
Analytical
Methods

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:4

8:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Miniprep assisted
aDepartment of Chemistry and Biochemistry,

E-mail: mchampio@nd.edu; Tel: +574-631-1
bBerthiaume Institute for Precision Health, U

46556, USA

† Electronic supplementary informa
https://doi.org/10.1039/d2ay01549h

Cite this: Anal. Methods, 2023, 15, 916

Received 23rd September 2022
Accepted 28th October 2022

DOI: 10.1039/d2ay01549h

rsc.li/methods

916 | Anal. Methods, 2023, 15, 916–9
proteomics (MAP) for rapid
proteomics sample preparation†

C. Bruce Mousseau, a Camille A. Pierre,a Daniel D. Hu a

and Matthew M. Champion *ab

Complete enzymatic digestion of proteins for bottom-up proteomics is substantially improved by use of

detergents for denaturation and solubilization. Detergents however, are incompatible with many

proteases and highly detrimental to LC-MS/MS. Recently; filter-based methods have seen wide use

due to their capacity to remove detergents and harmful reagents prior to digestion and mass

spectrometric analysis. We hypothesized that non-specific protein binding to negatively charged

silica-based filters would be enhanced by addition of lyotropic salts, similar to DNA purification. We

sought to exploit these interactions and investigate if low-cost DNA purification spin-filters,

‘Minipreps,’ efficiently and reproducibly bind proteins for digestion and LC-MS/MS analysis. We

propose a new method, Miniprep Assisted Proteomics (MAP), for sample preparation. We demonstrate

binding capacity, performance, recovery and identification rates for proteins and whole-cell lysates

using MAP. MAP recovered equivalent or greater protein yields from 0.5–50 mg analyses benchmarked

against commercial trapping preparations. Nano UHPLC-MS/MS proteome profiling of lysates of

Escherichia coli had 99.3% overlap vs. existing approaches and reproducibility of replicate minipreps

was 98.8% at the 1% FDR protein level. Label Free Quantitative proteomics was performed and 91.2%

of quantified proteins had a %CV <20% (2044/2241). Miniprep Assisted Proteomics can be performed

in minutes, shows low variability, high recovery and proteome depth. This suggests a significant role

for adventitious binding in developing new proteomics sample preparation techniques. MAP

represents an efficient, ultra-low-cost alternative for sample preparation in a commercially obtainable

device that costs ∼$0.50 (USD) per miniprep.
Introduction

Effective sample preparation prior to LC-MS based proteomics
requires the successful removal of all MS-incompatible reagents
and contaminants while achieving reproducible and complete
proteolytic digestion.1–3 Detergents, like sodium dodecyl sulfate
(SDS), are ideal for the solubilization of aggregates and hydro-
phobic membrane proteins and the complete denaturation of
polypeptides.4–6 However, detergents are typically incompatible
with enzymatic digestion, and can cause signal suppression,
adduct formation, column poisoning, and other instrumenta-
tion issues at even the smallest concentrations.7–9 Because of
this, many bottom-up proteomic preparations avoid the use of
detergents, leading to incomplete digests and poor
accuracy.10–12 Some methods utilizing SDS require time-
consuming or costly protocols to remove it via ion-exchange,
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ltration, or other means.13,14 Due to the growing use of SDS
in bottom-up proteomic workows, there is a need to develop
robust low-cost methods that incorporate SDS removal from
protein mixtures.

