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ABSTRACT: High throughput native mass spectrometry analysis of proteins and protein complexes has been enabled by recent
development of infusion and liquid chromatography (LC) systems, which often include complete LC pumps without fully utilizing
their gradient flows. We demonstrated a lower-cost infusion cart for native mass spectrometry applications using a single isocratic
solvent pump that can operate at both nano- and high-flow configurations (0.05-150 pL/min) for both infusion and online buffer
exchange experiments. The platform is controlled via open-source software and can potentially be expanded for customized experi-
mental designs, offering a lower cost alternative to labs with limited budget and/or needs in student training.

INTRODUCTION

Native mass spectrometry (MS) is a valuable analytical tech-
nique that enables the direct detection of noncovalent interac-
tions in the gas phase, with applications spanning detection of
distinct proteoforms, ligand binding, and protein-protein inter-
actions®. However, the typical native MS workflow is time con-
suming, requiring manual sample clean-up and infusion of sam-
ples onto the mass spectrometer (see these references published
in the past year®*®). Implementation of more automated systems
to increase throughput have been developed to eliminate the re-
quirement of manual injection by coupling with autosampler’
or NanoMate® devices. Bypassing the need for manual sample
clean-up procedures using online buffer exchange (OBE)
through size exclusion chromatography (SEC)**2, affinity chro-
matography®3, or filter-based clean-up'* further increases
throughput.

Implementation of this automated pipeline typically includes
the use of a high pressure liquid chromatography (HPLC) sys-
tem for high flow (1-2500 pL/min flow rate), and a separate
HPLC system for nano flow (0.05-1.5 pL/min flow rate) to en-
compass a wide range of flow rates and applications. These ro-
bust, off-the-shelf systems are unlikely to be replaced in indus-
try settings. However, infusion and OBE applications often do
not require a solvent gradient, thus a full binary solvent HPLC
is not necessary. Herein, we demonstrate an infusion cart plat-
form that reduced cost compared to the previous design’ for au-
tomated native MS by using a single pump that can operate at
both nano- and high-flows (0.05-150 pL/min), cutting down
cost to about 1/5™ of the cost required to implement both flow
systems separately. It also used open-source software for easy
transferability to other MS systems and expansion to more so-
phisticated workflows. The simplified platform is attractive to
labs with limited budget. In addition, the open, customizable
platform offers great opportunities for student hands-on training
in academic settings. We demonstrated the successful analysis
of several protein standards on this system for both flow injec-
tion and OBE analysis and provided detailed information for
implementing this system. We also highlight some key trouble-
shooting conducted that was valuable for training purposes.

METHODS

For detailed materials and cart construction information, refer
to the Supporting Information.

Infusion MS

Samples were offline buffer exchanged and manually static
sprayed onto a Waters Synapt G2-Si g-TOF (Supporting Infor-
mation). To test the automated infusion cart (Figure 1), samples
were stored in the Pal autosampler cooled to 4 °C, with a 5 pL
sample loop, and 7 pL injected to account for dead volume on
either side of the sample loop. Note that any commercial au-
tosampler could be used. Sample queues and communication
between the VICI pump and the mass spectrometer were
achieved using an in-house control and communication soft-
ware, LCMSNet’, available open source on github
(https://github.com/PNNL-Comp-Mass-Spec/LCMSNet). Sol-
vent was 100 mM ammonium acetate, with PEEK tubing (1.D.
381 pm) from the pump to the valve flowing at 0.01-0.3
pL/min, and fused silica line (1.D. 20 um) directly infusing sam-
ples with an HF-etched tip (1.D. 20 pm). Mass spectra were ac-
quired between 400 and 8000 m/z, with the specified MS tune
methods (Table S1).

Online buffer exchange (OBE) MS

OBE was completed using a size exclusion column (NativePac
OBE-1, 50 x 2.1 mm, ThermoScientific) following the config-
uration shown in Figure 1. PEEK tubing (1.D. 381 pum), trimmed
to 5 cm in length, was placed on either side of the column. The
column was pre-equilibrated following the method described in
Supporting Information. Extended fused silica line (1.D. 20 um,
length 1 m) was included immediately prior to the emitter to
reduce current and was necessary for stable spray at these
higher flow rates, as discussed elsewhere!'. MS method param-
eters, and the optimized valve diversion method used to divert
salt and other contaminants present in the samples to waste can
be found in Table S2 and S3, respectively. Since the optimized
time to divert sample to waste occurred while protein was still
flowing through the extended silica tubing, the syringe was
loaded with 100 mM ammonium acetate and set at 100 pL/min
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to push sample to the detector while pump flow was diverted to
waste.
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FIGURE 1 Infusion cart configuration includes a Pal autosampler,
a pump connected to a valve in [B] configuration during sample
injection into the sample loop, and [A] configuration during [1] di-
rect infusion of sample onto the MS, or [2] loading of sample onto
the OBE column for online sample clean-up prior to infusion onto
the MS.

