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35 inconsistent protein recovery and residual impurities such as surfactants are detrimental to MS
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proteomic mixtures by bottom-up LC-MS/MS analysis. The superior performance of SDS-based
workflows is also demonstrated relative to non-contaminated protein.

INTRODUCTION:

Proteome analysis by mass spectrometry has become increasingly rigorous, owing to the
enhanced sensitivity, resolution, scan speed, and versatility of modern MS instruments. MS
advances contribute to greater protein identification efficiency and more precise quantitation~
>, With improved MS instrumentation, researchers demand a correspondingly consistent front-
end sample preparation strategy capable of quantitative recovery of high-purity proteins in
minimal time across all stages of the workflow®™!. To accurately reflect the proteome status of a
biological system, proteins must be isolated from the native sample matrix in an efficient and
unbiased fashion. To this end, including a denaturing surfactant, such as sodium dodecyl sulfate
(SDS), ensures efficient protein extraction and solubilization'2. However, SDS strongly interferes
with electrospray ionization like other ionic surfactants, causing severe MS signal suppression if
not properly eliminated®3.

Various SDS depletion strategies are available for subsequent proteome analysis, such as the
retention of proteins above a molecular weight cutoff filter contained within disposable spin
cartridges'®1, The filter-aided sample preparation method (FASP) is favored as it effectively
depletes SDS below 10 ppm, facilitating optimal MS. However, protein recovery with FASP is
variable, which prompted the exploration of other techniques. Chromatographic approaches that
selectively capture protein (or surfactant) have evolved into various convenient cartridges or
bead-based formats!’~?l. Given these simple and (ideally) consistent strategies to protein
purification, the classical approach of protein precipitation with organic solvents is often
overlooked as a promising approach to protein isolation. While solvent precipitation is shown to
deplete SDS below critical levels successfully, protein recovery has been a longstanding concern
of this approach. Multiple groups have observed a protein recovery bias, with unacceptably low
precipitation yields as a function of protein concentration, molecular weight, and
hydrophobicity???3. Noting the diversity of precipitation protocols reported in the literature,
standardized precipitation conditions were developed. In 2013, Crowell et al. first reported the
dependence of ionic strength on the precipitation efficiency of proteins in 80% acetone??. For all
proteins examined, the addition of up to 30 mM sodium chloride was shown to be essential to
maximize vyields (up to 100% recovery). More recently, Nickerson et al. showed that the
combination of even higher ionic strength (up to 100 mM) with elevated temperature (20 °C)
during acetone precipitation gave near quantitative recovery in 2-5 min?>. A slight drop in the
recovery of low molecular weight (LMW) proteins was observed. Therefore, a subsequent report
by Baghalabadi et al. demonstrated the successful recovery of LMW proteins and peptides (<5
kDa) by combining specific salts, particularly zinc sulfate, with a higher level of organic solvent
(97% acetone)?®.

While refining the precipitation protocol lends a more reliable protein purification strategy for
MS-based proteomics, the success of conventional precipitation relies heavily on user technique.
A primary goal of this work is to present a robust precipitation strategy that facilitates the
isolation of the protein pellet from the contaminating supernatant. A disposable filtration
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cartridge was developed to eliminate pipetting by isolating aggregated protein above a porous
PTFE membrane filter?’. The MS-interfering supernatant is efficiently removed in a short, low-
speed centrifugation step. The disposable filter cartridge also offers an interchangeable SPE
cartridge, which facilitates subsequent sample clean-up following resolubilization and optional
protein digestion, ahead of mass spectrometry.

A series of recommended proteome precipitation workflows are presented here, including
modified acetone and chloroform/methanol/water?® protocols, with conventional (vial-based)
and semi-automated format in a disposable two-stage filtration and extraction cartridge. The
resulting protein recoveries and SDS depletion efficiencies are highlighted, together with bottom-
up LC-MS/MS proteome coverage, to demonstrate the expected outcome from each protocol.
The practical benefits and drawbacks associated with each approach are discussed.

PROTOCOL:
1. Material considerations and sample pre-preparation

1.1 Use only high purity solvents (acetone, chloroform, methanol) (>99.5%) and chemicals,
free of excess moisture.

1.2 Prepare sodium chloride and zinc sulfate solutions (1 M) in water.

NOTE: Salt solutions can be stored indefinitely at room temperature, so long as they are free of
contaminant or microbial growth.

1.3 Use the smallest polypropylene (PP) microcentrifuge vial sufficient to retain the required
volume of sample and solvents to induce precipitation.

1.4 Ensure that the SDS concentration in the sample to be precipitated is no greater than 2%
(w/v). If SDS is higher, dilute the sample with water.

1.5 Ensure a protein concentration between 0.01 and 10 g/L for optimal precipitation
efficiency.

NOTE: The optimal mass for precipitation ranges between 1-100 pg of protein.

1.6 Ensure all solvents and solutions are free of the particulate matter before use. Perform
either a filtration (<0.5 um) or centrifugation step (10,000 x g for 1 min at room temperature) to
remove undissolved particulates.

1.7 If disulfide bond reduction and alkylation are required, conduct these steps prior to
protein precipitation. Excess reducing and alkylating reagents will be removed through the
precipitation process.
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1.8 Precipitate the proteins by selecting and performing one of the protocols (steps 2, 3, 4,
or 5).

2. Rapid (vial-based) protein precipitation with acetone

2.1 Pipet 90 uL of (particulate-free) protein or proteome solution into a PP microcentrifuge
tube. Then, add 10 puL of 1 M aqueous NacCl.

NOTE: If the ionic strength of the proteome extract already exceeds 100 mM, no additional salt
is necessary.

2.2 Pipet 400 uL of acetone into the sample. Cap the vial and tap the vial gently to combine
the solvents. Vigorous mixing is not required.