Filter-based methods are commonly used in bottom-up
preparations because they allow for reliable detergent removal
and protein isolation.15,16 Filters act as ‘reactor chambers’ where
proteins are stored, detergents are removed via buffer exchange,
and enzymatic digestion can occur (e.g. FASP).17 Early protocols
stored proteins on molecular weight cutoff (MWCO) lters.18,19

Repetitive washes with urea disrupts protein–SDS micelles, and
removes detergents and other harmful reagents as ow-
through.17,18 However, this process requires time-consuming
wash steps, and lters have shown to be inconsistent.20–22

More recent methods employ quartz or silica lters to trap
proteins from a ne suspension.23 Protein-trapping using
quartz or glass can be carried out in a fraction of the time and
effort required for MWCO preparations.24 These lters can be
costly, especially in resource-limited settings or when hundreds
of samples need analysis. Silica lter traps can be inexpensively
reproduced in-house for an ‘economical proteomics’
approach.25 However, these don't account for labor costs, and
This journal is © The Royal Society of Chemistry 2023
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inherit inconsistencies passed down in ‘home-built’ devices. At
present, no inexpensive; commercially available lter-trap for
proteomics exists.

Protein binding and adsorption to glass or silica surfaces is
well studied.26–28 These interactions occur rapidly and are
inuenced by temperature, pH, ionic strength, as well as the
biochemical properties of protein.29–32 Johnson et al., demon-
strated that at adequate ionic strength, precipitated protein will
readily and non-specically bind to glass beads for proteomics
sample preparation.33 The conditions that drive protein binding
to silica in solution appear similar to earlier strategies employed
to optimize nucleic acid binding to silica substrates. Nucleic
acid purications are facilitated by binding to a silica surface
bridged with lyotropic salts at a pH which maintains the
protonation state of silanes.34–36 We hypothesized the strategies
employed for nucleic acid purication via silica would readily
optimize for protein-binding and digestion, and the spin lters
used to purify nucleic acids can also be used to purify proteins
for bottom-up proteomic studies without alteration. This is
signicant to the eld, because spin lters used for DNA puri-
cation are commercially available, inexpensive, and potentially
offer quicker detergent and salt removal than traditional
bottom-up proteomic approaches.

In this study, we develop and optimize a strategy based on
the chemical properties of DNA binding to silica substrates and
instead utilize it to exploit adventitious protein binding to silica
for rapidly isolating proteins from a mixture prior to bottom-up
proteomic analysis. We are calling this method Miniprep
Assisted Proteomics (MAP). Samples are denatured, reduced
and alkylated in a buffered SDS solution before the addition of
ammonium acetate to increase the ionic strength prior to
binding on DNA Miniprep spin lters. In total it takes less than
15–30 minutes to prepare proteins for enzymatic digestion of
which only 1–3 minutes is spent loading and spinning the
minipreps. Sodium acetate, chlorate or guanidine thiocyanate
are examples of lyotropic salts more commonly used to mediate
DNA-silica binding, we investigated several of these including
kosmotropic salts (data not shown). We quickly selected
ammonium acetate as it is volatile and less hazardous than
other options.36 Ammonium acetate was buffered to pH 5
because proteins exhibit stronger binding to silica below their
isoelectric points.37

We determined the protein loading capacity, digestive effi-
ciency, and reproducibility of MAP as compared to S-Traps. S-
Traps are a benchmark trapping-methods for comparison and
have been demonstrated high proteomic coverage relative to
alternatives.38–41 Capacity was determined using digests of
bovine serum albumin (BSA) followed by MALDI-TOF MS
analysis and whole cell lysates of Escherichia coli (E. coli).
Precision, accuracy, and suitability were determined using
Escherichia coli (E. coli) lysates prepared with MAP and S-Traps
in parallel. Nano UHPLC-MS/MS and Label Free Quantica-
tion (LFQ) [Flash-LFQ] in MetaMorpheus of the resulting
peptide fragments was used to quantify protein yield and
reproducibility across technical and biological triplicate
samples.42,43 This is the rst work to provide quantitative
This journal is © The Royal Society of Chemistry 2023
analysis of inexpensive DNA Miniprep spin lters as tools for
lter-based protein digests.

