
CHAPTER THREE

Use of tandem affinity–buffer
exchange chromatography
online with native mass
spectrometry for optimizing
overexpression and purification
of recombinant proteins
Stella M. Laia,b,c, Pankajavalli Thirugnanasambanthama,b,†,
Vaishnavi Sidharthana,b,†, Andrew S. Norrisa,b,c,‡, Jamison D. Lawa,b,d,‡,
Venkat Gopalana,b,d,∗, and Vicki H. Wysockia,b,c,d,∗
aDepartment of Chemistry and Biochemistry, The Ohio State University, Columbus, OH, United States
bCenter for RNA Biology, The Ohio State University, Columbus, OH, United States
cResource for Native Mass Spectrometry-Guided Structural Biology, The Ohio State University, Columbus,
OH, United States
dOhio State Biochemistry Program, The Ohio State University, Columbus, OH, United States
∗Corresponding authors: e-mail addresses: gopalan.5@osu.edu; wysocki.11@osu.edu

Contents

1. Introduction 38
2. Materials 41

2.1 Recombinant protein overexpression in Escherichia coli 41
2.2 Preparation and SDS-PAGE analysis of cell lysates 42
2.3 Tandem immobilized metal affinity-buffer exchange chromatography

online with native mass spectrometry (IMAC-OBE-nMS) 42
2.4 Software-based analysis of IMAC-OBE-nMS data 44

3. Methods 44
3.1 Recombinant protein overexpression in Escherichia coli 44
3.2 Preparation and SDS-PAGE analysis of cell lysates 45
3.3 Tandem immobilized metal affinity-buffer exchange chromatography

online with native mass spectrometry (IMAC-OBE-nMS) 46
3.4 Software-based analysis of IMAC-OBE-nMS data 48

4. Notes 50

† These authors contributed equally to this work as second authors.
‡ These authors contributed equally to this work as third authors.

Methods in Enzymology, Volume 659 Copyright # 2021 Elsevier Inc.
ISSN 0076-6879 All rights reserved.
https://doi.org/10.1016/bs.mie.2021.07.007

37

https://doi.org/10.1016/bs.mie.2021.07.007


5. Discussion 58
5.1 Salmonella AsnA and AsnB 59
5.2 Homo sapiens GalT 62
5.3 Methanocaldococcus jannaschii HARP 64

6. Summary 66
Acknowledgments 67
Conflict of interest statement 67
References 67

Abstract

Purification of recombinant proteins typically entails overexpression in heterologous
systems and subsequent chromatography-based isolation. While denaturing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis is routinely used to screen a variety
of overexpression conditions (e.g., host, medium, inducer concentration, post-induction
temperature and/or incubation time) and to assess the purity of the final product, its
limitations, including aberrant protein migration due to compositional eccentricities
or incomplete denaturation, often preclude firm conclusions regarding the extent of
overexpression and/or purification. Therefore, we recently reported an automated liquid
chromatography–mass spectrometry-based strategy that couples immobilized metal
affinity chromatography (IMAC) with size exclusion-based online buffer exchange
(OBE) and native mass spectrometry (nMS) to directly analyze cell lysates for the pres-
ence of target proteins. IMAC-OBE-nMS can be used to assess whether target proteins
(1) are overexpressed in soluble form, (2) bind and elute from an IMAC resin, (3) oli-
gomerize, and (4) have the expected mass. Here, we use four poly-His-tagged proteins
to demonstrate the potential of IMAC-OBE-nMS for expedient optimization of over-
expression and purification conditions for recombinant protein production.

1. Introduction

In vitro structure–function studies and biotherapeutic initiatives rely

heavily on the ability to overexpress and purify large quantities of recombi-

nant proteins of interest to near-homogeneity. Typically, well-characterized

and cost-effective heterologous overexpression systems such asEscherichia coli

are used for protein production. Column-based chromatographic separation

strategies are then used to exploit intrinsic properties of target proteins (e.g.,

isoelectric point, hydrophobicity ( Jungbauer & Hahn, 2009; McCue,

2009)) and/or genetically engineered affinity tags (e.g., poly-His-tags

(Structural Genomics Consortium et al., 2008)) to separate proteins of inter-

est from host cell proteins.While this workflow has enabled biochemical and

biophysical characterization of numerous proteins from organisms in all

three domains of life, some proteins remain challenging to overexpress in
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non-native hosts for a variety of reasons. Factors range from host cell trans-

lation issues (e.g., rare codon usage, translation rates that cause misfolding) to

target protein attributes (e.g., poor solubility, propensity to aggregate, cel-

lular toxicity (Francis & Page, 2010; Lebendiker & Danieli, 2014; Rosano &

Ceccarelli, 2014)).

To study previously uncharacterized proteins, it is common to perform

small-scale pilot overexpression experiments in which conditions are indi-

vidually varied to assess their effect on the overall yield of soluble protein.

Along with traditional overexpression optimization strategies, like titrating

inducer concentrations or changing post-induction temperatures and incuba-

tion times, genetically engineered overexpression strains (e.g., E. coli SixPack

cells (Lipinszki et al., 2018)), supplemented growth media (e.g., Terrific

Broth (Tartof & Hobbs, 1987)), Dynamite medium (Taylor, Denson, &

Esposito, 2017)), and co-expressed molecular chaperones (e.g., GroESL,

DnaK, GrpE, ClpB (de Marco, 2007)) offer possibilities for improving the

yield of otherwise poorly overexpressed or misfolded recombinant proteins.

Outcomes of these pilot tests, some of which are depicted in Fig. 1, are typ-

ically evaluated using sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) (Laemmli, 1970). SDS-PAGE is an inexpensive and

routinely used method that can provide a rapid readout on whether a protein

has been successfully overexpressed and is approximately the correct molec-

ular weight, thereby facilitating the identification of optimal overexpression

conditions. However, SDS-PAGE is not without its limitations. For example,

misidentification can occur if proteins migrate in a manner inconsistent

with their predicted molecular weight due to either amino acid composition

(e.g., a high proportion of charged residues) or truncation (Guan et al., 2015;

Shi et al., 2012; Verheijen, Salden, & van Venrooij, 1996). Additionally, the

Fig. 1 Potential outcomes of recombinant protein overexpression. [Protein structure:
PDB 3NVI (Xue et al., 2010).]
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presence of a band corresponding to a poorly overexpressed target protein

may be obscured by high background from the presence of an abundant host

cell protein that may co-migrate with the protein of interest. These challenges

are compounded by the abovementioned difficulties associated with recom-

binant protein overexpression, and multiple rounds of troubleshooting and

optimization are often required to maximize the yield of pure recombinant

protein. Thus, robust and sensitive methods that are complementary to

SDS-PAGE are needed to help rapidly identify suitable protein over-

expression and purification conditions.