NOTE: The volume of protein, salt, and acetone can be increased so long as the relative ratio of
each is maintained.

2.3 Allow the vial to incubate at room temperature, undisturbed, for a minimum of 2 min.

NOTE: Longer incubations, including those at reduced temperature (e.g., conventional acetone
precipitation employs overnight precipitation in the freezer), may result in the formation of larger
(visible) aggregated protein particulates (Figure 1A), which generally do not improve total protein

recovery.

2.4 Following incubation, place samples in a centrifuge, noting the orientation of the vial. Spin
for a minimum of 2 min, at 10,000 x g or higher at room temperature.

2.5 Uncap the vial and gently decant the supernatant by slowly inverting the vial to a waste
container. Touch the inverted vial to a paper towel to draw residual solvent from the vial.

CAUTION: Waste solvents should be retained and discarded as per appropriate protocols.

2.6 For SDS-containing samples, dispense 400 pL of fresh acetone, being careful not to disturb
the pellet.

NOTE: Step 2.6 is optional.
2.6.1 Immediately centrifuge the sample (10,000 x g or higher for 1 min at room temperature),
placing the vial into the rotor in the same orientation as the initial spin. Decant the wash solvent

as described in step 2.5.

2.7 Allow the sample to fully dry with the cap open (~1 min). Recap the vial and proceed with
pellet solubilization (step 6).
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3. Precipitation of low molecular weight (LMW) peptides (ZnSO4 + acetone)
3.1 Dispense 54 uL of proteome extract to a 2 mL PP vial, and then add 6 pL of 1 M ZnSOa.

NOTE: Optimal recovery of LMW peptides (<5 kDa) is obtained by adding acetone to a final 97%
by volume. Assuming a 2 mL PP vial, the maximal initial sample volume is 54 pL.

3.2 Add 1940 pL of acetone to a final 97% by volume. Swirl gently to mix, and let stand
undisturbed on the benchtop for a minimum of 2 min.

33 Centrifuge (10,000 x g for 1 min at room temperature) and remove the supernatant by
inverting the vial, and then touching the vial to a paper towel.

3.4 For SDS-containing samples, dispense 400 L of fresh acetone, being careful not to disturb
the pellet.

NOTE: Step 3.4 is optional.

3.4.1 Immediately centrifuge the sample as per step 3.3, placing the vial into the rotor in the
same orientation as the initial spin. Decant the wash solvent as described in step 3.3.

3.5 Re-solubilize the resulting dry pellet in an aqueous solvent with brief vortexing or
sonication (~5 min).

4. Protein precipitation by chloroform/methanol/water (CMW)

4.1 Dispense 100 pL of the protein or proteome solution into a PP vial. Add 400 uL of
methanol, followed by 100 pL of chloroform. Cap the vial and vortex briefly to mix.

NOTE: For CMW precipitation, 1.5 mL vials with narrow bottoms are preferred (Figure 2A).

CAUTION: Chloroform solvent should be handled in an appropriate ventilation hood. All solvents
that contact chloroform should be treated as halogenated waste when disposed of.

4.2 Quickly dispense 300 uL of water directly into the center of the vial. Cap the vial. Allow
the sample to sit on the benchtop undisturbed for 1 min.

NOTE: The solution will immediately appear cloudy white. Avoid mixing the vial following the
addition of water.

4.3 Place the PP vial in a centrifuge and spin for a minimum of 5 min (10,000 x g or higher at
room temperature).

NOTE: Once centrifuged, two visible solvent layers will form (top layer = methanol/water; bottom
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= chloroform). A solid protein pellet forms at the solvent interface (Figure 2A).

4.4 Using a large (1 mL) micropipette tip, and holding the vial at ~45°, remove ~700 pL of the
solvent from the upper layer at a uniform rate.

4.5 Use a smaller (200 pL) micropipette tip to continue removing the upper solvent layer from
the ~45° tilted vial. Pipet in one continuous motion until the upper solvent layer forms a bead in

the vial.

4.6 Add 400 pL of fresh methanol to the sample vial, without disturbing the pellet, by
dispensing the solvent down the side of the vial.

4.7 Cap the vial. Combine the solvent layers by gently rocking the vial to swirl the solvents
together.

NOTE: It is essential to avoid disrupting the pellet. Do not vortex the vial.

4.8 Noting the orientation of the vial in the rotor, centrifuge for a minimum of 10 min (10,000
x g at room temperature). The protein pellet adheres to the bottom of the vial (Figure 2B).

4.9 Tip the vial at 45°, with the pellet facing down. Place the pipette tip along the upper edge
of the vial and remove the supernatant with a 1 mL micropipette tip at a slow but continuous

rate. Retain ~20 uL of solvent in the vial.

4.10 Wash the protein pellet for SDS-containing samples by slowly dispensing 400 pL of fresh
methanol. Do not vortex the vial.

4.10.1 Proceed directly with centrifugation (10,000 x g for 2 min at temperature), placing the vial
into the rotor with the same orientation as the initial spin.

4.11 Remove the solvent, as per step 4.9. Allow the sample to air dry in a fumehood until the
residual solvent evaporates.

4.12 Consult the recommended resolubilization procedures in step 6.
5. Protein precipitation using a disposable filtration cartridge

NOTE: Each solvent-based precipitation protocol described in steps 2-5 can be performed in a
two-stage filtration and extraction cartridge (see Table of Materials).

5.1 With the plug attached to the upper filtration cartridge (Figure 3A), dispense the desired
volume of the extracted proteome, salt, and solvent as outlined in one of the three options
below.
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5.1.1 (Option 1) For protein precipitation with acetone, combine 90 pL of protein or proteome
solution, 10 pL of 1 M aqueous NaCl, and 400 pL of acetone. Incubate for a minimum of 2 min on
the benchtop.