Experimental
Reagents and equipment

LB broth and LB agar were from Amresco (Solon, OH). Urea was
from Teknova (Hollister, CA). LC-MS pure reagents (water,
ethanol, acetonitrile, and methanol) were purchased from J.T.
Baker (Radnor, PA). Gel-electrophoresis reagents were from Bio-
Rad (Berkley, CA). Iodoacetamide (IAA) was purchased from MP
Biomedicals (Solon. OH). All other reagents are from Sigma-
Aldrich (St. Louis, MO) unless specied. The gels used for
electrophoresis were from Genscript Biotech Corporation (Pis-
cataway, NJ). Separation occurred on a Mighty Small II from
Hoefer Inc. (Holliston, MA) and gels were imaged with a Bio-Rad
Gel-Doc EZ Imager. DNA Miniprep spin lters were purchased
from Bioneer Corporation (Oakland, CA) and the S-Trap mini
devices were from Proti (Huntington, NY). At the time of
publication 200 Miniprep columns from Bioneer have a US
price of $115 including DNA reagents and bulk miniprep
columns from Epoch Life Science (http://
www.epochlifescience.com/) can be obtained for $0.42 each
without reagents. Hydrophilic–lipophilic balance (HLB) solid
phase extraction (SPE) cartridges (10 mg) from Waters
(Milford, MA) were used to desalt peptide samples prior to
analysis on a Q-Exactive HF from Thermo Fisher Scientic
(San Jose, CA) or an ultraeXtreme MALDI-TOF from Bruker
Scientic LLC (Billerica, MA).

Bacteria culture and protein extraction

Single colonies of E. coli MG1655 were struck to LB agar and
incubated overnight at 37 °C. A single colony was selected and
placed into 5 mL of LB broth and incubated, shaking at 37 °C
overnight (250 rpm). Cells were diluted 1 : 100 with fresh LB
media in an Erlenmeyer ask and incubated until an OD600 0.5
was reached (∼3–4 hours). Cultures were centrifuged at 5000 ×

g for 10 min at 4 °C to pellet bacteria. LB broth was decanted
and the cell pellet was re-suspended in cold PBS before being
centrifuged again at 5000 × g for 10 min at 4 °C. This was
repeated again, and the cells were pelleted and stored at −80 °C
until lysis. The cell pellet was re-suspended in 1 mL of lysis
buffer consisting of 50 mM Tris HCl (pH 7.5), 150 mM sodium
chloride, 1 mM phenylmethylsulfonyl uoride (PMSF), 1% SDS,
and 0.1% Triton X-100. Cells were lysed with a bead beater
(BioSpec) in three thirty-second intervals with 0.5 mL 0.1 mm
zirconia beads. Samples were placed on ice between intervals.
Cells and debris were claried by centrifugation at 12 000 × g
for 12 min. Protein concentration was determined via BCA assay
(Thermo Scientic).

MAP sample preparation

Protein samples; 5 mg BSA or 1.0 mg E. coli lysate (capacity
experiments) (50 mg nLC-MS/MS) were dissolved in 50 mM
ammonium bicarbonate (ABC) and 6% SDS to ∼2 mg mL−1.
Proteins were reduced with 10 mM tris(2-carboxyethyl)
Anal. Methods, 2023, 15, 916–924 | 917
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phosphine (TCEP) and denatured at 95 °C for 3 min. Alkylation
was performed by addition of IAA to 10 mM and proceeded in
the dark for 30 min. Following alkylation, 1 : 10 v/v 5 M
ammonium acetate pH 5.0 was added (to 0.5 M) and 0.5–500 mg
of protein was aliquoted to separate microcentrifuge tubes.
Samples were diluted to maintain a constant volume of 50 mL in
50 mM ABC. A seven-fold further addition of 95 : 5 methanol :
500 mM ABC was performed to maximize non-specic
binding.33 Samples were then pipetted onto a Bioneer DNA
Miniprep spin column and centrifuged at 1200 × g for 30 s. The
ow-through was saved for PAGE analysis. Bound samples were
washed twice with the 95 : 5 methanol–buffer and spun as
above. Wash steps were collected for PAGE analysis. Trypsin was
resuspended in a 50 mM ABC buffer and added on the lter at
a 1 : 50 (enzyme : protein w/w) ratio, additional ABC was added
to cover miniprep (∼50 mL), then incubated for 8 hours at 37 °C.
Aer digestion, samples were centrifuged to collect ow-
through (1200 × g for 30 s) and peptides were further eluted
with washes of 100 mL 0.1% formic acid in water and 150 mL
0.2% formic acid in 1 : 1 acetonitrile and water. Peptide solu-
tions were concentrated to near dryness in a vacuum centrifuge
(SP Genevac miVac, Warminster, PA) and then re-suspended in
0.1% formic acid in water prior to desalting via solid phase
extraction (performed as in Cronin et al.)44 and dried prior to
mass spectrometric analysis.

