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ABSTRACT: Determining the properties of proteins prior to purification saves time and labor. Here, we demonstrate a native
mass spectrometry approach for rapid characterization of overexpressed proteins directly in crude cell lysates. The method
provides immediate information on the identity, solubility, oligomeric state, overall structure, and stability, as well as ligand
binding, without the need for purification.

Characterizing an overexpressed protein is essential for
assessing its quality.1 In cases of mass production, or high-

throughput investigations, a preliminary characterization step
reduces waste of resources on inadequate protein material. It
also provides a means to ensure that different batches of the
same protein have similar features. Properties such as molecular
weight, folding and assembly state, and ability to bind relevant
ligands, including cofactors or drugs, are critical protein
characteristics. However, these characteristics are usually
assayed with purified proteins, with significant cost of time
and labor. Therefore, quality assessment of overproduced
proteins with no prior purification offers a great advantage.
Native mass spectrometry (MS) is a powerful method for

structural characterization of intact proteins and protein
complexes, providing insight into the composition, stoichiom-
etry, network of interaction and overall shape of protein
assemblies.2−4 Generally, a prerequisite for acquiring native MS
data is prior purification of the protein complex of interest.5

Additionally, as most common buffers used during purification
or storage of protein complexes contain salts and solubilizing
agents such as imidazole, DTT and EDTA that are largely
incompatible with MS, a buffer exchange step into a volatile
buffer is necessary.5 Here we show that native MS also offers a
way of direct characterization of recombinant, overexpressed
proteins in crude cell lysates, overcoming the need for
purification and buffer exchange procedures. The method relies
on the high expression levels that are typically achieved in E.

coli that result in production of the recombinant protein
outperforming the endogenous gene products.1 Consequently,
MS analysis of unpurified bacterial cultures can be performed.6

Here we show that highly resolved native MS data can be
generated, wherein the intact recombinant protein becomes the
dominant component in the mass spectra, thus, enabling in-
depth characterization.

■ EXPERIMENTAL SECTION

Direct MS Sample Preparation. For direct native MS
analysis, E. coli expressing different recombinant proteins were
grown at 37 °C until OD600 nm of 0.5 was reached. Protein
expression was induced by the addition of 0.5 mM IPTG for 3.5
h. A total of 25 mL of the induced cell cultures were collected
and centrifuged at 5000g for 15 min. Cell pellets were washed
once with double-distilled water to remove residual growth
medium. Cells were then resuspended in 2 mL of buffer
containing 1 M ammonium acetate, pH 7.0 and protease
inhibitors (1 mM PMSF, 1 mM benzamidine, 1.4 μg/mL
pepstatin A) and lysed by sonication. The lysate was cleared by
centrifugation at 11000g for 30 min, and the supernatant was
directly used for MS analyses.
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For the minimal cell culture experiment, E. coli expressing
DJ-1 or CBR3 were grown at 37 °C, as described above, until
OD600nm of 0.5 was reached. Protein expression was induced by
the addition of 0.5 mM IPTG for 3.5 h and then 25, 10, 5, 2,
and 1 mL cell cultures were collected and processed for direct
MS analysis as described above.
Protein Expression Quantification. E. coli cells expressing

DJ-1 or CBR3 were grown at 37 °C, in 300 mL medium until
OD600 nm of 0.5 was reached. Protein expression was induced by
the addition of 0.5 mM IPTG. At different time points, 25 mL
of bacterial cultures were collected and processed for direct MS
analysis as described above. To measure the levels of the
expressed proteins, equal volumes of the cell extracts were 2-
fold diluted and run on 15% polyacrylamide-SDS gels. Gels
were stained with InstantBlueTM (Expedeon), scanned, and
band intensity was measured with the ImageJ software (NIH).
For the determination of the concentration of the expressed
proteins at the different time points, different amounts of BSA
(between 0.05 and 8 μg) were run on the same gel and the BSA
band intensities were used to generate a standard curve.
Native Mass Spectrometry Analysis. Experiments were

performed using a Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific) modified for the transmission and detection
of high m/z ions7 and a high-mass Q-TOF instrument adapted
for a QSTAR Elite (MDS Sciex) platform.8 All spectra were
calibrated externally, using cesium iodide. Spectra acquired on
the QSTAR instruments are shown with minimal smoothing;
no smoothing was done for the Orbitrap data. Typically, an
aliquot of 3 μL of protein solution was loaded into a gold-
coated nano-ESI capillary prepared in-house, as previously
described,9 and sprayed into the instruments. Conditions
within the mass spectrometers were adjusted to preserve
noncovalent interactions, with the source operating in positive
mode. Lysates samples were prepared as described. Purified
proteins were buffer-exchanged into 100 mM ammonium
acetate before analysis. Purified PHGDH was buffer exchanged
into 250 mM ethylenediammonium diacetate, supplemented
with 2 mM of the cofactor nicotinamide adenine dinucleotide
(NAD).
The following experimental parameters were used on the