Advances in mass spectrometry (MS)-based methods have enabled the

characterization of macromolecules under “native” conditions that preserve

non-covalent interactions. For example, offline direct-infusion nano-

electrospray ionization (nano-ESI) has been successfully employed to

directly analyze proteins and their interactions in crude cell lysates (Ali &

Imperiali, 2005; Ben-Nissan et al., 2018; Catcott, Yan, Qu, Wysocki, &

Zhou, 2017; Vimer, Ben-Nissan, & Sharon, 2020a, 2020b). We recently

developed an automated online method that utilizes liquid chromatography

(LC)-driven separation strategies to couple immobilized metal affinity chro-

matography (IMAC) with size exclusion-based online buffer exchange

(OBE) and native MS (nMS) for screening overexpressed target proteins

in cell lysates with minimal sample preparation (see Fig. 2 for instrument

setup) (Busch, VanAernum, Lai, Gopalan, & Wysocki, 2021; VanAernum

et al., 2020). IMAC-OBE-nMS allows for the specific enrichment of

poly-His-tagged proteins in cell lysates, simultaneous removal of endo-

genous host cell proteins, and buffer exchange into non-denaturing,

MS-compatible solutions (e.g., ammonium acetate). Solutions containing

volatile electrolytes are typically used to transfer intact species from the solu-

tion phase to the gas phase for nMS analysis and have been shown, either

alone or with charge-reducing reagents, to preserve non-covalent inter-

and intramolecular interactions for a variety of macromolecular species

and complexes (Heck & van den Heuvel, 2004; Hernández & Robinson,

2007), though there are exceptions (e.g., Agasid, Sørensen, Umer,

Yan, & Robinson, 2021; Xia, DeGrandchamp, & Williams, 2019).

In this chapter, we describe how to use IMAC-OBE-nMS to streamline

assessment of cell lysates for successful protein overexpression and

IMAC-based purification to determine whether target proteins (i) are over-

expressed in a soluble form, (ii) bind to and elute from an IMAC column,

(iii) are present as monomers or higher-order oligomers, and (iv) have the
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expected mass. The high mass accuracy of nMS provides a decisive advan-

tage over other methods, including SDS-PAGE, when verifying the identity

of an overexpressed protein of interest. To highlight the advantages of

such an approach, we conducted pilot overexpression trials with four

proteins under an assortment of conditions (see Table 1 for more details).

In each case, IMAC-OBE-nMS either successfully identified the protein

of interest or provided insights about the overexpressed protein that could

not be gleaned from SDS-PAGE analysis alone (see Section 5). Thus, both in

this chapter and our previous report on the development of this method

(Busch et al., 2021), we show that IMAC-OBE-nMS can successfully cap-

ture and characterize a variety of poly-His-tagged proteins in cell lysates.

While we focus on E. coli here as our overexpression host of choice (given

its widespread use), IMAC-OBE-nMS may be readily adapted for screening

protein overexpression conditions with any suitable overexpression host.

2. Materials

Prepare all solutions using analytical-grade reagents and ultrapure

water (ddH2O) that has been reverse osmosis-filtered or double distilled/

deionized to a resistivity of 18.2MΩcm at 25 °C. Store all prepared reagents
and solutions at room temperature (RT; �22 °C) unless otherwise

stated below.

2.1 Recombinant protein overexpression in Escherichia coli
(1) Overexpression plasmids encoding poly-His-tagged proteins of inter-

est (see Notes 1 and 2).

(2) E. coli competent cells suitable for the protein of interest.

(3) Lysogeny broth (LB): combine 10g tryptone, 5g yeast extract, and

either 0.5, 5, or 10g NaCl (see Note 3) in a final volume of 1L

ddH2O, and sterilize by autoclaving for 20min at 121°C.
(4) LB-agar plate: combine 1.5g agar per 100mL LB medium, sterilize by

autoclaving for 20min at 121 °C, and cool before adding appropriate

antibiotics and pouring into Petri dishes (see Notes 4 and 5).

(5) Equipment and materials for competent cell transformation.

(6) Temperature-controlled shaker.

(7) Overexpression media, such as:

i. LB medium: see (3) above
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ii. Terrific Broth medium (Cold Spring Harbor Laboratory, 2006;

Tartof &Hobbs, 1987): combine 12g tryptone, 24g yeast extract,

and 4mL 100% (v/v) glycerol in a final volume of 900mL

ddH2O, sterilize by autoclaving for 20min at 121 °C, and allow

media to cool to �60 °C before adding 100mL sterile phosphate

buffer (0.17M KH2PO4, 0.72M K2HPO4) (see Note 6).

iii. Dynamite medium (Taylor et al., 2017): combine 12g tryptone,

24g yeast extract, 6.3mL 100% (v/v) glycerol, 3.8g KH2PO4,

12.5g K2HPO4, 5g glucose, and 0.195g anhydrous MgSO4 in

a final volume of 1L ddH2O, and sterilize by autoclaving for

20min at 121°C (see Note 7).

(8) Optional. 40% (w/v) glucose: dissolve in ddH2O, and filter sterilize

using a 0.22μm membrane filter (see Note 8).

(9) 1M isopropyl-β-D-1-thiogalactopyranoside (IPTG): dissolve in auto-

claved ddH2O, and store at -20 °C until use.

(10) Spectrophotometer or cell density meter (e.g., Biowave cell density

meter CO8000).

2.2 Preparation and SDS-PAGE analysis of cell lysates
(1) 1X phosphate-buffered saline (1X PBS): dissolve commercially avail-

able tablets in ddH2O per manufacturer’s instructions, and filter sterilize

using a 0.22μm membrane filter (see Notes 9 and 10).

(2) Ethylenediaminetetraacetic acid-free protease inhibitor (see Note 11).

(3) Probe-based sonicator (see Notes 12 and 13).

(4) Refrigerated microcentrifuge.

(5) 96-well plate or LC vials (see Note 14).

(6) Equipment and materials for SDS-PAGE.

2.3 Tandem immobilized metal affinity-buffer exchange
chromatography online with native mass spectrometry
(IMAC-OBE-nMS)

LC-MS solutions, includingmobile phases and wash solutions, should be pre-

pared using ddH2O (as defined above) and LC-MS-grade reagents (where

possible) and then purified through a 0.22μm membrane filter and degassed

prior to use (seeNotes 15 and 16). The general IMAC-OBE-nMS instrument

setup is depicted in Fig. 2A while a detailed view of the dual switching valve

system is shown in Fig. 2B.

(1) ddH2O, or mobile phase A.
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Fig. 2 Recombinant protein overexpression and characterization using IMAC-OBE-nMS. (A) General workflow and instrument setup.
(B) Schematic of dual six-port switching valve system, which has two positions: “Load” (blue) and “Elute” (red). See Section 3.3.2 for more
details. Adapted from Busch, F., VanAernum, Z. L., Lai, S. M., Gopalan, V., & Wysocki, V. H. (2021). Analysis of tagged proteins using tandem
affinity-buffer exchange chromatography online with native mass spectrometry. Biochemistry. doi:10.1021/acs.biochem.1c00138, with permission
from ACS Publications.



(2) 1M ammonium acetate, or mobile phase B: use the highest-grade

ammonium acetate (�99.99% trace metals basis; e.g., Sigma-Aldrich,

cat. no. 431311) where possible.

(3) 10% (v/v) methanol for the seal, pump, and syringe washes.

(4) 5M imidazole.

(5) Water bath sonicator or vacuum pump for degassing LC-MS solutions

(see Note 16).

(6) Analytical flow Ultra-High Performance LC (UHPLC) system

equipped with an autosampler, dual pump, and two six-port switching

valves (see Notes 17 and 18 as well as Fig. 2B).

(7) ProPac IMAC-10 column (1mm�50mm, 1.7μm; Thermo

Scientific, cat. no. 063617) or similar LC-compatible IMAC column:

the column must be charged with Ni2+ (see Note 19) per manu-

facturer’s instructions prior to use (see Notes 20 and 21).

(8) Size-exclusion-based desalting column (OBE column; see Note 22).

(9) Resistor tubing (75μm internal diameter, 650mm length; see

Note 23).

(10) Mass spectrometer optimized for ion transmission and detection over a

wide m/z range and under native conditions.

(11) ESI source with a heated electrospray ionization (HESI) probe and a

high-flow metal needle (100μm inner diameter).