Capacity testing/electrophoresis

Flow-through and washes were dried down in a vacuum
concentrator and resuspended in SDS-PAGE 5× sample loading
buffer. Tris-MOPS-SDS gels were used; 20 mL of sample was
loaded and 20 mL of intact BSA control (1 mg mL−1) or E. coli
lysate (1 mg mL−1) was loaded as a control. Electrophoresis
occurred at 150 V for 60 min. Gels were stained for 1 h with
Coomassie Brilliant Blue R-250 and le to destain overnight,
then imaged on a Gel-Doc EZ Image (BioRad).

Suspension trapping (S-Trap) sample preparation

50 mg E. coli lysate was prepared according to the manufac-
turer's instructions. Trypsin was resuspended in a 50 mM ABC
buffer and added on the lter at a 1 : 50 (enzyme : protein w/w)
ratio and incubated for 8 hours at 37 °C. Aer the digestion,
peptides were eluted according to the manufacturer's protocol
and vacuum centrifuged to dryness prior to desalting.

Solid phase extraction (SPE)

All samples were desalted prior to MS analysis with either C18

ZipTips or 10 mg HLB cartridges according to manufacturer's
instructions as in Smith et al. and Cronin et al.44,45 Samples were
dried prior to analysis and stored at −80 °C until re-suspension
for LC-MS/MS.

MALDI-TOF MS

0.25 mL of sample was spotted onto a stainless steel MALDI
target and then overlaid in 0.25 mL of a saturated a-cyano-4-
hydroxycinnamic acid (CHCA) in a 1 : 1 mixture of acetonitrile
918 | Anal. Methods, 2023, 15, 916–924
and water with 0.1% triuoroacetic acid. Data were acquired in
reectron mode with a mass range of 800–2100 m/z. 3000
spectra were summed per sample at a pulse rate of 500 Hz.
Peptide mass ngerprinting (PMF) was performed using Mascot
(Matrix Sciences) from peak lists generated in exAnalysis
(Bruker). Briey, smoothed and deisotoped peaks (2 : 1 S/N)
were subjected to PMF with the following parameters: bovine
proteome was the database, trypsin was the enzyme selected,
and our search was sensitive to two missed cleavage sites. We
searched with a mass tolerance of 60 ppm,46 carbamidomethy-
lation of cysteine was selected as a xed modication, and
oxidation of methionine as a variable modication.

Analysis via nano UHPLC-MS/MS

Dried digests were resuspended in 0.1% formic acid in water to
a concentration of 500 ng mL−1. 2 mL of solution was injected
onto a 100 mm × 100 mm C18 BEH reverse phase chromatog-
raphy column with an autosampler (nanoACQUITY, Waters
Corporation) as in Sun et al.47 Peptides were separated over a 90
minutes segmented gradient from 4–35% B (A=H2O + 0.1% FA,
B = acetonitrile + 0.1% FA) LC-MS/MS was performed on a Q-
Exactive HF mass spectrometer via electrospray ionization
(Thermo Fisher Scientic). Samples were collected in biological
triplicate, and data was acquired in technical triplicate injec-
tions using a TOP17 data-dependent method (DDA).48