Orbitrap platform: capillary voltage 1.7 kV, inlet capillary
temperature 180 °C, and argon was used as the collision gas in

the HCD cell. Mass spectra were recorded at a resolving power
of 10000−17500. Bent flatapole DC bias was set to 1.8−2 V.
Axial gradient was set to 10−30 V. To facilitate efficient
desolvation of some proteins, the HCD cell bias was
dynamically switched to −50 or −100 V. Trapping gas pressure
was set to values ranging between 1 and 3.5, corresponding to
HV pressures of 3.8 × 10−5 and 2.2 × 10−4 mbar, respectively.
The following experimental parameters were used on the

Qstar Elite platform: For DJ-1, capillary voltage 1.2 kV,
declustering potential 30 V, focusing potential 220 V,
declustering potential-2 15 V, focusing rod offset 50, collision
gas 2. For Hsp31, capillary voltage 1.1 kV, declustering
potential 40 V, focusing potential 200 V, declustering potential
2 15 V, focusing rod offset 60, collision gas 3. For CBR3,
capillary voltage 1.1 kV, declustering potential 30 V, focusing
potential 220 V, declustering potential-2 15 V, focusing rod
offset 130, collision gas 2. For PHDGH, capillary voltage 1.15
kV, declustering potential 200 V, focusing potential 220 V,
declustering potential 2 18 V, focusing rod offset 60, collision
gas 2.

Ion Mobility−Mass Spectrometry Measurements. IM-
MS measurements were performed on the Synapt G2
instrument (Waters, Hertfordshire, U.K.). Instrument param-
eters were as follows: capillary voltage of 1.4 kV, sampling cone
20 V, extraction cone 2 V, trap collision energies 5 V, transfer
collision energy 5−15 V, trap DC bias 45 V, and helium cell gas
flow 120 mL/min. Nitrogen was used as the IMS gas, at a flow
of 60 mL/min, IM wave velocity was set to 300 m/s, and wave
height was set to 20 V. Collision cross sections were calculated
for the 12+ and 14+ charge state of DJ-1 and Hsp31 dimers,
respectively. In brief, five proteins or protein complexes were
used for calibration: β-lactoglobulin (37.3 kDa), BSA (67.2
kDa), concanavalin A (103.1 kDa), ADH (149.3 kDA), and
pyruvate kinase (227.0 kDa; all purchased from Sigma). All
calibrants were dissolved in 200 mM ammonium acetate
solutions to retain a native-like conformation. All IM-MS
results presented were averaged from three independent
experiments. For each experiment, measurements were
conducted on the same day; the only parameters modified
for the test and calibrating proteins were capillary voltages and
transfer collision energy, which was set to 5 or 15 V for Hsp31
and DJ-1 analysis, respectively. The CCS values were then

Figure 1. Native MS analysis directly from crude cell lysates produces comparable information to that obtained from purified proteins. Mass spectra
were recorded on an Orbitrap platform for dimeric DJ-1 and Hsp31, tetrameric phosphoglycerate dehydrogenase, and monomeric CBR3 in its apo-
and NADPH bound forms. Spectra recorded from purified samples are shown on the top and those generated directly from lysates are at the bottom.
The oligomeric states of each of the proteins are indicated by a cartoon of circles beside the protein’s name.
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calculated by Driftscope CCS calculation software (V2.8,
Waters Corp., Manchester, U.K.). Theoretical CCS values for
human DJ-1 (PDB 1UCF) and Hsp31 (1IZY) were calculated
using the Driftscope Projection Approximation (PA) algorithm
(Waters).

