein concentrations, for a given CAII wt % we
458 could inject more CAII in the instrument and possibly achieve
459 identification at lower abundance. Additionally, for high-
460 affinity targets one could pass more solution through the
461 membrane to obtain increased target capture.
462 As in the study of proteins captured from human serum, we
463 also looked for proteins that show a log2 ratio >1 and a p value
464 <0.05 in multiple volcano plots for breast cancer cell lysate.
465 Table S2 lists all proteins that exhibit a log2 ratio >1 in at least
466 three out of ten volcano plots. Of particular note,
467 adenylosuccinate lyase (ADSL) has a log2 ratio >1 in five
468 volcano plots, and its average log2 ratio in all plots is 1.02. One
469 might wonder why we do not see human carbonic anhydrase
470 proteins in the cell lysate. In related MCF-7 cells, human
471 carbonic anhydrase II ranks 5789th among proteins in terms of
472 abundance,47 so we are unlikely to detect it.
473 To demonstrate target identification with native CAII, we
474 investigated protein capture from human kidney tissue lysate,
475 which contains CAII in relatively high abundance (∼0.2 wt %
476 of total protein).48 Figure S17 shows the SDS-PAGE analysis
477 of loading and eluate solutions when loading a membrane with
478 2.0 mg/mL of kidney lysate protein. A light band at ∼29 kDa is
479 present in the eluate from the sample (lane 5) but not in the
480 control experiment (lane 10), suggesting specific capture from
481 kidney lysate and elution of CAII. In contrast, bands located at
482 ∼40 kDa and ∼250 kDa are likely nonspecifically bound
483 proteins because they are present in both sample and control
484 experiments.

f5 485 Figure 5 shows a volcano plot of proteins eluted from PAA/
486 PEI/PAA-AEBSA-derivatized membranes previously loaded
487 with kidney tissue lysates. CAII clearly shows the highest log2
488 ratio (out of 220 total proteins with determinable log2 ratios).
489 In two additional replicates with different membranes (Figure
490 S18), CAII also gives the highest log2 ratio. Table S3 lists all
491 proteins that exhibit a log2 ratio >1 in at least two out of three
492 experiments. In particular, pyruvate dehydrogenase E1
493 component subunit beta and 2-oxoisovalerate dehydrogenase
494 subunit alpha are potential targets of AEBSA. We identified
495 these proteins despite their reported low abundance (0.01 wt
496 % - 0.05 wt %).49

497 Comparison of Modified Membranes and Beads for
498 Target Identification. This section compares CAII affinity
499 capture and target identification using membranes, agarose
500 beads (Affi-Gel 10), and magnetic beads (Dynabeads M-270
501 Carboxylic Acid). Such comparisons are difficult because the
502 performance of a given method depends greatly on specific

503conditions and experience.50 Nevertheless, to make the
504comparison as fair as we could in a reasonable time frame,
505we followed manufacturer protocols (Section S1) and
506attempted to optimize the amount of AEBSA immobilization
507for target identification with the two different beads. Section
508S8 in the SI describes our selection of conditions for CAII
509capture with different methods.
510Affi-Gel 10 is an agarose gel with a 10-carbon spacer arm
511whose end contains an N-hydroxysuccinimide ester group that
512readily reacts with a primary amino group in a ligand to form
513an amide bond. These beads are attractive because their
514hydrophilic surfaces minimize nonspecific adsorption.4 The 10-
515atom spacer arm reduces steric hindrance to target binding,
516and Affi-Gel 10 has a protein-binding capacity as high as 35 mg
517per mL of resin.51 However, the gel slurry is viscous52 and
518utilizing exactly the same amount of gel in sample and control
519experiments is challenging. Additionally, gels stick to vial walls
520and stirring is difficult. Nevertheless, when modified with
521AEBSA, these gels effectively capture CAII (see below).
522M-270 Carboxylic Acid Dynabeads are uniform magnetic
523beads covered by a hydrophilic layer of glycidyl ether and
524carboxylic acid groups. After activation with EDC/NHS, we
525coupled AEBSA to these substrates. Use of a magnet to attract
526the Dynabeads to the side of a microcentrifuge tube
527conveniently separates beads from washing and elution
528solutions. Moreover, downstream analysis of captured targets
529could employ either conventional elution or direct on-bead
530digestion of proteins.
531When using Affi-Gel 10 for CAII capture from serum prior
532to protein elution and LC−MS/MS analysis, CAII has the
533highest or second-highest LFQ intensity of all eluted proteins
534when its loading concentration is high (0.05 mg/mL, 0.4 wt %
535of total protein). In fact, CAII peptide signals in the digested
536eluate account for around 50% of the total peptide LFQ
537intensity, whereas in membrane-based affinity capture this
538value is around 30% with the same loading solution. Moreover,
539compared to membrane methods the Affi-Gel 10 gives about
54040% fewer proteins with measurable log2 ratios, suggesting less
541nonspecific adsorption. However, Affi-Gel 10 shows an intense
542CAII signal in both sample and control experiments, which
543results in a log2 ratio of only around 2 as Figure S19 shows.
544Evidently free AEBSA does not effectively prevent binding to
545the Affi-Gel 10 in the control. In a single experiment with a
546spiked-CAII concentration of 0.01 mg/mL and capture on
547derivatized Affi-Gel 10, LFQ CAII intensities show a log2 ratio
548<0.5 (Figure S20A).