Peptide-spectrum matching (PSM)

RAW les from technical and biological triplicates were pro-
cessed for peptide identication, protein inference, and false-
discovery rate using the MetaMorpheus search engine.42,43 An
E. coli FASTA from UniProt (proteome ID UP000000625) was
used with a common contaminant le. Data were rst cali-
brated prior to search (‘Traditional’) using the default param-
eters. For ‘Main’ search, additional parameters included
amaximum of twomissed cleavages, two variable modications
per peptide, and a minimum peptide length of seven amino
acids. The precursor mass tolerance was set to 5 ppm and the
product mass tolerance was set to 20 ppm. The ‘common’ xed
and ‘common’ variable modications were selected, and iden-
tications were ltered to a q-value of <0.01. RAW data les are
available through MassIVE p://massive.ucsd.edu/
MSV000088657/(p://MSV000088657@massive.ucsd.edu
password until publication <DNA4Prot>).

Results & discussion

In this study, we hypothesized that DNA Miniprep lters can be
used in bottom-up proteomics sample preparations with
similar efficacy to other widely-used tools in a method we are
calling MAP. To begin testing this, we digested an experimen-
tally relevant amount of a standard protein, BSA, on Minipreps
using the MAP protocol. MAP generated peptides were analyzed
via MALDI-TOF MS (ESI Fig. 1†). Resulting spectra were subject
to Peptide Mass Fingerprint (PMF) search using Mascot to
determine the efficacy of the digest.49,50 For all digested
samples, scores were nearly 3-fold higher than the signicance
This journal is © The Royal Society of Chemistry 2023
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threshold (<0.02) and sequence coverage was ∼45% or higher
(ESI Table 1†). The positive identication informed us that MAP
can be used for lter-based digestion of simple protein
mixtures.

In order to determine the capacity and recovery of Minipreps
we rst prepared a bulk suspension of denatured, reduced,
alkylated BSA, added ammonium acetate and aliquoted to 0–
500 mg then addition of MeOH : ABC buffer prior to loading on
Miniprep columns. Columns were microcentrifuged to bind;
then washed twice with a MeOH : ABC buffer to remove excess
salt and detergent. The combined ow-through and washes are
expected to contain any unbound protein due to the sample
exceeding lter capacity, or not binding. Combined flow-
through and wash samples were concentrated and analyzed
via SDS-PAGE (ESI Fig. 2†). We did not observe any break-
through of BSA at any measured concentration. Next, we
repeated this testing with a complex protein sample. Volume-
normalized aliquots of E. coli lysate from 0–500 mg were
loaded onto Minipreps and centrifuged. Flow-through samples
were analyzed by SDS-PAGE. No protein bands were visible from
the combined ow-through and wash samples (ESI Fig. 2†).
From this, we conclude that the columns effectively bind
protein in the presence of a lyotropic salt to at least 500 mg. The
capacity appears only limited by clogging of the lter-substrate
which would prevent extraction.

To test peptide recovery from mass-limited samples, we
digested sub-microgram amounts of protein using the MAP
protocol. 500 ng of BSA was prepared as previously described,
and peptides were again analyzed via MALDI-TOF MS, with the
resulting spectra searched using Mascot (ESI Fig. 1†). From the
500 ng digest, 28 peptides were identied resulting in a protein
score of 132 and 46% coverage (ESI Table 1†). From these data,
we conclude that the MAP is sufficient for mass-limited protein
samples.
Comparison of MAP and S-Trap

We sought to benchmark the performance of MAP to that of S-
Traps, a commercial suspension-trapping based proteomics
tool. 50 mg E. coli cell lysate was in triplicate was prepared and
bound to DNA Minipreps using our protocol and three S-Trap
minis following the manufacturer's protocol. The samples
Fig. 1 Experimental design. E. coli cell pellets were harvested and lyse
reduction and alkylation. Adventitious binding to the MAP was enhanced
by washing on both DNA miniprep purification columns (MAP) and S-T
desalted using SPE cartridges. Digests were analyzed by Nano UHPLC
quantitative proteomics of the raw data was performed.