■ RESULTS AND DISCUSSION

To investigate the applicability of this direct-MS approach we
selected a range of proteins with different masses (from 19 to
47 kDa), oligomeric states, and structural features. Initially, we
examined the overexpressed human Parkinson’s-related protein
DJ-1 (39.5 kDa, homodimer). Following induction by
isopropyl-β-D-thiogalactoside (IPTG) and 3.5 h subsequent
growth, cells were harvested and lysed by sonication. The lysis
buffer comprised 1 M ammonium acetate at pH = 7.0, to
ensure compatibility with MS analysis, supplemented with
protease inhibitors. The pellet was removed by centrifugation
and native MS analysis was performed immediately after, using
either Orbitrap or QTOF-based platforms (Figures 1 and S1).
The acquired spectrum indicated a well-resolved charge state
series corresponding to DJ-1. The measured mass and the low
number of charge states, indicated that DJ-1 is expressed in a
soluble form and that the initial methionine was removed.
Moreover, owing to the observation of peaks corresponding to
the native, homodimeric form, the spectrum also indicated that
the protein is correctly folded. In fact, the spectrum obtained
from crude lysates was comparable to one recorded for purified
DJ-1. Similar results were obtained for Hsp31, a homodimeric
stress response protein from Saccharomyces cerevisiae.
We also examined two oxidoreductases: CBR3, a human,

monomeric, NADPH-dependent carbonyl reductase; and, SerA,
a homotetrameric, NADH-dependent phosphoglycerate dehy-
drogenase (PHGDH). Mass measurements of both purified
and crude lysate samples of PHGDH indicated that the initial
methionine is removed, and that the protein assembles into a
homotetrameric structure. Further, the measured mass of
PHGDH from crude lysate, indicates that it is bound to four
NAD+ molecules, as expected10 (Figure 1). Likewise, analysis

of CBR3 revealed the coexistence of two populations, the
protein in its apo state and a NADPH-bound state. The purified
form of CBR3 indicated a significant reduction in the relative
abundance of the NADPH-bound state, probably due to its loss
during purification. Overall, all spectra acquired revealed highly
resolved peaks, narrow charge state distributions and the
anticipated stoichiometry and cofactor associations, regardless
of the high-mass mass spectrometer used. These results suggest
that isolation and purification of these four proteins is not
necessarily a prerequisite for their native MS characterization.
Next, we examined what is the minimal induction time that

allows direct native MS analysis. To this end, a time course for
DJ-1 expression was performed by collecting aliquots every 30
min following induction. The amount of overproduced protein
in each sample was quantified by SDS-PAGE and the ability to
acquire MS data with adequate signal-to-noise was examined.
The results indicate that 30 min after induction, 0.39 mg/mL of
DJ-1 was measured in crude lysate (Figure 2a), a quantity that
is already sufficient for obtaining a well resolved charge state
series of DJ-1 (Figures 2b and S2). Similar results were
obtained for CBR3 (Figures 2 and S2). In this case, 30 min
after induction, the concentration of CBR3 in the lysate was
0.46 mg/mL, yielding enough protein for recording a highly
resolved spectrum that discriminates between apo- and
NADPH-bound forms. In both cases, MS spectra of samples
with longer induction times benefited from improved signal-to-
noise ratio. Notably, even before IPTG induction charge states
of DJ-1 and CBR3 could be identified, due to leaky expression
of the proteins (Figure S3). However, without induction, the
charge state series of both proteins were not easily resolved
since the relative abundance of DJ-1 and CBR3 is comparable
to the levels of certain endogenous bacterial proteins (as the
∼43 kDa band obtained in Figure 2a). Hence, the direct MS
approach could be applied once the overexpressed target
becomes the dominant cellular protein, which in the case of DJ-
1 and CBR3 was already 30 min postinduction.
Monitoring the time course of expression, while being able to

detect natively folded and functional proteins is valuable, as in

Figure 2. Well resolved direct-MS spectra of DJ-1 and CBR3 can be generated 30 min postinduction. (a) Time-course analysis monitoring the
overexpression rate of DJ-1 (top) and CBR3 (bottom) postinduction. The recombinant proteins’ concentrations were calculated based on relative
band intensity, by densitometry, using known amounts of BSA as a standard. Arrows point to the band of the overexpressed protein. (b) Mass
spectra of DJ-1 and CBR3 collected 0.5, 1, and 1.5 h postinduction.
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many cases, longer growth periods result in misfolding and
proteolysis. This aspect is demonstrated in Figure S4, which
shows that 48 h postinduction, CBR3 and Hsp31 both appear
in the nonsoluble fraction of the cell lysate, eliminating their
detection by native MS. Thus, direct MS allows easy and
informative time course measurements that can be used for
optimization of expression conditions.
To determine the minimal bacterial culture volume that is

sufficient for the direct-MS approach, decreasing amounts of
culture volumes, ranging from 25 to 1 mL, were used.
Following centrifugation cells were resuspended in 2 mL lysis
buffer and lysed by sonication. As can be seen in Figure 3, even
at 1 mL of cell culture, well resolved charge series of CBR3 and