Figure 5. Volcano plot of the ratio of eluate LFQ intensities in sample
(no free AEBSA) and control (free AEBSA in the loading solution)
experiments. The loading solutions contained 2.0 mg/mL kidney
tissue lysate. The plot shows 220 proteins.
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549 The relatively high CAII LFQ intensities in control
550 experiments with Affi-Gel 10 might stem from the large
551 volume of gel and, hence, the large amount of immobilized
552 AEBSA employed in these experiments (see Table S4). We can
553 decrease the amount of immobilized AEBSA by lowering the
554 concentration of AEBSA in the solution used to modify Affi-
555 Gel. Lowering the amount of immobilized AEBSA from 0.50
556 mg to 0.13 mg did not affect the results (compare Figures S19
557 to S20B). Further decreasing the amount of AEBSA
558 immobilization to 0.05 mg results in very low CAII LFQ
559 intensity in sample and control experiments. In addition, the
560 use of smaller agarose volumes is difficult due to the challenge
561 of pipetting these beads. If available, larger lysate volumes
562 might improve these analyses, as literature studies use a larger
563 ratio of lysate to gel volume.15,32 For agarose, an alternative
564 control experiment might also compare gel with and without
565 AEBSA immobilization.53 However, nonspecific adsorption to
566 Affi-Gel modified with a small molecule such as ethanolamine
567 may be very different than nonspecific adsorption to Affi-Gel
568 modified with AEBSA. Thus, we prefer the control experiment
569 with free AEBSA in solution.
570 Dynabeads are attractive for simple sample handling.
571 However, even with a high amount of spiked CAII (0.05
572 mg/mL) in diluted serum, after capture on Dynabeads we did
573 not detect CAII in the proteins eluted with free AEBSA. In an
574 effort to increase protein detection using Dynabeads, we
575 digested the captured proteins directly on the beads. In this
576 case, even with 0.05 mg/mL CAII in serum, CAII gives only
577 the fifth most abundant LFQ intensity of captured proteins
578 digested on beads. In addition to CAII, kininogen-1 and
579 histidine-rich glycoprotein also show significant fold changes
580 between sample and control experiments (Figure S21). With
581 0.01 mg/mL CAII spiked into 1:4 diluted human serum, the
582 CAII signal in sample experiments with on-bead digestion was
583 low and not present in all analytical replicates. These results
584 are consistent with a lower AEBSA immobilization capacity on
585 Dynabeads compared to membranes and Affi-Gel 10. In
586 principle, one could employ a higher bead volume to increase
587 protein-binding, but experiments with larger bead volumes are
588 expensive due to the high cost of these materials. Thus, we
589 used the amounts of Dynabeads mentioned in previous
590 studies.53,54

591 In summary, in our hands immobilization of AEBSA on Affi-
592 Gel 10 allows identification of CAII as a target only at the
593 highest CAII concentrations (0.05 mg/mL) in serum, and the
594 log2 ratio is only 2. With on-bead digestion, Dynabeads may
595 identify CAII as a target only when it is present at high
596 concentrations (0.05 mg/mL) in serum. In contrast,
597 membranes identify CAII as a target at concentrations as low
598 as 0.0005 mg/mL in serum, and CAII typically shows the
599 highest log2 ratio of any protein. Moreover, the membranes are
600 easier to work with than Affi-Gel because the gel slurry is
601 viscous, which makes reproducible sample handling difficult.

602 ■ CONCLUSIONS
603 Porous membranes derivatized with AEBSA selectively and
604 efficiently capture CAII from diluted serum or cell lysate.
605 Moreover, comparison of protein LFQ intensities in sample
606 and control experiments clearly differentiates CAII from
607 nonspecifically adsorbed proteins at CAII abundances as low
608 as 0.004 wt % of total protein. Convective flow through PAA-
609 containing membrane pores allows rapid binding and limits
610 nonspecific adsorptions. Moreover, the high density of

611−COOH groups should allow immobilization of a wide
612range of amine-containing small-molecule drugs.27,55 However,
613the modified membranes are not yet commercial products, and
614the membrane technique requires apparatuses that are not
615common in many laboratories. Relative to capture using Affi-
616Gel 10 and Dynabeads, in our hands affinity purification with
617membranes enables CAII identification at 100-fold lower
618concentrations. Nevertheless, the analysis is not sufficient for
619detecting target proteins at abundances <40 ppm. Future work
620with increased protein loading or a higher elution efficiency
621should further lower detection limits.
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