NOTE: A visible pellet will develop for concentrated protein samples (1 g/L) (Figure 3B).

5.1.2 (Option 2) For LMW peptide precipitation, combine 15 pL of the sample, 1.5 pL of 1 M
ZnS04, and 485 L of acetone. Incubate for a minimum of 2 min on the benchtop.

NOTE: A salt concentration of 90 mM in the aqueous sample will not impact recovery relative to
the 100 mM recommended in step 3.

5.1.3 (Option 3) For CMW precipitation, add 50 uL of proteome extract, 200 uL of methanol,
and 50 pL of chloroform. Cap the vial and briefly vortex to combine.

5.1.3.1 Quickly dispense 150 uL of water directly into the center of the vial. Incubate for 1 min
on the benchtop.

5.2 Centrifuge for 2 min at 2,500 x g at room temperature with the plug still attached to the
filtration cartridge.

5.3 Invert the cartridge, and then unscrew and remove the plug from the cartridge base.

5.4 Place the filtration cartridge in a clean vial and return to the centrifuge. Spin for 3 min at
500 x g at room temperature. Discard the flow-through solvent from the lower vial.

NOTE: If any solvent remains in the upper filtration cartridge, return to the centrifuge and
perform an additional spin.

5.5 Wash the protein pellet by adding 400 pL of acetone to the filtration cartridge (for CMW
precipitation, step 5.1.3, add 400 pL of methanol).

5.6 Centrifuge for 3 min at 500 x g at room temperature or until no solvent remains in the
upper cartridge.

5.7 Re-solubilize the precipitation pellet as described in step 6.

6. Resolubilization of protein pellet

6.1 Wet the membrane at the base of the filtration cartridge by dispensing 2-5 ulL of
isopropanol directly to the membrane immediately before the resolubilization protocols

described below.

6.2 Follow one of the following resolubilization methods.
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6.2.1 (Option 1) Add a minimum of 20 pL of aqueous buffer containing 22% SDS to the filtration
cartridge. Cap and vortex vigorously (~1 min). Alternatively, sonicate (>10 min) to disperse the
protein pellet.

6.2.1.1 Heat the sample at 95 °C for 5 min). Repeat the mixing step after heating.

NOTE: Laemmli gel loading buffer can re-solubilize the protein pellet. However, SDS-containing
samples are incompatible with trypsin digestion and reversed-phase LC and MS.

6.2.2 (Option 2) Prepare a solution of 80% (v/v) formic acid in water. Prechill the acid solution
(-20 °C), as well as the filtration cartridge containing precipitated protein.

6.2.2.1 Dispense 50 pL of cold formic acid into the cartridge; cap and vortex for 30 s. Return to
the freezer (-20 °C) for 10 min.

6.2.2.2 Vortex the cartridge again for 30 s. Then, repeat the chilling and mixing cycle one more
time (10 min, -20 °C, 30 s vortex).

6.2.2.3 Add water to a final 500 pL, diluting the formic acid to 8%.

NOTE: The cold formic acid protocol is incompatible with subsequent trypsin digestion but is
compatible with LC-MS.

6.2.3 (Option 3) Add 50 pL of freshly prepared 8 M urea in water to the filtration cartridge.
Sonicate for 30 min.

6.2.3.1 Allow the cartridge to incubate on the benchtop for 1 h (up to overnight).
6.2.3.2 Dilute the 8 M urea a minimum 5-fold with water or appropriate buffer.

NOTE: Once diluted, the urea solubilization protocol is compatible with subsequent trypsin
digestion, as well as LC-MS.

7. Protein digestion

7.1 For bottom-up MS analysis, subject the re-solubilized proteins to enzymatic digestion
using one of the two methods mentioned below.

7.1.1 (Option 1) For formic acid resolubilization, reduce the initial volume of 80% formic acid in
step 6.2.2.1 to 25 pL. In step 6.2.2.3, use 375 uL of water to dilute the formic acid to 5% (v/v).

7.1.2 Dispense pepsin into the cartridge at an approximate protein to enzyme ratio of 50:1.
With a plug attached to the filtration cartridge, incubate the sample overnight at room
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temperature.

7.2 (Option 2) For resolubilization in urea, ensure a pH between 8 and 8.3 with the inclusion
of 100 mM of Tris or ammonium bicarbonate in step 6.2.3.2.

7.2.1 Add trypsin at an approximate protein to mass enzyme ratio of 50:1. With a plug attached
to the cartridge, incubate the sample overnight in a warm water bath at 37 °C.

7.2.2 Terminate the digestion by acidifying the solution with 10% TFA to a final 1%.

7.3 Recover the pepsin- or trypsin-digested protein by removing the plug from the base of
the filter and centrifuging the cartridge contained within a clean vial (2 min, 5000 x g, room
temperature).

8. SPE clean-up

NOTE: For additional sample desalting following digestion or solvent exchange, the sample can
be subject to reversed-phase clean-up as described.

8.1 Prime an SPE cartridge (see Table of Materials) by passing 300 pL of methanol (2 min, 400
x g) followed by 300 pL of 5% acetonitrile/0.1% of TFA (2 min, 400 x g).

8.2 Connect the primed SPE cartridge to the base of the filtration cartridge containing re-
solubilized or digested protein.

8.3 Spin the protein through the SPE cartridge (5 min, 800 x g at room temperature). If solvent
remains in the upper cartridge, return the cartridge to the centrifuge and repeat the spin.

NOTE: Passing the sample through the SPE cartridge may improve recovery.

8.4 Add 300 uL of 5% acetonitrile/0.1% of TFA in water to the cartridge. To wash, flow through
the SPE cartridge (2 min, 2000 x g). Discard the flow-through.