Hsp31 were obtained. Both apo- and NADH bound forms of
CBR3 were obtained in all tested cell culture volumes, although
a decrease in signal-to-noise ratio was obtained in the 1 mL
culture. In the case of Hsp31, high signal-to-noise ratio was
maintained throughout the decrease in culture volume,
however, it was accompanied by gradual dissociation of the
homodimeric protein into monomers. Such protein quaternary
structure disruption is likely to be due to heat buildup during
the sonication process, a scenario that is significantly reduced
upon increasing the density of the bacterial suspension.
In order to determine whether spectra of denatured proteins

can be recorded directly from the crude cell lysate, denaturing
solvents, as methanol and acetic acid were added to the crude

Figure 3. Bacterial culture aliquot of 1 mL is sufficient for native MS analysis directly from crude cell lysates. Different volumes of CBR3 and Hsp31
cell cultures, ranging from 25 to 1 mL, were lysed in 2 mL buffer and analyzed directly by native MS. Clear charge state series of apo CBR3 and its
NADPH-bound form were detected in all cell culture volumes. The homodimeric Hsp31 protein was detected in all tested culture volumes, however,
dissociation into monomers occurred in correlation with the reduction in sample volume, probably due to denaturing during the sonication lysis
procedure.
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Figure 4. Analyzing the quaternary topology of proteins by IM-MS measurements in crude lysates. (a) Three-dimensional IM-MS spectra that
separate the ions based on their size and shape were measured for DJ-1 and CBR3 in crude cell lysates and in purified samples. Data was collected on
a Synapt G2 mass spectrometer. (b) Representative ion mobility arrival time distributions for the 12+ and 14+ charge states of the homodimeric
proteins DJ-1 and Hsp31, respectively. Calculated collision cross sections values, from at least three spectra, are indicated. (c) Representative two-
dimensional plots of m/z vs intensity of DJ-1 and CBR3 from cell lysate and purified samples. Overall, comparable data were obtained for both
samples, regardless if cell lysates or purified proteins were analyzed.

Figure 5. Analysis of protein mutants by direct-MS indicates the solubility, fold, and stoichiometry of the overproduced proteins. (a) Direct-MS
spectra recorded for DJ-1WT and its mutants, DJ-1A104T, DJ-1C106A, and DJ-1D149A, indicating that all mutants are expressed and soluble and maintain
the homodimeric structure. (b) Simultaneous MS measurement of crude cell lysate mix of the three DJ-1 variants: DJ-1WT, DJ-1A104T, and DJ-1D149A.
(c) Characterization of computationally designed RuBisCO variants, RBC17, RBC31, and WT RuBisCO. The measured mass and charge state
distribution reveal that RBC17 and RBC31 are partially unfolded monomers, unlike the WT protein that is a folded homodimer. (d) Activity assays
monitoring the 3-phosphoglycerate product of RuBisCO using a coupled-assay with phosphoglycerate kinase and glyceraldehyde 3-phosphate
dehydrogenase. The latter’s conversion of NADH to NAD+ was spectroscopically monitored. The assay indicated that RBC17 and RBC31 are
completely inactive proteins in comparison to the WT protein, as expected from the results obtained in (c). Error bars represent standard error of
three experimental replicates.
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cell lysate samples. The results indicate that under mild
denaturing conditions charge state series corresponding to
CBR3 and Hsp31 are identified, wherein dissociation of the
NADPH cofactor from CBR3 and disassembly of Hsp31 into
monomers could be monitored (Figure S5). However, harsh
denaturation conditions prevented the detection of both CBR3
and Hsp31. This is probably due to the fact that a fully
denatured protein gives rise to a larger distribution of charge
states with lower m/z values in comparison to the folded
protein.11 As a result, peak intensity is reduced and the peaks of
the recombinant protein become indistinguishable from
background signals. On the whole, direct-MS measurements
under mild denaturation conditions enable validation of the
assembly state and ligand binding.
We then wished to examine whether the direct MS analysis