RESULTS AND DISCUSSION

To benchmark the performance for infusion MS, sample runs
assessing limits of detection (LOD), extent of sample carry-
over, and limits of flow rate were completed. LOD and extent
of carry-over were evaluated by infusing carbonic anhydrase
(CA) at 0.3 pL/min onto a Waters Synapt G2-Si g-TOF (Figure
2A). Approximately 4-fold higher sample quantity was required
using the cart compared to the conventional manual pulled glass
capillaries to overcome LOD when set to a signal-to-noise (S/N)
threshold of 3. The extent of carry-over did not exceed S/N = 3
until CA concentrations of 0.5 uM (75 ng) and higher were in-
fused, with an average % carryover of 4.5 %. Carryover was
reduced to 0.13 % when a blank run was included between sam-
ple runs of 5 uM. Thus, the recommended working concentra-
tion using this system is 0.5-5 pM to overcome LOD and reduce
carryover. Instrument clogging at the injection port due to
buffer salts in the waste line was found to be the main source of
instrument downtime. We performed daily cleaning using 0.015
% (w/v) DDM in ammonium acetate, followed by dIH,O, to
manually clean the injection valve, bypassing the lines going
into the mass spectrometer. This could be implemented as an
automated shutdown method if desired by replacing one of the
ammonium acetate washes with the DDM-containing ammo-
nium acetate wash. Although we found the remainder of the
system not to require any additional cleaning, a second valve
could be added to the configuration to toggle between running
and wash solvents. For some applications, such as when study-
ing native protein-protein interactions (PPIs), operating at low
flow rates is desired to maximize sensitivity and minimize de-
struction of native protein complexes during desolvation®® 16,
To evaluate the lower limits for flow rate for the system, 150 ng
of CA was infused at 0.01, 0.05, and 0.3 pL/min and data were
summed across the 150-, 30-, and 5-minute runs, respectively.
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If operating at lower flow rates and acquiring data for shorter
time periods, a higher flow blank run after each sample run
could be used to more rapidly flush dead volume in the system,
or alternative systems such as the nanoMate® could be used. The
results demonstrate maintenance of LOD at each of the flow
rates tested (Figure 2B), with consistent spray (Figure S3) and
resolution (Figure 2C) maintained down to 0.05 pL/min.

To assess the ability to maintain native PPIs during sample
infusion with the cart, concanavalin A (ConA) was infused at
0.1 pL/min. A sample mass spectrum obtained from cart infu-
sion was compared to data obtained using conventional manual
static spray and demonstrated the ability to maintain ConA te-
trameric species during cart infusion (Figure 2D). The fraction
of peak area corresponding to tetrameric ConA was not statisti-
cally significantly different when comparing the infusion cart
operated at 0.1 pL/min to the static spray results (p = 0.077, p
= 0.756, and p = 0.288 for monomer, dimer, and tetramer, re-
spectively, using a student two-tailed paired t-test, Figure 2E).
However, the charge states shifted to higher values with the in-
fusion cart method, presumably due to different flow rates and
desolvation processes, as described by others’. Overall, the in-
fusion cart yielded similar data to our manual method for stoi-
chiometry analysis.
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FIGURE 2 Assessment of infusion cart performance by evaluating
A) LOD and sample carry-over by infusing varying concentrations
of CA, B) limits of flow rate and C) mass spectral peak resolution
by infusing 1 uM CA at 0.01, 0.05, and 0.3 pL/min (n = 3). Mainte-
nance of PPIs was compared to the manual pulled glass capillary
method using 0.5 pM ConA with example mass spectra obtained
using each method overlaid in D). E) The fraction of peak area (%)
associated with monomer (M), dimer (D), and tetramer (T) was as-
sessed (n = 3).

Improvements in throughput have been accomplished previ-
ously using OBE®**. We adopted this method using the same
infusion cart set-up simply by adding a column in-line. The
PEEK tubing was trimmed to minimize peak broadening



observed due to sample dilution (Figure S4). Within the recom-
mended specifications of the pump, this configuration can be
operated at flow rates up to ~150 pL/min (Table S4), reducing
total MS data acquisition time to 2 minutes, with protein sam-
ples separated from salts and other buffer contaminants (Figure
3A). Working sample concentrations were ~10-fold higher (10-
25 pM) than with the infusion set-up at lower flowrate. The
ability to divert the flow of sample to waste prior to salt infusion
onto the MS was shown to be successful, although some cyto-
chrome C (Cyt C, ~12 kDa) could not be separated from eluted
salt due to the resolution limit of the column. When executing
the valve diversion method, a delayed start of data acquisition
on the order of a few seconds was observed, likely due to a de-
lay between reading and executing commands in the MassLynx
software. This resulted in higher MW proteins to partially elute
prior to the start of data acquisition at 150 pL/min. Thus, the
flowrate was reduced to 100 puL/min to capture protein elution
across all MW tested (Figure 3B). We tested Herceptin in orig-
inal formulation solution and B-galactosidase (B-Gal) tetramer
(~465 kDa) in Tris buffer with MgCl,. Both were successfully
desalted online in our system and yielded well resolved spectra
(Figure 3C and 3D).
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FIGURE 3 A) Total ion chromatogram (TIC) of injection of CA
spiked with 200 uM sodium acetate (salt) without valve diversion
to waste overlaid with extracted ion chromatograms (XIC) of CA,
salt, and offline buffer exchanged Cyt C and Herceptin at 150
pL/min. Protein XIC traces were normalized to 60 % relative abun-
dance to match protein relative abundance in the CA spiked with
salt TIC for comparison purposes. B) XIC of proteins without of-
fline buffer exchange and after OBE and valve diversion to waste
at 100 pL/min. Example of C) a charge deconvoluted mass spec-
trum of Herceptin showing intact proteoforms corresponding to
mass shifts of up to 3 galactose (G) and 1 fucose (F), and D) a m/z
spectrum of B-Gal injected with OBE.

CONCLUSIONS

The work presented here demonstrated the ability to construct an
automated native infusion cart at significantly lower cost compared
to a previous design by replacing a full binary HPLC with a sim-
plified flow pump. Additionally, the versatility of the accessible
flow rate range from the pump and the open-source control soft-
ware allows for facile implementation to other MS platforms and
expansion to custom workflows, especially for research laborato-
ries with limited budget and/or needs in technical training.
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