8.5 For LMW proteins or digested peptides, elute the sample by flowing 300 pL of 50%
acetonitrile/0.1% of TFA (5 min, 2500 x g).

8.6 For intact proteins, follow step 8.5 with an additional elution step using 300 pL of 75%
acetonitrile/0.1% TFA. Combine the two resulting extracts.

NOTE: Step 8.6 is optional.
REPRESENTATIVE RESULTS:

Figure 4 summarizes the expected SDS depletion following vial-based or precipitation of proteins
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in a disposable filter cartridge using acetone. Conventional overnight incubation (-20 °C) in
acetone is compared to the rapid acetone precipitation protocol at room temperature (step 2),
as well as CMW precipitation (step 4). Residual SDS was quantified by the methylene blue active
substances (MBAS) assay?°. Briefly, 100 puL sample was combined with 100 uL. MBAS reagent (250
mg methylene blue, 50 g sodium sulfate, 10 mL sulfuric acid, diluted in water to 1.0 L), followed
by absorbance measurement of the chloroform layer at 651 nm on a UV/Vis spectrophotometer.
All approaches reduce SDS to permit optimal MS analysis.

Quantitative and reproducible protein recovery is achieved following rapid acetone precipitation
and CMW precipitation, as seen in Figure 5 through SDS PAGE analysis of a processed yeast total
cell lysate. Precipitation in a disposable filtration cartridge eliminates the need to carefully pipet
the SDS-containing supernatant while retaining the aggregated proteins above a membrane
filter. Consistent recovery is obtained with all precipitation protocols, with no visible bands
detected in the supernatant fractions across three independent replicates.

Figure 6 quantifies the expected yields, including the resolubilization of precipitated protein
pellets using cold formic acid (step 6). CMW precipitation affords quantitative recovery by
carefully preserving the pellet in a vial-based approach (step 5), which equals that obtained using
the cartridge (100 + 4% vs. 101 + 3%, respectively). Recovery of acetone-precipitated protein
pellets benefits from a filtration cartridge, with a 15%—20 % improvement in yield observed. In
vials, isolation of the acetone supernatant from the aggregated protein essentially relies on the
adherence of the pellet to the PP tube surface; the filtration cartridge eliminates this concern as
the filter ensures high recovery of precipitated protein without pipetting.

To efficiently recover LMW proteins and peptides, the acetone precipitation protocol is modified
by substituting NaCl for ZnSO4 and raising the solvent percentage to 97%. Combining this specific
salt and higher levels of organic solvent are required for the high recovery of LMW proteins and
peptides?®. As seen in Figure 7, cartridge-based protein precipitation demonstrates superior
recovery of a pepsin-digested sample of bovine plasma relative to vial-based precipitation. The
disposable spin cartridge can recover over 90% of LMW peptides. More significant differences in
yield are noted in the cartridge when employing NaCl, confirming the importance of salt type to
maximize yield. Including ZnSO4 as opposed to NaCl results in an aggregated protein pellet that
is more readily trapped by the spin cartridge filter.

To assess the efficacy of precipitating proteins over a wide dynamic range, a mixture of three
standard proteins was processed: B-galactosidase (B-gal) from E. coli, cytochrome c (Cyt c) from
bovine, and enolase (Eno) from S. cerevisiae. The mass ratio of B-gal:Cyt c:Eno was 10,000:10:1.
Samples initially contained 2% of SDS prior to cartridge-based precipitation (step 5) and were re-
solubilized and digested with trypsin (steps 6 and 7). Samples prepared in vials acted as a control,
having no SDS and omitting the precipitation. All samples were subject to equivalent SPE clean-
up (step 8). Bottom-up MS was conducted, with MS/MS spectra searched against a combined
database containing all proteins from the three species involved (see Table of Materials for
instrument and software platforms). A peptide false discovery rate of 1% was employed. All three
proteins were successful, with 666, 28, and 35 unique peptides for B-gal, Cyt ¢, and Eno,
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respectively. Figure 8 quantifies the relative ratio (peptide peak intensity) from each sample, with
a ratio above 1 reflecting a higher peptide abundance for samples processed in the disposable
filter cartridges. The results demonstrate the benefits of incorporating SDS into a proteomics
workflow, minimizing protein loss (e.g., from potential adsorption to the sample vial), and
maximizing peptide yields.

The bovine liver was procured at a local grocery store. The proteins were isolated by extracting
the tissue with 1% of SDS. Subsequently, the recovered proteome was precipitated, re-solubilized
(urea), and digested with trypsin, all within a disposable cartridge. Bottom-up LC-MS/MS was
conducted, resulting in the identification of an average of ~8,000 proteins (~30,000 peptides).
False discovery rates of 0.5% and 1.0% for peptide spectra and protein groups, was employed,
searching the bovine database. The technical reproducibility of this cartridge-based workflow is
assessed through overlapping protein identifications. The replicate MS injections of a common
digested sample achieves on average 78 * 0.5% overlap with the identified proteins. By
comparison, samples independently prepared in discrete cartridges achieved 76 + 0.5% overlap.
These data suggest that the contribution of sample preparation toward the total variability of the
analysis is minor, relative to that already contributed by the LC-MS instrumental approach. The
bovine proteins identified from three technical replicates (processed independently in three
disposable cartridges) were further characterized concerning their molecular weight,
hydrophobicity, and isoelectric point, shown in Figure 9. A two-way ANOVA could not determine
statistical differences in the identified proteomes across the technical replicates. Finally, Figure
10 compares the number of identified peptides per protein across the three replicate sample
preparations. The correlation coefficients in these graphs (0.94—0.95) demonstrate the high
consistency of the sample preparation approach for bottom-up MS analysis.

FIGURE LEGENDS:

Figure 1: Acetone-precipitated proteins. Samples containing 100 and 1,000 ug of protein
combined with 100 mM NaCl and precipitated with 80% acetone (A) following 5 min precipitation
time and (B) following precipitation and subsequent centrifugation.