This journal is © The Royal Society of Chemistry 2023
were digested with trypsin and eluted peptides were desalted
using SPE. Each sample was analyzed by nLC-MS/MS in tech-
nical triplicate. Peptide-spectral matching, protein inference
and Label Free Quantication (LFQ) was performed using
FlashLFQ in MetaMorpheus.42 Data were ltered to an FDR of
1.0% and exported as text for analysis. An overview of the
experimental design is visualized as Fig. 1.

Proteins were sorted from highest to lowest average intensity
and were counted as positively identied if they appeared in at
least two out of three technical replicates for a single sample.
Using these parameters, 2262 proteins were identied from all
samples. 2247 proteins were identied in the MAP digested
samples and 2082 proteins were identied from the S-Trap
digested samples. Of the 2262 total identied proteins, 2067
were found in both the MAP samples and the S-Trap samples.
180 proteins were unique to the MAP digests and 15 proteins
were unique to the S-Trap digests (Fig. 2A). To better visualize
the comparison, we generated a heat map of the proteins
organized from highest to lowest based on the log10 value of
their average LFQ intensities (Fig. 2B). More abundant
(log10(a.u.) >104) proteins appear in a shade of blue (darker
blues indicate higher LFQ abundance) while less abundant
(log10(a.u.) <10

4) proteins will appear yellow (dark yellow indi-
cating a low abundance or unidentied protein). Many of the
lower abundant proteins (log10(a.u.) < 104) are present in the
three S-Trap samples. There is signicant overlap in protein
identications between the two methods, however, overall
protein abundance is higher in the MAP protocol, particularly
among the lower-abundance proteome (Fig. 2B, proteins
>1500). Interestingly, measured abundance of the most abun-
dant proteins in the lysate were higher in the S-Trap digested
samples (Fig. 2B, darker blue proteins 1–250). This is also re-
ected in ESI data Fig. 3.† From this data we conclude MAP
successfully recovers proteins without signicant bias from
abundance.

We next applied this analysis to the measured and identied
peptides. 29 854 unique peptide spectral matches (PSM) were
identied across both methods ltered to a 1% FDR. 29,442
(98.6%) peptides were identied with MAP and 23 499 (78.7%)
were identied with S-Traps. 23 087 (77.3%) peptides were
shared between both lter methods. 6355 (21.3%) peptides were
d in a buffer containing 1% SDS. Additional SDS was added prior to
with ammonium acetate, contaminants and detergents were removed
rap minis. Proteins were digested with trypsin; peptides collected and
-MS/MS. Peptide spectral mass-matching and FLASH LFQ label free

Anal. Methods, 2023, 15, 916–924 | 919
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Fig. 2 Protein and peptide identifications for each digestion method. (A) Venn diagrams of the overlap of protein (left) or peptide (right)
identifications for the filter digestion methods. Overlap between the two methods is significant. 180 of 2262 proteins were identified uniquely to
MAP vs. 15 to S-Trap. (B) Heatmap of all proteins identified fromMAP or S-Trap approaches ordered by decreasing LFQ intensity. Each column is
the average of three technical replicates. Minipreps more consistently detect proteins from the lowest abundances determined from LFQ.
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unique to the MAP and 412 (1.4%) peptides were unique to S-
Traps (Fig. 2A).
Reproducibility