(12) Any poly-His-tagged protein for initial calibration of the switching

valve divert time and routine quality control.

2.4 Software-based analysis of IMAC-OBE-nMS data
(1) Xcalibur (Thermo Scientific)—used to analyze chromatograms and mass

spectra collected using theQExactiveUHMR (Ultra-HighMassRange)

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific).

(2) MS deconvolution software (see Note 24).

3. Methods

3.1 Recombinant protein overexpression in Escherichia
coli

Overexpression conditions (e.g., host, medium, inducer concentration,

post-induction temperature and/or incubation time) may be varied as

desired to maximize soluble target protein overexpression.
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(1) Transform 1–10ng overexpression plasmid into �50μL E. coli compe-

tent cells, and allow cells to recover in 150–500μL LBmedium at 37 °C
with shaking for 1h before streaking or spreading an aliquot of the

transformation sample on a pre-warmed LB-agar plate. Incubate the

plate at 37 °C overnight (�16h).

(2) Prepare overnight seed cultures using appropriate antibiotics (see

Note 5), and (optional) supplement with glucose to trigger catabolite

repression and inhibition of basal expression of the target protein during

overnight growth (see Note 8). Use aseptic technique to inoculate

the culture with a single, isolated colony, and incubate at 37°C with

shaking overnight (�16h).

(3) Prepare pilot overexpression cultures of the desired volume (see

Notes 25 and 26) and media using appropriate antibiotics, and inoculate

with 1:100 dilutions of the overnight seed cultures. Grow at 37 °Cwith

shaking to a final optical density (OD600) �0.6–0.8 (i.e., log phase of

E. coli cell growth).

(4) Divide each culture evenly to generate a pair of “uninduced” and

“induced” samples for each test overexpression condition.

(5) Induce protein overexpression by adding a sufficient volume of

IPTG to each “induced” sample to achieve the desired final concen-

tration, and grow each pair of “uninduced” and “induced” over-

expression cultures at specific temperatures with shaking for defined

time periods.

(6) Harvest final “uninduced” and “induced” samples by centrifugation

(see Note 26), discard supernatants, and immediately store cell pellets

at either -20 °C or -80 °C (for short- and long-term storage, respec-

tively) until use (see Note 27).

3.2 Preparation and SDS-PAGE analysis of cell lysates
(1) Immediately prior to cell resuspension, add protease inhibitor to the

lysis buffer for a final concentration of 1X (see Note 11).

(2) Add one-tenth culture volume of protease inhibitor-supplemented lysis

buffer to each cell pellet (e.g., 500μL to a 5-mL cell pellet; see Notes

28 and 29), and pipette up and down to completely resuspend cells.

(3) Incubate the resuspended samples on ice for 10min to allow the cells to

swell, thereby facilitating more efficient cell lysis using physical disrup-

tion methods.
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(4) Use a probe-based sonicator (see Notes 12, 13, and 29) to individually

lyse each resuspended overexpression sample. Keep the sample on ice

at all times to avoid overheating.

(5) Centrifuge crude cell lysates (20,000x g; 30min; 4 °C) to remove

cellular debris and insoluble components, and transfer the soluble frac-

tions (i.e., supernatants) to a 96-well plate or individual LC vials for

immediate IMAC-OBE-nMS analysis.

(6) Perform SDS-PAGE analysis of post-induction samples at sequential

stages of processing: whole-cell sample following overexpression,

whole-cell crude lysate post-sonication, and soluble fraction post-

centrifugation, all boiled in SDS-PAGE sample loading dye. Adjust poly-

acrylamide gel percentages based on the expected molecular weights of

target proteins.

3.3 Tandem immobilized metal affinity-buffer exchange
chromatography online with native mass spectrometry
(IMAC-OBE-nMS)

For all IMAC-OBE-nMS experiments, the mobile phase should be

maintained at a constant flow rate of 100μL/min (see Note 30). While the

ammonium acetate concentration in the mobile phase may require optimiza-

tion, 200 and 500mM appear well-suited for a wide range of proteins.

3.3.1 Instrument setup
(1) Connect the UHPLC system, IMAC column, switching valves, OBE

column, resistor tubing, ESI source with a HESI probe, and mass spec-

trometer as shown in Fig. 2. Purge both pumps after connecting mobile

phase A (ddH2O) and B (1M ammonium acetate) to remove any air

bubbles from the system. Equilibrate the systemwith the desired mobile

phase concentration (e.g., 200 or 500mM ammonium acetate) until the

spray current on the mass spectrometer is near constant (usually

�15min at 100μL/min, depending on the volume of the system). In

the meantime, cool the autosampler to 4 °C to minimize protein deg-

radation during IMAC-OBE-nMS analysis, and verify that all fittings

are tightly connected and leak-free.

(2) Use the parameters outlined in Tables 2 and 3 to set up two LC-MS

methods in the instrument method manager: “Load” and “Elute.”

A switching valve divert time will be added to the “Elute” method after
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it has been empirically determined as described below in Section 3.3.2

(see Note 30). Adjust other settings as needed for detection of target

proteins, and include a syringe wash before each sample injection

(e.g., wash mode: after draw; wash time, 10 s; wash speed, 20μL/s).

3.3.2 Calibration of the switching valve divert time
The switching valve divert time refers to the time at which the valves begin

to divert flow to waste following protein elution from the IMAC column

(see Note 30).

(1) Load an aliquot of 5M imidazole into a single well of a 96-well plate or

an LC vial. In another well or vial, load an aliquot of poly-His-tagged

protein (�2–4μg) (see Note 31).

(2) Load the 96-well plate or LC vials into the pre-cooled autosampler, and

use the “Load” and “Elute” methods from step 2 of Section 3.3.1 to

inject, elute (using the 5M imidazole), buffer exchange, and analyze

the sample.

(3) The dual switching valve system has two positions: “Load” and “Elute”

(see Fig. 2B).

a. When both switching valves are in the “Load” position, the

poly-His-tagged protein is injected from the autosampler onto

the IMAC column. Pump L (left) directs the IMAC flow-through

to waste and washes the column with ammonium acetate mobile

phase, effectively removing any unbound proteins and non-

volatile species from the system. Meanwhile, Pump R (right)

washes the downstream OBE column with mobile phase to

prepare for subsequent OBE.

b. Following sample injection, mobile phase is washed over both

columns for 6min.

c. When both switching valves are in the “Elute” position and the mass

spectrometer is set to begin acquisition upon injection, 3μL 5M

imidazole is injected from the autosampler. Pump L pushes the

IMAC column eluate to the OBE column, which separates the sam-

ple from imidazole and non-volatile salts prior to detection by nMS.

d. Following a 2-min MS acquisition time, mobile phase is washed

over both columns for an additional 8min.

(4) Upon initiation of the “Elute” method, monitor the total ion chro-

matogram closely. The poly-His-tagged protein will elute from the
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OBE column first, followed by imidazole. When the imidazole peak

begins to elute from the column, change both switching valves back

to the “Load” position, stop mass spectral acquisition, and turn off

the electrospray voltage to avoid introducing additional imidazole into

the mass spectrometer. Note the elution time of the protein and imid-

azole peaks (see Note 32). The selected switching valve divert time

should precede the elution time of the latter imidazole peak.

(5) Edit the “Elute” method from step 2 to include the selected divert time;

the upper switching valve should now be programmed to change from

the “Elute” (1_2) to “Load” (6_1) position before imidazole begins to

elute from the OBE column.