Figure 2: Protein precipitation by chloroform/methanol/water. A sample containing 50 pg of
protein precipitated as per step 4. (A) Immediately following step 4.3. (B) Immediately following
step 4.8.

Figure 3: Photos of a disposable two-stage filtration and extraction cartridge for protein
precipitation. A sample containing 100 ug protein was combined with 100 mM of NaCl and 80%
acetone in (A) the assembled filtration and SPE cartridge and (B) precipitated for 5 min until
protein aggregates became visible.

Figure 4: SDS depletion efficiency following protein precipitation. The percentage of SDS
removed is shown from acetone precipitation with the conventional protocol (overnight at -20
°C), the rapid protocol (2 min incubation at room temperature), or by
chloroform/methanol/water (CMW) precipitation of an S. cerevisiae lysate, both in conventional
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(vial) and cartridge format. These samples initially contained 0.5% SDS (5,000 ppm), inferring
>99.8% SDS removal is required for optimal MS analysis. Residual SDS is quantified by methylene
blue active substances (MBAS) assay. Error bars represent the standard deviation from technical
replicates (n = 3).

Figure 5: Total proteome recovery through precipitation. SDS PAGE shows the recovery of S.
cerevisiae total protein lysate, precipitated by (A) conventional acetone precipitation, (B)
chloroform/methanol/water precipitation, and (C) rapid acetone precipitation. Protein bands are
exclusively observed in the pellet fraction, with no visible bands in the supernatant (Super.).

Figure 6: Superior protein recovery within a filtration cartridge. For precipitation of the S.
cerevisiae total protein lysate, the disposable spin cartridge facilitates quantitative recovery with
acetone and CMW precipitation. High recovery is also possible with vial-based precipitation,
though careful sample manipulation and pipetting are required. LC-UV assessed protein recovery
following resolubilization of the pellet with cold formic acid are also represented. Error bars
represent the standard deviation from technical replicates (n = 3).

Figure 7: High precipitation yields for low molecular weight peptides. A modified acetone
precipitation protocol for peptides and proteins <5 kDa involves coupling 100 mM of ZnSO4 with
97% acetone to achieve the highest yields. Precipitation facilitated by a disposable filtration
cartridge demonstrates improved recovery compared to conventional vial-based precipitation
across all three precipitation conditions. Error bars represent the standard deviation from
technical replicates (n = 3).

Figure 8: Higher recovery of standard proteins in SDS-based workflow. Tukey Box-and-Whisker
plots®® of relative MS signal intensity for peptides recovered from SDS-containing proteins
processed in a disposable filtration cartridge relative to a control sample (no SDS, no
precipitation). The proteins employed span a wide concentration dynamic range—-
galactosidase:cytochrome c:enolase = 10,000:10:1. Each quartile within the boxes contains 25%
of the distribution, while error bars encompass 95% of the distribution. Mean is indicated by “+”
and median by a horizontal line.

Figure 9: Identified protein distributions from technical replicates. Tukey Box-and-Whisker plots
characterize (A) the molecular weight, (B) hydrophobicity, and (C) isoelectric point of proteins
identified by bottom-up LC-MS/MS following triplicate preparations of a bovine liver lysate in a
two-stage filtration and extraction cartridge. There was no statistical difference in these
characteristics by two-way ANOVA (p < 0.05). Each quartile within the boxes contains 25% of the
distribution, while error bars encompass 95% of the distribution.

Figure 10: Correlation of peptide IDs per protein through the SDS-based preparation workflow
across preparative replicates. Analysis of bottom-up proteome reproducibility across (A)
samples 1 and 2, (B) samples 2 and 3, and (C) samples 1 and 3 based on the number of peptide
MS identifications per protein.
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DISCUSSION:

Optimal MS characterization is achieved when residual SDS is depleted below 10 ppm. While
alternative approaches, such as FASP and on-bead digestion, offer quantitative SDS depletion
with variable recovery3=33, the primary objective of precipitation is to maximize purity and yield
simultaneously. This depends on effectively isolating the supernatant (containing the SDS)
without disturbing the protein pellet. With vial-based precipitation, once the bulk of the
supernatant is removed by pipetting, it is increasingly likely that some of the aggregated pellets
are accidentally lost. For this reason, it is essential to leave behind a more significant fraction of
the residual solvent (~20 uL) and to add a washing step3*. The washing step dilutes and removes
the residual solvent from the vial. Particularly with CMW, it is unnecessary to vortex the sample
vial once the pellet has formed. Disrupting the pellet through vigorous agitation has the
unwanted effect of increasing the likelihood of loss from accidental pipetting. If vortexing is
included (as recommended by previous protocols)3>3, the potential exists for portions of the
CMW pellet to adhere to the underside of the vial cap; once centrifuged, the pellet remains fixed
on the vial cap and can result in ~¥50% loss.

Rapid precipitation can be performed with high recovery of dilute proteome samples, ideally
between 0.01-2 mg/mL, or a corresponding protein mass between 1-200 pg. However,
quantitative and reproducible recoveries starting from below 0.01 mg/mL protein may benefit
from longer precipitation times ranging from 10 min to 1 h, demonstrating throughput limitations
of the precipitation workflow. Surprisingly, more concentrated samples (10 mg/mL) show a
statistical reduction in yield, presumably from accidental pipetting losses. Assuming >10 ug
protein, a visible pellet should be observed on the side of the vial (Figure 1B). Smaller quantities,
down to 1 pg, are challenging to see. This challenges the capacity to pipette the supernatant
without disrupting the protein pellet. The vial can be inverted (slowly) with acetone to separate
the solvent from the pellet. For CMW, the pellet does not reliably adhere sufficiently to the vial,
thereby favoring pipetting over decanting of the supernatant. For vial-based precipitation,
working with the smallest possible microcentrifuge tube is recommended to facilitate the
intended sample and solvent volumes. Precipitation in the disposable filtration cartridge
employed in this work provides a maximum volume capacity of 500 uL, enabling protein
precipitation with 80% acetone on sample volumes up to 100 pL. Sample, salt, and solvent
volumes can be adjusted accordingly if the recommended concentrations are maintained.