In order to assess the reproducibility of the MAP method we
performed technical and biological replication and analyzed
that data. Fig. 3A shows protein alignment between triplicate
sets of replicates for MAP (le) and benchmark digestion (right)
scored as described in experimental methods. We plotted the
overlap of protein identications for the replicate injections for
either method. In terms of identications, both methods were
highly reproducible. Of the 2247 proteins identied with MAP,
2220 (98.8%) were identied in all three samples. Of the 2082
Fig. 3 Reproducibility of protein identifications from filter approaches. (A
method, shown by Venn diagrams depicting protein overlaps for each
sample for either filter method based on the coefficient of variation (CV

920 | Anal. Methods, 2023, 15, 916–924
proteins identied with S-Traps, 2008 (96.5%) were identied in
all three samples, demonstrating both methods are largely
reproducible at the protein level. From these data, we conclude
that Minipreps are highly reproducible (98.8% protein replica-
tion) and nearly identical to suspension based proteomics
preparation (96.5%). Fig. 2B also illustrates the reproducibility
between biological replicates; the majority of visible points in
the heat map align across all three biological replicates. Next,
the coefficient of variation (CV) was calculated for both digest
methods to determine statistical run-to-run reproducibility. CVs
for each digest method were calculated from (LFQ abundance)
of individual proteins with each sample's replicate injections.
These CVs were then averaged for each biological sample to
) The reproducibility of protein identifications per sample for either filter
biological replicate. (B) The reproducibility of protein abundance per
) of LFQ intensities.

This journal is © The Royal Society of Chemistry 2023
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determine an overall CV for both approaches. The average CV
for S-Traps was 17.64% (SD for all reps �0.63) and for MAP it
was 8.48% (�0.87). The run-to-run variability was signicantly
lower for MAP (Ftest ⌠ >1.00 @ 95%CI), but both methods
produced proteins with the majority of CVs below 20% (Fig. 3B).

Missed cleavages (MC) were also calculated for the MAP
method and compared to the benchmark. For MAP digests,
63.45% � 1.33% of the reported peptides had 0 MC, 32.02% �
0.95% reported 1 MC and 4.53% � 0.37% had 2. S-Traps were
nearly identical with 63.88% � 1.75%, 31.03% � 0.69%, and
5.08% � 1.10% respectively. These are not signicantly
different (t-test = >0.50).

LFQ intensities of proteins from each digestion method were
plotted against each other (ESI Fig. 3†). The correlation between
lter methods showed a strong linear trend, having an R2 value
of 0.80 (ESI Fig. 3†). Both methods demonstrate low variability
between runs, and are highly reproducible as 91% of proteins
were identied in all biological replicates for either method,
and >96% were identied in all replicates within an individual
method. There is a strong linear correlation between individual
intensities from both preparation methods. Higher LFQ protein
abundance is observed in a greater number S-Trap based
preparation (‘above the line’ ESI Fig. 3†). Interestingly these are
almost exclusively from proteins with reported LFQ intensities
>5 × 105; which corresponds to the blue abundances reported
in Fig. 2B. There is no overall bias in recovered abundances of
proteins from Miniprep prepared proteomics samples. This
further demonstrates DNA Miniprep spin lters as a useful tool
for bottom-up proteomic experiments.

In order to describe the origin of potential difference in
recovered protein abundance across MAP and S-Traps, we
visualized our data using a volcano plot (Fig. 4A) and predicted
MW and pI (Fig. 4B). For each protein, signicance values (y-
Fig. 4 Predicted pI and MW distributions of statistically enriched and mi
differential protein expression is highlighted in magenta increased in Mini
Hochberg). (B) Scatter plot of the molecular weight (MW) vs. predicte
differential expression between the twomethods are indicated with mage
solely detected in one method only are indicated as green (undetected

This journal is © The Royal Society of Chemistry 2023
axis) are reported as the −log10 value of a p-value determined by
t-test (Benjamini Hochberg corrected to a 0.05 FDR).51 The x-axis
is LFQ abundance from average S-Trap protein intensity divided
by its corresponding average MAP intensity (log2). Signicance
of −log10 (p-value) >1.50, seen in the dotted lines. 429 proteins
were found to be at over two-fold intensity on S-Traps relative to
MAP (blue). 368 proteins (magenta) were more abundant in
MAP. There is a narrow distribution of log2 fold change ratio,
with 60% of all proteins identied showing little or no statistical
difference. This indicates that while there are proteins that are
selectively enriched by either lter, the majority remain statis-
tically unchanged.