3.3.3 IMAC-OBE-nMS analysis of overexpression samples
(1) Before beginning each sequence, perform a test run with a poly-

His-tagged protein (or protein standard; see Note 31) to ensure that

the system is calibrated properly and running smoothly.

(2) To screen for poly-His-tagged proteins of interest, use the updated

“Load” and “Elute” methods (see Sections 3.3.1–3.3.2 and Table 3)

to analyze “induced” overexpression samples (see Note 33). To analyze

unbound proteins (e.g., host cell proteins), use the “Elute” method in

place of the “Load” method to inject the sample (instead of imidazole)

and analyze the IMAC column flow-through.

(3) Monitor the system backpressure over the course of successive runs.

Increasing backpressure could indicate that proteins have aggregated

and/or remain bound to the column. Backpressure that exceeds man-

ufacturer’s recommendations is detrimental to the integrity and perfor-

mance of the column. Strip and recharge the column with Ni2+ per

manufacturer’s instructions.

3.4 Software-based analysis of IMAC-OBE-nMS data
Provided below is a brief overview of how to use UniDec andMetaUniDec

software (Kostelic & Marty, 2020; Marty et al., 2015); see Note 34 for the

UniDec parameters used in this study to generate waterfall plots and bar

charts for Figs. 3–6.
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3.4.1 Data analysis using UniDec
(1) Load a mass spectrum into UniDec by selecting one of the options in

the “File” dropdown menu or by manually pasting a spectrum list into

the program using Control+g.

(2) Select one of the available options under “Presets” in the “File”

dropdown menu. Alternatively, the options under the “Additional

Data Processing Parameters” menu on the right side can be customized

according to the user’s preferences.

(3) Under “Data Processing”, set the m/z range, and select “Process Data”.

(4) Under “UniDec Parameters”, set wide ranges for “Charge Range” and

“Mass Range” to account for all species present in the sample. Then

select “Run UniDec” to begin deconvolving the spectrum.

(5) After deconvolution is complete, the fitted data (shown in red) should

overlay and align well with the raw mass spectrum in the “MS Data v.

Fit” tab. To improve data fitting (if needed), adjust the “Peak FWHM

(Th)” under “Additional Deconvolution Parameters”. A deconvol-

ved zero-charge mass spectrum can be found under the “Mass

Distribution” tab.

(6) Under “Peak Selection and Plotting”, choose an appropriate “Peak

Detection Range (Da)” (i.e., the mass range between peaks in Da)

and “Peak Detection Threshold” (i.e., the minimum relative intensity

for peak identification). Click “Peak Detection”.

(7) To label identified peaks in the deconvolved zero-charge mass spec-

trum, select “Plot Peaks”.

(8) Additional data analysis options may be found under the “Tools”,

“Analysis”, “Advanced”, and “Experimental” dropdown menus.

(9) Save processed spectra as PDF, EPS, or PNG files using the “Save

Figure Presets” option from the “File” dropdown menu.

3.4.2 Data analysis using MetaUniDec
MetaUniDec can be used to simultaneously batch process multiple spectra.

(1) Open the HDF5 Import Wizard in the UniDec launcher window.

(2) Navigate to the folder containing the files of interest, select each spec-

trum to be imported, and click “Add”. Repeat until all of the spectra to

be deconvolved have been added to the HDF5 file list. Designate
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variables and, if desired, an averaging time window for each spectrum

before selecting “Load to HDF5 File” to save the HDF5 file.

(3) Open MetaUniDec and the HDF5 file generated in step 2.

(4) Batch process the spectra in a similar manner as described above in

Section 3.4.1 for a single spectrum.

(5) When deconvolution is complete, a waterfall plot can be generated

(select “Waterfall Plot” in the “Experimental” dropdown menu) to

facilitate comparison of the m/z or deconvolved mass data across

multiple conditions in a single plot.

(6) Adjust the “Data Type”, “Elevation”, and “Azimuth” as desired, and

then middle-click on the waterfall plot to save the image.

(7) Save processed spectra as PDF, EPS, or PNG files using the “Save

Figure Presets” option from the “File” dropdown menu.

4. Notes

(1) Overexpression plasmids encoding poly-His-tagged proteins of interest

may be generated in-house using standardmolecular biology techniques

(such as those described in (Sambrook, Fritsch, & Maniatis, 1989)) or

purchased commercially. In addition to the requisite poly-His-tag for

IMAC-based purification, overexpression plasmids may be engineered

to include other fusion tags and sequence modifications to enhance pro-

tein production and/or to facilitate subsequent purification. Solubility

tags, such as maltose-binding protein (Fox & Waugh, 2003;

Kapust & Waugh, 1999; Tropea, Cherry, Nallamsetty, Bignon, &

Waugh, 2007) and small ubiquitin-like modifier (SUMO) protein

(Butt, Edavettal, Hall, & Mattern, 2005; Guerrero, Ciragan, & Iwaı̈,

2015; Lima & Mossessova, 2011; Malakhov et al., 2004; Marblestone

et al., 2006; Panavas, Sanders, & Butt, 2009), are often used to enhance

soluble protein expression; protease cleavage sites inserted between

the target protein coding region and poly-His- and solubility tags facil-

itate removal following protein isolation. Tobacco etch virus (TEV)

protease (Tropea et al., 2007) is commonly used for general tag removal

while SUMO tags are specifically removed by Ulp1 cleavage (Butt,

Edavettal, Hall, & Mattern, 2005; Guerrero et al., 2015; Lima &

Mossessova, 2011; Malakhov et al., 2004; Marblestone et al., 2006;
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Mossessova & Lima, 2000; Panavas et al., 2009). Additionally, the intro-

duction of preferred sequence motifs at codon positions 3 through 5,

or a so-called translational “ramp”, has been shown to increase protein

expression ((Moreira et al., 2019; Verma et al., 2019); see also

(Zahurancik, Szkoda, Lai, & Gopalan, 2020)).

(2) It is critical that the target protein coding region is sequenced in its

entirety to ascertain the expected amino acid sequence of the final,

translated protein for molecular weight calculations. Depending on

the length of the coding region, two sequencing primers that bind

to either the RNA polymerase promoter or terminator sequence,

may be sufficient; for longer constructs, an internal, gene-specific

primer may be necessary to ensure full sequence coverage.

(3) There are three formulations of LB, which differ in their NaCl con-

centration to allow for the selection of osmotic conditions for specific

cell strains and culture conditions: LB Miller (Bertani, 1951; Luria &

Burrous, 1957) contains 10g NaCl/L medium while LB Lennox

(Lennox, 1955) and Luria contain only 5g/L and 0.5g/L, respectively.

LB Miller is the original and most commonly used formulation while

LB Lennox and Luria are generally used when lower salt concentra-

tions are desired.

(4) Given the thermal instability of antibiotics, they should be added to

the LB-agar solution when the flask is warm to the touch but cool

enough to hold for several seconds (�50 °C; (Cold Spring Harbor

Laboratory, 2011)). If the solution cools too much, the agar will begin

to solidify, making it difficult to pour plates.

(5) The choice of antibiotics is dependent on the antibiotic resistance

genes present in the expression plasmid(s) and/or host cell strain that

will be plated on the LB-agar. Antibiotic stocks should be prepared in

the appropriate solvent (e.g., ddH2O, methanol) and stored at -20 °C
to prevent degradation and/or contamination.

(6) It has been reported that cells grown in Terrific Broth have higher

plasmid yields and reach higher final optical densities (OD600) than

those grown in LB medium (Danquah & Forde, 2007; Tartof &

Hobbs, 1987).