The purity of the protein pellet recovered from organic solvent-based precipitation is limited by
the complexity of the sample matrix, buffer components, and precipitation conditions. For
example, specific buffer components such as glycine (used for SDS PAGE separations) have been
shown to co-precipitate with protein using 80% acetone. However, glycine remains soluble
through CMW precipitation. Acetone has been reported to precipitate DNA fragments37:38,
potentially adding undesired background impurities to the recovered pellet. Precipitation of low
molecular weight proteins and peptides requires an elevated level of organic solvent and a
specific salt type to maximize yield. While several salts have been explored, ZnSO4 provides
consistently high products. This salt will precipitate in 97% acetone in the absence of protein.
Thus, the resulting protein pellet contains a high concentration of salt. It is noted that employing
90% acetone by volume will also achieve high peptide yields, though a statistically significant
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drop (~5%) in recovery is expected. However, this allows processing a more significant sample
volume (up to 180 uL, with 20 pL of 1 M ZnSQOa) in each 2 mL vial. Beyond matrix impurities co-
precipitating with the protein pellet, it must be stated that solvent precipitation inherently causes
denaturation of the sample3249, Therefore, this protocol is not applicable for the preparations of
functional proteins or native MS workflows. Acetone has also been reported to cause covalent
protein modifications at glycine residues*! and induce a +98 u mass shift, speculated to be a
byproduct of aldol condensation acetone®?.

When employing a filtration cartridge for protein precipitation, isolation of the protein pellet
relies on the retention of aggregates above a PTFE membrane filter. The porosity of this
membrane exceeds that of a molecular weight cutoff filter (as seen in FASP), permitting protein
isolation with reduced spin times. Rapid solution transfer at low spin speeds relies on proper
wetting of the PTFE membrane; organic solvents readily flow through, though a dry PTFE filter
impedes aqueous solvents. If the filtration cartridge appears to be clogged, the membrane should
be re-wetted by directly applying a small volume of organic solvent (e.g., isopropanol) to the
filter. Depending on the size of the protein pellet and the volume of sample employed, additional
centrifugation or spins at higher speeds (up to 3,000 x g) may be required to ensure all solvent
has passed through the filtration cartridge.

Protein recovery from precipitation with optimal conditions is ultimately limited by the challenge
of pellet re-solubilization, with few solvent options being compatible with downstream
processing and LC-MS. Additionally, several precipitation conditions such as long exposures to
low temperatures and over-drying a tightly packed pellet contribute to re-solubilization
challenges*. It is noted that CMW protein pellets are generally less soluble than acetone pellets.
Maximized re-solubilization efficiency of precipitated protein by 80% cold formic acid (step 6.2.2)
has previously been reported*; the cold temperature prevents protein modification, which
otherwise occurs in concentrated formic acid***°. Diluting the acid concentration also slows the
modification reaction. Formic acid is recommended for top-down MS approaches or before
enzymatic digestion with pepsin. Employing this solvent demands little physical treatment; the
addition of only 5 pL (enough to cover the protein pellet) may be sufficient when combined with
vortexing, brief sonication, or repeat pipetting. Similarly, for samples intended to be analyzed by
SDS PAGE, re-dissolving in SDS-containing Laemmli buffer is highly effective, when combined with
modest mixing of the sample prior to heating. However, these solvents are both incompatible
with trypsin. Resolubilization with 8 M urea is recommended prior to trypsin digestion, ensuring
that the urea has been freshly prepared (same day). A minimum volume of 50 pL buffer is
recommended for protein re-solubilization within the filtration cartridge to maximize contact
between the chaotropic solvent and pellet, as well as to aid dissolution during sonication, repeat
pipetting and/or vortexing. Alternative approaches exploit trypsin to re-solubilize the protein,
meaning the protein need not be fully re-dissolved prior to enzyme addition. However, this
approach can bias digestion, favoring the more soluble species while hydrophobic proteins
experience shorter digestion time*®. Addition of 8 M urea, together with basic buffers such as
Tris or ammonium bicarbonate, demands a post-digestion sample clean-up step. For such sample
additives, reversed phase column clean-up is ideal. The disposable filtration cartridge employed
in this study is supplemented with an interchangeable reversed phase SPE cartridge. This
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cartridge is also ideally suited for solvent exchange, in the case of the formic acid resolubilization
protocol. It is important to note that any solid phase extraction approach is associated with
inherent loss in sample recovery. Therefore, the user should weigh the benefits of recovery and
the additional purification for their experiment.

It is anticipated that these protocols will enable proteomics researchers to streamline their
detergent-based workflows, capitalizing on SDS for proteome extraction. Preparative strategies
that facilitate consistent recovery of the complete proteome are critical. A two-stage spin
cartridge simplifies the opportunity for rapid, robust, and reproducible proteome sample
isolation. Such an approach would be amenable to applications requiring rigorous analysis
without sacrificing sample throughputs, such as clinical settings or large-scale research
initiatives?’. Future applications of these approaches may include biomarker discovery,
detection, accurate quantitation, and drug and drug target discovery.
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2021-12-15

Dr. Nilanjana Saha,

Thank you for reviewing and editing our manuscript, JOVE63503R1. We are herein resubmitting a
revised version, with a new title:

“Organic Solvent-Based Protein Precipitation for Robust Proteome
Purification Ahead of Mass Spectrometry"

We uploaded a version of the manuscript showing the editorial changes we received, together with our
responses, provided as direct comments within the manuscript document. The figures remain identical
to those provided in the previous submission, although a revised Table of Materials has been uploaded.