We hypothesized that biochemical characteristics of the
proteins might explain differences in abundance.52–54 To char-
acterize proteins that are undetected or enriched by a certain
lter, we plotted the molecular weight of all proteins against
their theoretical isoelectric points (Fig. 4B). These data points
are color-coded for their properties. Proteins enriched by S-
Traps are blue, enriched by MAP are magenta, exclusively
found with S-Traps are green, and exclusively found with MAP
are orange. All other proteins were labeled white. Proteins that
were enriched and only detected with MAP are signicantly
smaller than those from other conditions (31.37 kDa). Proteins
that were only detected with S-Traps are more basic (theoretical
pI= 7.16) than the non-enriched or MAP enriched proteins (pI's
of 6.25 and 6.36 respectively). One conclusion that is consistent
with this observation is that DNA minipreps, which purify
highly acidic nucleic acid, might have biases against basic
proteins. This might be demonstrated for a specic example,
but we observe no biases for or against the ribosomal proteins,
which are both abundant and highly basic, and might be ex-
pected to magnify that difference.54 We next performed GO
Gene Ontology enrichment analysis for the 161 and 97 proteins
ssed proteins. (A) Volcano plot of fold-change S-Trap/MAP. Significant
prep or blue increased in S-Trap (significance=−log10 >1.5 Benjamini–
d isoelectric point (pI) of observed proteins. Proteins with significant
nta (increase in Miniprep) or blue (increase in S-Trap). Proteins that are
in Minipreps) or brown (undetected in S-Traps).
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>log2 2.0 for both S-Trap and MAP respectively as compared to
the E. coli genome (http://geneontology.org/). For proteins >4-
fold enriched in S-Trap based proteomics we observed a 7.94–
11.18-fold enrichment (p = 5.84 × 10−6–4.61 × 10−5) in the
biological process of DNA duplex unwinding/chromosome
organization (28 proteins expected 2.96). This enrichment is
nearly identical if we also include proteins exclusively identied
in S-Trap preparations. We observe no statistical enrichment in
any GO category for proteins signicantly represented in Mini-
prep proteomics. Based on these data we conclude that there
might be a small recovery bias against certain categories of
nucleic acid binding proteins, but overall recovery across all
functional, abundance and cellular localization data is excellent
and exhibits no measureable bias.
Conclusions

“Economical proteomics” suggests there is a desire in the eld
for more affordable yet reliable tools for bottom-up proteomics
sample preparation. Past research in this eld has focused on
self-assembled ‘in-house’ lter tools to create inexpensive and
reusable devices. In this work, we conclusively demonstrate that
a more cost-effective alternative already exists. MAP, which
utilizes inexpensive DNA miniprep consumables used in large
quantities for nucleic acid purication, is capable of binding
protein for bottom-up proteomics sample preparation, and
signicantly reduces the cost and time associated with bottom-
up proteomics sample preparation. We exploit the adventitious
binding of proteins for silica-base materials and optimized it
using a priori knowledge of nucleic acid purication protocols.
Quantitative protein yield as determined by normalized LFQ
data and reproducibility between runs as determined by the CV
prove that MAP is a reliable method of sample preparation. This
is signicant because the DNA Miniprep spin lters used in
these experiments can be obtained in bulk for cents as opposed
to dollars, and the protocols are less time-consuming than other
approaches like FASP or in-gel digests. Future work can be
dedicated to optimizing a procedure or adapting existing
protocols for these lters in bottom-up studies.
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