(7) Taylor et al. reported that cells grown in their optimized Dynamite

medium reached an average final optical density (OD600) value/mL

culture >30, which represents a �12-fold increase over that of cells

grown in LB medium (Taylor et al., 2017).
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(8) Glucose is often included in growthmedia to decrease basal target pro-

tein expression resulting from the stimulation of RNA polymerase by

cyclic adenosine monophosphate (AMP) receptor protein and cyclic

AMP. We have had success adding 1–2% (w/v) glucose to overnight

seed cultures while omitting it from overexpression cultures (Novy &

Morris, 2001).

(9) To make 1X PBS in-house: combine 8g NaCl, 0.2g KCl, 1.44g

Na2HPO4, and 0.24g KH2PO4 in 800mL ddH2O, adjust the pH

to 7.4 with HCl, bring to a final volume of 1L with ddH2O, and ster-

ilize by either autoclaving for 20min at 121 °C or passing through a

0.22μm membrane filter.

(10) While 1X PBS was used for all experiments described here and in

(Busch et al., 2021), the IMAC-OBE-nMS setup includes (1) a

switching valve after the IMAC column that directs non-volatile salts

from the cell lysate to waste and (2) a subsequent online buffer exchange

step that removes any remaining non-volatile components (e.g., imid-

azole). Therefore, most cell lysis buffers, regardless of their compatibility

with MS analysis, may be used, though care should be taken to ensure

that additives do not (1) bind and elute from the IMAC resin, as they

will appear as “contaminating” species in the final mass spectrum;

(2) strip the metal from the IMAC resin (e.g., EDTA); and/or (3) sig-

nificantly alter the viscosity of samples, thereby increasing column and

system backpressure. Viscous samples may also be difficult to draw and

inject using a small-bore LC autosampler needle. If detergents or

glycerol are used as additives, it is best not to exceed twice the critical

micelle concentration or 10–20% (v/v), respectively.

(11) Protease inhibitor will minimize proteolysis of lysed overexpression

samples during subsequent IMAC-OBE-nMS analyses. As most com-

mercially available protease inhibitors are comprised of small molecules

and/or non-His-tagged polypeptides (<�10kDa), their presence in

the lysis buffer should not adversely affect nMS-based analysis.

(12) Because probe-based sonicators can only lyse one overexpression

sample at a time, commercially available water bath sonicators that

can simultaneously lyse multiple samples per run may be used to

increase throughput.

(13) While other methods may be used to lyse cells for IMAC-OBE-nMS

analyses, it is important to carefully consider the points discussed in

Note 10 before selecting an alternative approach.
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(14) Depending on the LC system used for IMAC-OBE-nMS analyses,

the requisite type of 96-well plate may vary. Some systems, such as

the Vanquish Duo UHPLC system used here, come equipped with

a barcode reader that is used to detect empty shelves and to verify

rack/well-plate identities and locations, so they require manufacturer-

specific plates (e.g., WebSeal Well Plates, barcoded for Vanquish

UHPLC Systems; Thermo Scientific, cat. no. 60180-P206B). LC vials

(e.g., National Target DP Vials; Thermo Scientific, cat. no. C4000-11)

may be used in place of a 96-well plate if desired.

(15) Minimizing trace impurities and particle levels in LC-MS solutions

protects the LC column and system components, especially the

pumps, and maintains steady flow with minimal backpressure.

(16) Although many UHPLC systems come equipped with a built-in

mobile phase degasser, any solution used for LC-MS-based experi-

ments should still be manually degassed before use to prevent

the introduction of air bubbles into the system, which could cause

backpressure spikes that damage the LC column and/or system.

Unsealed solutions may be degassed by sonicating for �15min prior

to use.

(17) Minimize the length of all solution-bearing lines within the UHPLC

system, especially between the column and detector. Using wide-bore

and/or extended tubing will decrease ionization efficiency and peak

resolution.

(18) While a dual six-port switching valve system is not absolutely required

for IMAC-OBE-nMS analyses, it ensures that non-volatile salts are

sent to waste well in advance of the mass spectrometer. See (Busch

et al., 2021) for IMAC-OBE-nMS implementation using only a single

switching valve; in that study, imidazole and remaining non-volatile

salts were left to drip out of the ESI needle and into a waste tube con-

nected to the ion source-housing drain.

(19) Commercially available LC-compatible IMAC columns may be

chargedwith a variety of transitionmetal ions.While Ni2+ is most com-

monly used for IMAC-based purification of poly-His-tagged proteins,

it can be substituted with Co2+, Cu2+, and/or Zn2+ (where compatible

with the chemistry of the column’s solid support) as needed based on the

metal ion-binding preference of the target protein.

(20) If an LC system is used to charge the IMAC column with metal, lines

should first be flushed with ddH2O. After the column has been
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charged, rinse the lines with ddH2O and then �50mM EDTA to

chelate any remaining metal ions that could otherwise corrode metal

components within the system.

(21) Including a guard column or frit filter upstream of the IMAC column

will extend the life of the column.

(22) In this study, we used a desalting cartridge prototype (2.1mm�50mm,

80Å pore size; packed with 3μm silica particles) provided by Thermo

Fisher Scientific (Sunnyvale, CA). However, in (Busch et al., 2021),

PEEK tubing (0.03in. internal diameter, 12cm length) was self-packed

with P6 gel medium (Bio-Rad) to generate our own in-house size

exclusion-based desalting columns (see (VanAernum et al., 2020) for

the column packing protocol).

(23) Tubing is placed between the HESI probe and ion source’s stainless-

steel grounding union as “resistor tubing” (see Fig. 2A) to maintain an

electrospray current below the maximum limit set by the instrument

software; otherwise, a loss of electrospray and decreased sensitivity

could result. Changing the length of resistor tubing will also alter

the spray voltage needed for efficient sample ionization. In general,

increasing the length and/or decreasing the inner diameter of the

resistor tubing will decrease the requisite spray voltage.

(24) VariousMS deconvolution software suites are available from commer-

cial and academic sources, including UniDec ((Marty et al., 2015);

freely available for download at https://github.com/michaelmarty/

UniDec/releases), Intact Mass (Protein Metrics Inc., San Carlos,

CA), and BioPharma Finder (Thermo Scientific).

(25) For all E. coli growth cultures, the total culture volume should not

exceed 25% of the total culture vessel volume to ensure optimal

aeration and cell growth (Sambrook et al., 1989).

(26) Overexpression culture volumes may be adjusted and optimized as

needed. In our experience, IMAC-OBE-nMS analyses worked well

when cell pellets from 5-mL cultures were resuspended and lysed

in 400–500μL lysis buffer (see Note 29 for more details), though

we did not test smaller volumes. For SDS-PAGE, we recommend

saving�1mL cell culture for harvesting and resuspension in SDS load-

ing dye. Therefore, for parallel IMAC-OBE-nMS and SDS-PAGE

analyses, we recommend a minimum culture volume of 6mL per

overexpression condition.

(27) While cell pellets can generally be stored at -20 °C or -80 °C for

extended periods of time without issue, it is critical to proceed quickly
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once cells have been thawed and resuspended in order to minimize

proteolysis in the cell lysate.

(28) While resuspension in one-tenth culture volume of lysis buffer is

generally recommended to maximize solubility of the target protein,

the solubility of each protein of interest will vary, so appropriate resus-

pension volumes may need to be empirically determined. Resuspension

in a smaller volume of lysis buffer can lead to protein aggregation and/or

precipitation in some cases.