Please let us know if anything has been missed. We are greatly looking forward to the next stage
(filming!)

Regards,

Dr. Alan Doucette

Department of Chemistry,
Dalhousie University
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2021-12-15

Dr. Deepika Mitta,

Thank you for providing us this opportunity to submit a revised version of our manuscript, JoVE63503,
which we have re-titled:

“Protein Precipitation with Organic Solvent: Robust Proteome Purification Ahead of Mass
Spectrometry,"

The comments we received were extremely helpful to improve both the formatting, clarity, impact and
scope of our protein sample preparation protocol. This submission includes a highlighted copy of the
revised manuscript, showing all changes that have been made. | would be happy to provide a ‘clean
copy’ of the manuscript (with changes accepted) if it makes it easier to review.

Below, we provide a brief response to each of the reviewer and editorial comments received.

Regards,

Dr. Alan Doucette

Department of Chemistry,
Dalhousie University
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Editorial comments:

Editorial Changes

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

We have proofread and corrected all grammatical errors found.

2. ProTrap XG is a commercial product, please remove it from the title and everywhere else in the
manuscript.

The name of the device has been replaced with a more general descriptor (filtration cartridge)

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all
commercial language from your manuscript and use generic terms instead. All commercial products
should be sufficiently referenced in the Table of Materials.

For example: ProTrap XG, Proteoform Scientific (Halifax, Canada), etc.

This has been revised according to the journal requirements.

4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).

The manuscript is now written in the 3™ person perspective.

5. The Protocol should contain only action items that direct the reader to do something. The Protocol
should be made up almost entirely of discrete steps without large paragraphs of text between sections.
Please simplify the Protocol so that individual steps contain only 2-3 actions per step and a maximum of
4 sentences per step.

Protocols have been extensively revised.

6. Please mention the source of the proteome sample used in this study. Please include a ethical
statement if needed for working with these samples.

The bovine liver was purchased from a local grocery story (added to manuscript)

7. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described
in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could
be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the
imperative tense may be added as a “Note.” However, notes should be concise and used sparingly.

Protocol steps now refer exclusively to actionable items, with notes provided when required.



8. Please do not use any symbols like @ in the protocol steps.

Revised.

9. Figures: please remove the commercial term ProTrapXG from all the figures.

Revised.

10. Figure 5: Please expand what does super. Stand for.

This has been clarified in the caption (super. = supernatant)

11. As we are a methods journal, please also include in the Discussion the following along with citations:
a) Critical steps within the protocol

b) Any limitations of the technique

c¢) The significance with respect to existing methods

d) Any future applications of the technique

We have made additions to the discussion, noting limitations of the approach, highlighting key steps in
the protocol, anticipated significance and possible future uses.

12. Please do not abbreviate journal names in references.

Journal style has been modified

Reviewers' comments:

Reviewer #1:

The authors described in their manuscript "Protein Precipitation with Organic Solvent in the ProTrap XG:
Disposable Spin Cartridges for Robust Proteome Purification Ahead of Mass Spectrometry" the use of
different protein precipitation protocols with and without the commercial disposable spin cartridge
ProTrap XG. The ProTrap XG supposedly enhances the protein recovery from different proteins
precipitation protocols. They provided a series of comparison and demonstrated high protein recovery
using minimal processing time on protein standards as well as complex biological samples. The authors
provide detailed useful protocols and some comparisons, which will be very handy for the LC/MS-based
proteomics community at large. However, we the following issues to be address before acceptance of
this manuscript:

* The title is a bit misleading as it seems to imply that the entire manuscript is about the ProTrap XG.
However, the protocol provides very useful details about various ProTrap XG-free methods. This fact
should be reflected in an appropriately edited title.



The title has been modified to generally reflect the protein precipitation protocols presented here.

* |t is not completely clear what the authors mean by "solubilized proteome extract".

Revised to “protein or proteome solution”
* 1t would be useful if the authors could comment on applicable protein concentration ranges as that
provides insights into e.g. applicable body fluids as sample types.

Step 1.4 describes the concentration, as well as mass range for optimal precipitation. This is also
elaborated further in the discussion.

* The authors should probably estimate the inter/intra-batch variability (e.g., process different lots for
example) as well as the inter/intra-day variability (e.g., process biological and technical replicates over
consecutives days).

We have precipitated thousands of samples, over multiple years. The data provided is representative of
the expected results when employing the described precipitation protocols. We have provided data
discussed the variability in the content of MS (instrumental) replicates vs process (sample preparation)
replicates.

* In the figures, the authors compare with the conventional acetone precipitation protocol. For
completeness, it would be great if that step-by-step protocol was also provided.

See NOTE in step 2.3. Conventional precipitation employs longer incubation at reduced temperature
(overnight, in a -20°C freezer).

* There is a bit of a disconnect between Figure 5A and Figure 6. Looking at the staining, the lanes from
the vial method (if at all) look darker than the trap lanes. However, in the subsequent figure, they claim
20% less recovery with the vial method. As such, the inter-day variability might be important to test (see
above).

SDS PAGE is a semi-quantitative approach to assess recovery. Coomassie staining is not uniform from
one gel to the next, and may even vary from one side of the gel to the other. There may also be non-
uniform lighting to illuminate the gel when photographing. It is therefore difficult to ascertain 20%
differences in recovery.

The data provided in Figure 5 and Figure 6 represent the identical samples. Figure 6 employs LC-UV
which is quantitative and consistent from one analysis to the next.

Inter day variability is identical to replicate precipitations.

