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Dear Editor,

Enclosed please find the submission version of our manuscript entitled "High
resolution lon Exchange chromatography (IEX) coupled to Multi Angle Light
Scattering (MALS) — a method for protein separation and characterization" by
Amartely et al. to consider for publication in JoVE.

IEX-MALS is a powerful method for protein separation and characterization that we
recently introduce in a Scientific Reports publication: {Amartely, et. al. - Coupling
Multi Angle Light Scattering to lon Exchange chromatography (IEX-MALS) for protein
characterization. Scientific Reports. 8 (1), 6907, doi: 10.1038/s41598-018-25246-6
(2018)}.

The combination of the high-resolution separation technique IEX with the accurate
molar mass analysis achieved by MALS allows characterization of heterogenous
protein samples, including mixtures of oligomeric forms or protein populations, even
with very similar molar masses. Therefore, IEX-MALS provides additional level of
protein characterization and is complementary to the standard SEC-MALS technique.
Here we describe a protocol for a basic IEX-MALS experiment using a standard
protein bovine serum albumin (BSA). IEX separates BSA to its oligomeric forms
allowing molar mass analysis by MALS of each individual form. Optimization of an
IEX-MALS experiment is also presented and demonstrated on BSA, achieving
excellent separation between BSA monomers and larger oligomers. IEX-MALS is a
valuable technique for protein quality assessment since it provides both fine

separation and molar mass determination of multiple protein species that exist in a



sample. In the previous manuscript, we show a comparison of IEX-MALS and SEC-
MALS analysis for several types of samples, including proteins with overlapping
peaks, oligomers and peptides, showed that IEX-MALS provides another level of
protein characterization and can resolve the SEC-MALS limitations, in particular for

those samples that do not properly fit a typical SEC-MALS experiment.

We believe that our manuscript is of high general interest to the readers of JoVE
from several aspects:

1) We practically describe a protocol for a basic IEX-MALS experiment and
demonstrate this method on a standard protein (BSA)

2) We show how to prepare the system, sample, buffers, how to choose and
develop an IEX method step by step and how to analyzed IEX-MALS
experimental data

3) We show how to optimize the experiment in order to obtain better
separations and more accurate results, and which additional variables can be

use

We suggest the following referees for the manuscript:
1. Dr. Ario de Marco, University of Novo Gorica, Slovenia. Email:

ario.demarco@ung.si

2. Dr. Arie Geerlof, Helmholtz Zentrum Minchen, Germany. Email:

arie.geerlof@helmholtz-muenchen.de

3. Dr. Svend Kjaer, Francis Crick Institute, United Kingdom, Email:

Svend.Kjaer@crick.ac.uk

We hope that you will find our manuscript appropriate for publication in JoVE.

Sincerely yours,
Mario Lebendiker

mario.l@mail.huji.ac.il
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SUMMARY:

This protocol describes the use of high-specificity ion-exchange chromatography with multi-angle
light scattering for an accurate molar mass determination of proteins, protein complexes, and
peptides in a heterogeneous sample. This method is valuable for quality assessment, as well as
for the characterization of native oligomers, charge variants, and mixed-protein samples.

ABSTRACT:

lon-exchange chromatography with multi-angle light scattering (IEX-MALS) is a powerful method
for protein separation and characterization. The combination of the high-specificity separation
technique IEX with the accurate molar mass analysis achieved by MALS allows the
characterization of heterogeneous protein samples, including mixtures of oligomeric forms or
protein populations, even with very similar molar masses. Therefore, IEX-MALS provides an
additional level of protein characterization and is complementary to the standard size-exclusion
chromatography with multi-angle light scattering (SEC-MALS) technique.

Here we describe a protocol for a basic IEX-MALS experiment and demonstrate this method
on bovine serum albumin (BSA). IEX separates BSA to its oligomeric forms allowing a molar
mass analysis by MALS of each individual form. Optimization of an IEX-MALS experiment is
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also presented and demonstrated on BSA, achieving excellent separation between BSA
monomers and larger oligomers. IEX-MALS is a valuable technique for protein quality
assessment since it provides both fine separation and molar mass determination of multiple
protein species that exist in a sample.

INTRODUCTION:

Quantitative characterization of protein products is increasingly essential as a means of quality
control (QC), both for regulatory purposes in the biopharmaceutical industry and to guarantee
the reliability and integrity of life science research'?. As described on the websites of protein
networks Protein Production and Purification Partnership in Europe (P4EU) and Association of
Resources for Biophysical Research in Europe and Molecular Biophysics in Europe (ARBRE-
MOBIEU) (https://p4eu.org/protein-quality-standard-pgs and https://arbre-
mobieu.eu/guidelines-on-protein-quality-control, respectively), protein QC must characterize
not only the purity of the final product, but also its oligomeric state, homogeneity, identity,
conformation, structure, posttranslational modifications, and other properties®*.