(29) For probe-based sonication (e.g., with a Vibra-Cell Ultrasonic

Processor, cat. no. GEX130), we recommend a minimum cell pellet

resuspension volume of 500μL to avoid generating excessive heat that

could cause target protein loss. While cycle settings and sonication

time can be optimized for specific proteins of interest, we saw success-

ful lysis (with minimal protein loss) for a variety of samples when

sonicating for 1min at 40% amplitude with pulse cycles of 2 s ON

and 5 s OFF. Lower resuspension volumes and longer sonication times

led to soluble target protein loss.

(30) Any changes to the mobile phase flow rate and/or the UHPLC

system’s plumbing, especially to tubing length or inner diameter, will

alter sample arrival time at the mass spectrometer, so the divert time

for the switching valves in the “Elute” method (see Table 3) must

be calibrated anew each time these parameters are changed.

(31) If a poly-His-tagged protein is unavailable, a protein standard such as

bovine albumin serum (BSA) or streptavidin may be used to calibrate

the switching valve divert time and/or perform system quality control

tests. To do so, skip the “Load” method and use the “Elute” method

to inject the sample and analyze the IMAC column flow-through; all

other steps remain the same.

(32) The amount of upstream LC tubing determines the timing delay

between sample elution from the OBE column and arrival time at

the mass spectrometer.

(33) If overall peak intensities are low and/or the target protein is not read-

ily apparent, increasing the sample injection volume may improve the

signal. Depending on the extent of target protein overexpression and

the abundance of contaminating species, a 1–10μL sample injection

volume is generally sufficient.

(34) All spectra presented in Figs. 3–6 were either deconvolved manually or

using UniDec and MetaUniDec, version 4.4.0 (Kostelic & Marty,

2020; Marty et al., 2015), and the following deconvolution parameters:
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time start, 0.9; time end, 1.4; preset, high-resolution native; m/z range,

1,000–11,000; charge range, 1–25; mass range, 5,000–225,000; sample

mass every (Da), 10; automatic peak width tool, on. To facilitate

cross-spectra comparisons of peak and species abundances for the pur-

pose of evaluating overexpression conditions, “Data Normalization”,

“Peak Normalization”, and “Extract Normalization” options were

turned off so that peak intensities were adjusted relative to the highest

peak across all spectra.

(35) The presence of a surface-induced dissociation (SID) device did not

significantly influence the selection of standard tune settings for

IMAC-OBE-nMS.

(36) With the appropriate adjustments (as illustrated for OBE-nMS in

(VanAernum et al., 2020)), other LC-MS systems may be used for

IMAC-OBE-nMS analyses.

(37) To generate the E. coli SixPack strain, Lipinszki et al. inserted extra

copies of the genes encoding the six least abundant E. coli tRNAs

(proL, argY, ileX, argX, glyT, and leuW) into one of the ribosomal

RNA operons inE. coliBL21 (DE3). They reported that protein over-

expression in SixPack cells was equal to or up to 20-fold better than in

control strains BL21 (DE3) and Rosetta2(DE3)pLysS, as determined

by the amount of target protein per cell mass or culture volume

(Lipinszki et al., 2018).

(38) E. coli BL21 (DE3) is used for routine T7 RNA polymerase-based

overexpression while enhanced strains like Rosetta allow for more

tunable protein expression (e.g., by improving production of proteins

containing codons infrequently used by E. coli).

(39) Scan range may be adjusted to encompass the expected masses (m/z

values) of target proteins.

(40) Depending on the mass spectrometer and source used, the sheath gas

pressure, which is critical for ionization and desolvation during HESI,

may be lowered.

(41) If necessary, the capillary temperature may be increased up to 320 °C
to improve sample desolvation.

(42) Activation energy, either in the form of in-source trapping (IST) or

higher-energy collisional dissociation collision energy (HCD CE,

which occurs in the HCD cell rather than in the source region of

the instrument, as IST does) can be used to help desolvate and

de-adduct species in the sample. (Descriptors like IST and HCD

and the locations of collisional activation vary between vendors; the

terms used here refer to Thermo Scientific Orbitrap systems.)
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Table 1 Overexpression conditions for recombinant poly-His-tagged proteins analyzed using IMAC-OBE-nMS.

Protein

Overexpression conditions

E. coli cell strain Medium
[IPTG]
(mM)

Post-induction
temperature (°C)

Post-induction
time (h)

SUMO-Salmonella AsnA SixPack (see Note 37;

Lipinszki et al., 2018)

Lysogeny broth (LB)

Miller (see Note 3)

0.5 37 4

Homo sapiens GalT (Duarte variant

N314D) (Lai, Langley, Dembure,

Hjelm, & Elsas, 1999)

Terrific Broth

(Tartof & Hobbs,

1987)

0.1 18 16

Dynamite medium

(Taylor et al., 2017)

SUMO-Methanocaldococcus jannaschii

HARP

BL21 (DE3)

(see Note 38)

LB Miller 0.1 37 3

0.5

1

SUMO-Salmonella AsnB 0.5 18 16

37 3



5. Discussion

For this study, we coupled a Vanquish Duo Ultra-High Performance

LC (UHPLC) system (Thermo Scientific) equipped with a dual switching

valve setup to a Q Exactive UHMR (Ultra-High Mass Range) Hybrid

Quadrupole-OrbitrapMass Spectrometer (Thermo Scientific) modified with

a customized SID device (see Note 35) (Harvey, VanAernum, Kostelic,

Marty, & Wysocki, 2020; VanAernum et al., 2019). The UHMR was fitted

with an Ion Max ion source (Thermo Scientific) that had a heated

Table 2 Tune settings used for the Q Exactive UHMR Hybrid Quadrupole-Orbitrap Mass
Spectrometer.
Setting Value

Scan range (m/z) (see Note 39) 1,000–16,000

Resolution (at 400m/z) 12,500

Microscans 5

Max inject time (ms) 200

Sheath gas (psi) (see Note 40) 50

Aux gas (psi) 0

Sweep gas (psi) 0

Spray voltage (kV) 3.75

Capillary temperature (°C) (see Note 41) 275

S-lens RF level (V) 200

In-source dissociation (V) 0

In-source trapping (V) (see Note 42) Variable

HCD CE (V) (see Note 42) Variable

Source DC offset (V) 21

Injection flatapole DC (V) 5

Inter flatapole lens (V) 4

Bent flatapole DC (V) 2

Trapping gas pressure 4

Adapted from Busch, F., VanAernum, Z. L., Lai, S. M., Gopalan, V., &Wysocki, V. H. (2021). Analysis
of tagged proteins using tandem affinity-buffer exchange chromatography online with native mass spec-
trometry. Biochemistry. doi:10.1021/acs.biochem.1c00138, with permission from ACS Publications.
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electrospray ionization (HESI) probe (HESI-II, Thermo Scientific) with a

high-flow metal needle (Thermo Scientific, cat. no. OPTON-53010).

Fig. 2A shows the overall IMAC-OBE-nMS instrument setup (see Note

36) while Fig. 2B provides a detailed schematic of the dual switching

valve system used to divert unbound proteins and non-volatile salts to waste

(see Note 18).

Following pilot overexpression trials under a variety of conditions

(see Table 1) and subsequent SDS-PAGE-based analyses, we used IMAC-

OBE-nMS to screen these overexpression samples and obtain accurate mass

measurements for four target proteins: Salmonella AsnA and AsnB (see Figs. 3

and 4),Homo sapiensGalT (see Fig. 5), andMethanocaldococcus jannaschiiHARP

(see Fig. 6). Below, we describe payoffs from IMAC-OBE-nMS analyses

in each case.