* Figure 9 can be omitted as the result can be easily described in the text.

Agreed.

Reviewer #2:

Manuscript Summary:

"Protein Precipitation with Organic Solvent in the ProTrap XG: Disposable Spin Cartridges for Robust
Proteome Purification Ahead of Mass Spectrometry" by Doucette at al. coherently illustrates and



compares how protein precipitation and purification can be accomplished with ProTrap XG in
comparison to other vial-based methods. This manuscript, as supportive resource to the follow-up video
to be recorded, comprehensively depicts all important aspects of protein precipitation with ProTrap XG,
supplies relevant background information in the introduction and briefly discusses the results obtained
and to be expected as well as some detailed hints for sample prep.

Major Concerns:
None

Minor Concerns:
1) Line 67: Please reference S-trap here (PMID: 29754492) as many labs are using this technology.

This was an error on our part —we are familiar with the S-Trap, and should have acknowledged it here.

2) Chapter 5: Please refer somewhere to Figure 3B. Maybe at 5.2.1 .2 or .3?

Thank you for the suggestion.

3) Line 367/368: Please distinguish the effect of the different salt types for vial-based vs ProTrap-based
sample prep. As it seems that salt type has no influence when ProTrap is used.

We have revised this to clarify.

4) Line 378/379 or legend of Figure 8: Please consider to briefly mention + representing the mean as
compared to the median represented by the horizontal line.

We have added this description to the figure caption.

5) Line 383-387: Please mention here the most important details about the LC-MS/MS setup
(instruments, gradient lengths, flow rate, etc.) as well as data analysis (software, MS1 & MS2 tolerance,
FDR, database used)

We have added abbreviated details on the MS platform and database searching protocols.

6) Figure 9: Consider presenting the overlap between replicates rather with venn diagrams indicating
absolute and relative protein identifications.

We have removed Figure 9 from the manuscript. This data cannot be easily summarized in Venn
diagrams as it represents multiple different samples, each subject to replicate MS analysis. Thus, we
reported the average percent overlap to simplify the data.

7) Figure 11: Correlation is very hard to see on this 3D plot. Please consider to change the type of graph
to a multi-panel figure comparing only 2 preps at a time also indicating the correlation coefficient.



We now provide 3 distinct (2D) graphs, with correlation coefficients of 0.94, 0.94 and 0.95 observed.

8) Page 30: Please make sure that the Table of Materials is exactly one page wide. The lines for
acetonitrile, isopropanol and methanol exceed the page width causing a nearly empty page at the very
end of the document.

We have adjusted the Table of Materials to fit a single page.

Reviewer #3:

Manuscript Summary:

In this manuscript, the authors describe several precipitation-based approaches to concentrate and
clean up protein samples, in solution or using disposable cartridges. The approaches are mostly meant
to be used upstream of MS-based proteomic analyses but could also be useful in more straightforward
applications such as SDS-PAGE or western blotting. In general, the protocols are well described and
would be easy to follow for anybody with some experience in MS sample preparation and approachable
for newcomers. They would therefore be valuable additions to the current proteomic toolkit.

Major Concerns:

- The potential source of confusion in the manuscript is that several protocols /variation of a protocol
are described simultaneously. It is, for example, not clear how the points 2-4 relate to each other, with
the numbering suggesting that they are performed sequentially. However, they represent alternatives,
which should have been clearly stated and the selection criteria need to be specified /mentioned
upfront. The same goes for point 6.2 - here, the fact that these are alternatives has been flagged, but
numbering is still confusing. Including a flowchart relating different optional steps and when to use each
of them would address these points and greatly improve accessibility. Moreover, it would be particularly
valuable to the newbies if the criteria for selection among the precipitation options presented in the
manuscript were discussed in more depth.

We have reorganized the protocols. We also provide comment directing the end user as to which option
is most appropriate for given applications.

- The authors could compare their approaches with the standard used cleanup/digestion methods used
in the proteomic field. There is valuable but too brief comparison with FASP in the introduction but
including comparisons with more recent method such as S-trap or SP3 would be very useful in decision-
making and to get a general idea on how the presented methods measure against the standard
protocols in the field. What is their relative protein recovery, sample purity, ease and speed, perhaps
costs?

While we have performed these experiments, we chose not to present these results, and instead report
absolute recovery and purity data. The expected results from other sample preparation strategies have
been described in the literature. We have added references (29, 30, 31) to refer the reader to this data.
Minor Concerns:

- The methodological details on how the proteomic data in the "Representative results" section was
generated, processed and analysed is missing Therefore, when authors say for example that they could
identify about 8 000 proteins and 30 000 peptides from bovine. However, without any details on how
these numbers were obtained, it is impossible to judge whether that is a good result or not.



Details on the LC-MS platform and data searching process have been added.

The focus of the analysis was on the consistency of the sample preparation method, though we provided
the numbers of protein and peptide identifications as a starting point to provide the reader with the
proper context on the nature of the MS data.

- Could the authors comment on why the protein precipitate needs to be fully solubilized before the
trypsin digest? Would it be possible to use trypsin as the solubilization agent, as it is done in the S-trap
protocol, which would save the necessity for the SPE cleanup.

S-Trap is also based on protein precipitation (with different solvents, and a different mechanism to
retain the aggregated proteins). While trypsin could be immediately added to the precipitation pellet,
proteins are not digested until they enter the same phase as the enzyme.

The SPE cleanup is neither necessary, nor would it be impacted by the time in which trypsin is added.
Omitting urea, the sample would still contain buffer (tris, ammonium bicarbonate), which end users may
want to eliminate post-digestion. We have added appropriate discussion and reference (36)

- On purely linguistic note, simplifying the style, especially in the abstract and perhaps even the title
would probably be beneficial.

We have simplified the language throughout the manuscript.