can be expanded also to ion-mobility (IM) MS measurements,
which provide information on the quaternary structure of the
protein.12 In this method, the time it takes a protein to
transverse a weak electrical gradient in a gas-filled chamber is
measured. Drift times are then converted to collision cross
sections (CCS),13 reflecting the overall shape of the protein.
Using this approach, we first collected IM-MS data for DJ-1.
IM-MS spectra of the protein either after cell lysis or following
affinity-purification were measured. The results indicate that
despite the presence of contaminant proteins within the cell
extract sample, a CCS value of 2683 ± 55 Å2 for DJ-1 could
clearly be determined (Figure 4). A similar value of 2680 ± 53
Å2 was measured for the purified form of DJ-1. Theoretical
CCS for human DJ-1 gave a value of 2388 Å2, which fits well
with the measured CCS value, given that the projection
approximation algorithm used to calculate this value is known
to underestimate CCS values by ∼13%.14 Likewise, we
measured CCS values for Hsp31 before and after purification.
Both IM-MS spectra yielded similar CCS values of 3458 ± 75
and 3497 ± 15 Å2, respectively (Figure 4). These measured
CCS values were in agreement with the theoretical CCS of
Hsp31, which yielded a value of 3279 Å2. Direct-MS IM
measurements can therefore reflect the quaternary shape of
unpurified proteins.
To assess the applicability of the direct MS approach for

instant, throughput characterization of overexpressed proteins,
we examined DJ-1 missense mutants associated with early onset
of familial Parkinson’s disease (A104T and D149A),15−17 as
well as a mutational variant that abolishes the cytoprotective
action of the protein (C106A).16 As shown in Figure 4a, the
MS spectra acquired from lysed E. coli cells were well resolved
for all three mutants. As expected, the masses of DJ-1A104T, DJ-
1C106A, and DJ-1D149A indicated a mass shift of +60, −65, and
−89, respectively, compared to the wild-type (WT) DJ-1.
These measurements validate that all generated clones express a
soluble protein, and that the homodimeric state of DJ-1 was
maintained, despite the mutations (Figure 5). In addition, it
was possible to perform simultaneous measurements of WT
DJ-1 and the missense variants by mixing their cell lysates prior
to MS recording (Figure 4b). Such simultaneous measurement
enables to speed up the analysis in providing a direct internal
reference of the WT protein.18

We also examined variants of the carbon fixation enzyme
RuBisCO from Rhodospirillum rubrum (RrRBC) that were
designed to improve enzyme stability. Specifically, based on the
automated structure and sequence-based design algorithm
(PROSS),19 two variants were examined that include 17
(RBC17) or 31 mutations (RBC31), compared to the WT

protein. Native MS analysis of crude E. coli lysates indicated
that all RuBisCO variants were expressed and soluble.
However, only the WT protein, RrRBC, maintained the native
homodimeric state (Figure 4c). RBC17 and RBC31 adopted a
monomeric composition despite the fact that positions in the
dimer interface were excluded in the design process. In
addition, the spectra of the designed variants encompassed a
broad charge state distribution, with high-charge states,
indicating the presence of partially unfolded populations.20 In
accordance with the fact that RuBisCO’s active-site resides in
the dimeric interface21 both RBC17 and RBC31 were
enzymatically inactive (Figure 4d). Thus, as demonstrated
here for RBC17 and RBC31, the direct-MS results enabled to
identify impaired protein mutants, saving the burden associated
with purification.

■ CONCLUSIONS

In conclusion, we describe a rapid MS-based approach for
characterizing overexpressed proteins directly in E. coli cell
lysates. The mass accuracy afforded by this approach enables to
assess sequence variations, assembly state, folding condition,
and association of ligands of the generated proteins. Moreover,
this method considerably shortens the time gap between
protein production and characterization and is particularly
suitable for optimizing the yield and quality of protein
overexpression. The simplicity and generality of the approach
also makes it suitable for throughput screening procedures
using chip-based nanoelectrospray infusion techniques.22 Over-
all, we anticipate further application of this direct-MS method,
also considering the widely spread application of protein
engineering and recombinant protein technologies in bio-
chemical investigations and in industrial and therapeutic
applications.23,24
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