5.1 Salmonella AsnA and AsnB
AsnA and AsnB are asparagine synthetases that catalyze the conversion

of Asp to Asn. When Salmonella AsnA and AsnB overexpression samples

were analyzed using SDS-PAGE [10% (w/v) polyacrylamide], the appar-

ent AsnA and AsnB bands migrated slower than expected for their

Table 3 IMAC-OBE-nMS method.

Method
Time
(min) Autosampler

LC
pump
(μL/min)

Lower
switching
valve

Upper
switching
valve MS

Load 6 1–10μL
injection of

cell lysate

100 Position

6_1

(to waste)

Position 6_1

(to waste)

OFF (no

source gas,

no ESI

voltage)

Elute 10 3μL
injection

of 5M

imidazole

100 (1-2)

Position

1_2 (to

OBE

column)

(1) Position 1_2

(to MS);

(2) Position 6_1

(to waste)

ON

(source

gas, ESI

voltage)

Total run time for each sample is 16min. The “Elute” method is divided into two phases: during phase 1,
the upper switching valve is in the 1_2 position to direct protein eluate from the IMAC column to the
OBE column; later, during phase 2, the upper switching valve changes to the 6_1 position to divert
imidazole (and any other remaining non-volatile salts) to waste. The lower switching valve remains
in the 1_2 position for the duration of the “Elute” method. After 2min, mass spectral acquisition ends,
the source gas and ESI voltage are turned off, and both columns are washed with ammonium acetate
mobile phase for the remaining 8min of the “Elute” method. Adapted from Busch, F., VanAernum, Z. L.,
Lai, S. M., Gopalan, V., & Wysocki, V. H. (2021). Analysis of tagged proteins using tandem affinity-buffer
exchange chromatography online with native mass spectrometry. Biochemistry. doi:10.1021/acs.biochem.1c00138,
with permission from ACS Publications.
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molecular weights (see Figs. 3A and 4A), providing clear examples of

anomalous migration in SDS-PAGE [which is rather pronounced for

AsnB, even with 8% (w/v) polyacrylamide (data not shown)]. To verify

the identity and mass of the overexpressed proteins observed using

SDS-PAGE, the same overexpression samples were lysed and subjected to

IMAC-OBE-nMS analyses, which confirmed the presence of AsnA and

AsnB monomers with the expected masses (albeit without the N-terminal

methionine, a common post-translational modification (Ben-Bassat

et al., 1987; Giglione, Boularot, & Meinnel, 2004; Wingfield, 2017))

(see Figs. 3B–C and 4B–C).
IMAC-OBE-nMS analyses proved additionally instructive as we

were able to identify AsnA dimers, consistent with its E. coli homolog

(Nakatsu, Kato, & Oda, 1998). However, when we analyzed Salmonella

AsnB overexpression samples, no AsnB dimers were observed, contrary to

previous reports for its E. coli homolog (Larsen et al., 1999). The basis for this

difference in observed oligomeric states for AsnA and AsnB is unclear. Finally,

Fig. 3 Characterization of a Salmonella AsnA overexpression sample. (A) SDS-PAGE
[10% (w/v) polyacrylamide] analysis of a post-induction sample at sequential stages
of processing. Despite an expected mass of �50.5kDa, the apparent AsnA band
runs slower than the 55kDa marker, an example of aberrant protein migration in
SDS-PAGE. Gel image has been spliced at the dashed line to only show relevant samples.
M, size markers; OE, whole-cell sample following overexpression; CL, whole-cell crude
lysate; SF, soluble fraction post-centrifugation. (B) IMAC-OBE-nMS analysis of the soluble
fraction using a 500mM ammonium acetate mobile phase. A representative total ion
chromatogram (left) and mass spectrum (right; IST -100V, HCD CE 5eV) are shown.
The expected mass noted above accounts for loss of the N-terminal methionine, a
common post-translational modification (Ben-Bassat et al., 1987; Giglione et al., 2004;
Wingfield, 2017). Charge state distributions for monomeric and dimeric AsnA species
are indicated with light and dark blue circles, respectively, and the main charge state
for each species is labeled. The bimodal charge state distribution for the monomer, with
low intensity, higher charge state peaks marked with small light blue circles, suggests
that there is partially unfolded monomer present in the sample. The y-axis (not shown)
represents relative intensity.
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Fig. 4 See figure legend on next page.



IMAC-OBE-nMS results for Salmonella AsnB overexpression samples grown

at 18°C or 37°C indicate that AsnB was more abundant in the 18°C sample

than in the 37°C one (see Fig. 4D), an observation that is also borne out

by SDS-PAGE (see Fig. 4A).

5.2 Homo sapiens GalT
In the Leloir pathway, galactose-1-phosphate uridylyl transferase (GALT)

converts galactose-1-phosphate and uridine diphosphate (UDP)-glucose to

glucose-1-phosphate and UDP-galactose, respectively. SDS-PAGE-based

analyses of whole-cell H. sapiens GalT (Duarte variant N314D; (Lai et al.,

1999)) overexpression samples indicated that GalT expresses well in both

Terrific Broth and Dynamite medium (see OE lanes, Fig. 5A), though only

a small amount was expressed as soluble protein (see SF lanes, Fig. 5A).

IMAC-OBE-nMS-based analyses of the same samples post-lysis confirmed

these findings and, importantly, the presence of GalT as both a monomer

and a dimer, regardless of the overexpression medium used (see Fig. 5B–C).
IMAC-OBE-nMS results also revealed that GalT was more abundant in the

Dynamite medium sample than in the Terrific Broth one (see Fig. 5D),

suggesting that Dynamite medium may be more optimal for soluble GalT

production.

IMAC-OBE-nMS analyses also provided unexpected mass information:

while the observedmasses for overexpressedGalT are generally consistent with

the observedmass for purifiedGalT (S.M. Lai, P. Thirugnanasambantham, and

V. Gopalan, unpublished data), which is present primarily as a dimer (as seen in

the crystal structure (McCorvie et al., 2016)), they are larger than the expected

Fig. 4 Comparison of Salmonella AsnB overexpression samples induced and grown at
either 18°C or 37°C. (A) SDS-PAGE [10% (w/v) polyacrylamide] analysis of post-induction
samples at sequential stages of processing. Despite an expected mass of �76.3kDa, the
apparent AsnB band runs much slower than the 70kDa marker, an example, like AsnA, of
aberrant protein migration in SDS-PAGE. Gel image has been spliced at the dashed line to
only show relevant samples. M, size markers; OE, whole-cell sample following over-
expression; CL, whole-cell crude lysate; SF, soluble fraction post-centrifugation.
(B) IMAC-OBE-nMS analysis of soluble fractions using a 500mMammoniumacetatemobile
phase. Mass spectra (IST -100V, HCD CD 5eV) for 18°C (pink) and 37°C (dark red) are
shown. The expected mass noted above accounts for loss of the N-terminal methionine,
a common post-translational modification (Ben-Bassat et al., 1987; Giglione et al., 2004;
Wingfield, 2017). The charge state distribution for AsnB is indicated, and the main charge
state is labeled. The y-axis (not shown) represents relative intensity. (C) Waterfall plots
showing m/z (top) and deconvolved mass (bottom) data, which were generated using
MetaUniDec (Kostelic & Marty, 2020; Marty et al., 2015). The main charge state (top)
and deconvolvedmass (bottom) for AsnB is labeled. (D) Relative abundance of AsnB across
both samples, as quantified using MetaUniDec software.
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Fig. 5 See figure legend on next page.



mass by �336Da/monomer, suggesting the presence of an unknown modi-

fication or ligand. This mass discrepancy may offer a possible explanation

for why the recombinant protein expressed in and purified from E. coli

(P. Thirugnanasambantham and V. Gopalan, unpublished data) has a lower kcat
than the same protein expressed and purified from yeast (Crews, Wilkinson,

Wells, Perkins, & Fridovich-Keil, 2000). Additional MS experiments have

been planned to identify the source of this 336Da discrepancy and to better

understand how this alteration affects catalytic activity.

5.3 Methanocaldococcus jannaschii HARP
Homologs of Aquifex RNase P (HARP), a tRNA-processing endonucle-

ase, represents an RNA-free, protein-only form of the enzyme that is pre-

sent in bacteria and archaea (Daniels, Lai, Chen, & Gopalan, 2019; Nickel

et al., 2017). For pilot overexpression trials ofM. jannaschii SUMO–HARP,

the inducer (IPTG) concentration was titrated (e.g., 0.1mM, 0.5mM, and

1mM) and the final induced samples analyzed using SDS-PAGE, which indi-

cated that there were similar amounts of full-length SUMO–HARP across

all three conditions (see Fig. 6A). There also appeared to be a band

corresponding to the non-SUMO-tagged HARP in all three gels (see

Fig. 6A), which may indicate processing of SUMO–HARP either during

overexpression or post-lysis. While IMAC-OBE-nMS analyses did not iden-

tify the presence of any full-length SUMO–HARP, there was, as in the

Fig. 5 Comparison of Homo sapiens GalT overexpression samples grown in either
Terrific Broth (Tartof & Hobbs, 1987) or Dynamite medium (Taylor et al., 2017).
(A) SDS-PAGE [10% (w/v) polyacrylamide] analysis of post-induction samples at sequen-
tial stages of processing. While GalT appears to overexpress well in both media (OE
lanes), only a small amount is apparently expressed in a soluble form (SF lanes). Gel
image has been spliced at the dashed line to only show relevant samples. M, size
markers; OE, whole-cell sample following overexpression; CL, whole-cell crude lysate;
SF, soluble fraction post-centrifugation. (B) IMAC-OBE-nMS analysis of soluble fractions
using a 200mM ammonium acetate mobile phase. Mass spectra (IST -100V, HCD CD
5eV) for the Terrific Broth (blue) and Dynamite medium (purple) samples are shown.
While there are other proteins present in both samples, charge state distributions for
monomeric and dimeric GalT species are indicated with orange and brown circles,
respectively, and the main charge state for each species is labeled. The y-axis (not
shown) represents relative intensity. The observed masses are larger than the expected
mass (by �336Da/monomer) (see Section 5). (C) Waterfall plots showing m/z (top) and
deconvolved mass (bottom) data, which were generated using MetaUniDec (Kostelic &
Marty, 2020; Marty et al., 2015). The main charge state (top) and deconvolved mass
(bottom) for each species is labeled. (D) Relative abundance of GalT species across both
samples, as quantified using MetaUniDec software.
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Fig. 6 Comparison of Methanocaldococcus jannaschii SUMO–HARP overexpression samples induced with either 0.1, 0.5, or 1mM IPTG.
(A) SDS-PAGE [10% (w/v) polyacrylamide] analysis of post-induction samples at sequential stages of processing. Apparent bands
corresponding to full-length SUMO–HARP as well as non-SUMO-tagged HARP are indicated. Gel image has been spliced at
the dashed line to only show relevant samples. M, size markers; OE, whole-cell sample following overexpression; CL, whole-cell crude lysate;
SF, soluble fraction post-centrifugation. (B) IMAC-OBE-nMS analysis of soluble fractions using a 500mM ammonium acetate mobile phase.
Mass spectra (IST -100V, HCD CE 5eV) for 0.1mM (light green), 0.5mM (middle green), and 1mM (dark green) IPTG are shown. While no
apparent full-length SUMO–HARP is present in the spectrum, there is some non-SUMO-tagged HARP (pink circles). The charge state distri-
bution for non-SUMO-tagged HARP is indicated, and the main charge state is labeled. The y-axis (not shown) represents relative intensity.
(C) Waterfall plots showingm/z (top) and deconvolved mass (bottom) data, which were generated using MetaUniDec (Kostelic & Marty, 2020;
Marty et al., 2015). The main charge state (top) and deconvolved mass (bottom) for non-SUMO-tagged HARP is labeled. (D) Relative abun-
dance of non-SUMO-tagged HARP across all samples, as quantified using MetaUniDec software.



SDS-PAGE gels, some non-SUMO-tagged HARP monomers present (see

Fig. 6B–C). Interestingly, despite similar intensities across all three SDS-

PAGE gels, IMAC-OBE-nMS results suggested that non-SUMO-tagged

HARP was most abundant in the 0.1mM IPTG sample (see Fig. 6D).

Given the presence of SUMO–HARP in the soluble fraction (see SF

lanes, Fig. 6A) and its subsequent successful purification (V. Sidharthan

and V. Gopalan, unpublished data), its absence in the IMAC-OBE-nMS

results appears to indicate a potential “false negative”. However, since

non-SUMO-tagged HARP is more stable (i.e., less likely to precipitate)

than SUMO–HARP at lower NaCl concentrations (V. Sidharthan and

V. Gopalan, unpublished data), it is possible that SUMO–HARP may have

aggregated on the IMAC or OBE column upon buffer exchange into the

ammonium acetate mobile phase, thereby precluding its detection by

nMS. Thus, SUMO–HARP highlights one potential limitation of

IMAC-OBE-nMS: it is primarily suited for analyzing soluble proteins that

are stable in volatile, MS-compatible solutions. However, the incorporation

of two switching valves as well as OBE allows us to addmoderate amounts of

non-volatile solutes to samples that contain proteins that may only be soluble

and stable within a narrow range of conditions, thereby permitting analysis

by IMAC-OBE-nMS.

6. Summary

Here, we described the protocol for an automated approach to screen-

ing cell lysates for successful overexpression and IMAC-based purifica-

tion of poly-His-tagged proteins of interest using our recently reported

IMAC-OBE-nMS method (Busch et al., 2021) and demonstrated its utility

by comparing soluble protein yields for four different proteins across a vari-

ety of overexpression conditions. The benefits of our approach are two-fold:

(1) IMAC-based purification enriches for poly-His-tagged proteins of inter-

est, even with a high endogenous host cell protein background; and (2) nMS

can, with high mass accuracy, unambiguously verify the identity and mass

of overexpressed target proteins, which is particularly useful in cases of

anomalous protein migration in SDS-PAGE or low levels of soluble protein

expression. Additionally, nMS can pinpoint mass discrepancies that may

arise from amino acid misincorporation (Tsai et al., 1988), proteolysis during

overexpression (Rozkov & Enfors, 2004), and/or post-translation modifica-

tions, which are too small to observe using SDS-PAGE, and identify

higher-order oligomeric states (if any), which generally do not survive
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SDS-based denaturation. Thus, IMAC-OBE-nMS can streamline assess-

ment of cell lysates for successful protein overexpression and IMAC-based

purification while simultaneously providing additional characterization of

overexpressed proteins of interest.

While our work thus far has focused on protein overexpression in E. coli

and subsequent IMAC-based purification, the workflow described here

may be adapted for samples from any overexpression host and other

affinity-based purification strategies (e.g., Protein A, Protein G, glutathione,

and streptavidin), thereby broadening the range of samples that can be ana-

lyzed. Therefore, IMAC-OBE-nMS has the potential to expedite structural

biology and biotherapeutics initiatives by streamlining the optimization of

overexpression and purification conditions for large-scale protein produc-

tion in heterologous systems.
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