One of the most common QC characterization methods is SEC-MALS. In this method, an analytical
SEC column is coupled to MALS and spectrophotometric and refractometric detectors, enabling
accurate measurements of the protein molar mass of each peak®. SEC-MALS determines the
molar mass of the eluted peaks independently of the elution volume and overcomes the
inaccuracy of the analytical SEC using column calibration. The addition of a dynamic light-
scattering (DLS) module adds size measurement capability allowing hydrodynamic radius
determination. In academic research, SEC-MALS is typically used to determine the oligomeric
state of a protein, its conformation, the level of purity, level of aggregation, and modified
proteins, such as glycoproteins or lipid-solubilized membrane proteins (determine the molar
mass of protein and conjugate the components individually)®2.

In many cases, the final protein of a purification process is not a well-defined molecular species
but rather comprises some heterogeneity. The proteins in such a mixture can be varied in terms
of structure (for example, different oligomeric forms), conformations, or protein isoforms.
Protein heterogeneity can also be a result of minor chemical differences caused by C-terminal
lysine processing or asparagine/glutamine deamination, leading to charge variation®,
Differences in posttranslational modifications such as glycosylation can also lead to
heterogeneous samples with charge variations®. These different types of heterogeneity are
reflected in the protein’s biophysical characteristics and can impact the stability and biological
activity of the target protein'?.

Reliable quality control assays of such heterogeneous samples require a highly resolutive
analytical separation technique. There are cases where good separation can be challenged to
achieve with analytical SEC columns, due to their limited resolution and separation abilities'?,
resulting in flawed SEC-MALS analysis. Combining a high-specificity separation technique such as
IEX with MALS can overcome the limitation of SEC-MALS in heterogeneous samples and provide
a complementary method for protein characterization (Table 1 in Amartely et al.'?). Unlike SEC,
which separates macromolecules by their hydrodynamic size®3, IEX separates macromolecules by
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their surface charge'*. Anion exchange (AIEX) and cation exchange (CIEX) matrixes bind
negatively and positively charged variants, respectively. With a fine separation between protein
populations that share a relatively close mass or shape, IEX-MALS successfully determines the
molar mass of each individual protein state in a mixture sample!?.

Here we present a standard protocol for running an IEX-MALS experiment for the separation and
analysis of BSA oligomeric forms that exist in the same sample. The choice of an IEX column for
a specific protein is important and discussed, as well as the pH and conductivity conditions of the
buffers. The analysis of IEX-MALS experimental data is also described step by step. Although the
separation of BSA oligomers is good and sufficient in SEC-MALS, BSA is a good example to show
the IEX-MALS capabilities and to demonstrate the optimization of an experiment. Examples of
poor separation achieved by SEC-MALS and proper separation and analysis enabled by IEX-
MALS are discussed in a previous study?.

PROTOCOL:
1. Preparation of the system

1.1. Install the fast protein liquid chromatography (FPLC) system and MALS/refractive index (RI)
detectors (see Table of Materials) along with their respective software packages for control, data
acquisition, and analysis per the manufacturers’ instructions.

1.2. Connect the MALS and RI detectors downstream of the FPLC's UV and conductivity
detectors. Bypass the pH detector unless it is absolutely necessary for pH gradients, to minimize
the interdetector volume between the UV and MALS detectors. Use capillary tubing of 0.25-0.5
mm inner diameter (i.d.) between the column and detectors and 0.75 mm i.d. capillary tubing on
the output of the Rl detector to the waste or fraction collector.

1.3. Ensure that the necessary signal connections between the FPLC and detectors have been
established, including a UV analog output from the FPLC detector to the MALS Aux input and
digital output from the FPLC to the MALS Autoinject In, via the I/O Box.

2. Preparation of the sample and buffer

2.1. Filter all reagents, including the washing and elution buffers, with a 0.1 um filter. Filter the
first 50—100 mL of buffer into a waste bottle in order to eliminate particulates from the dry filters,
and keep the remainder of the buffer in a clean, sterile bottle that has been washed thoroughly
with filtered water and capped to prevent dust from entering.

2.2. Adjust a BSA sample to a pH and ionic strength (e.g., pH = 8, 50 mM NaCl) that allow binding
to the IEX column during dilution, ultrafiltration, or buffer exchange procedures.

NOTE: It is recommended to prefilter the protein sample to the smallest pore size that does not
remove the material of interest (0.02-0.1 um). Alternatively, the sample can be centrifuged at
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high speed (13,000-16,000 x g) for 10 min to enable the precipitation of large particles.

2.3. Prepare at least 0.3-0.5 mg of BSA (see Table of Materials) to inject in a 1 mL column (5/50
mm) for achieving a good-quality MALS analysis. Note that the volume of injection is unlimited.

3. Choice and development of an IEX method for a protein

3.1. Calculate the isoelectric point (pl) of the protein based on the primary sequence, for which
servers such as Protparam tool on the ExPASy website can be used®. Note that the pl of BSA is
5.8.

3.2. Select the column type and buffer parameters.

3.2.1. Use different buffers for AIEX and CIEX, depending on the pK, of the buffer and the ionic
nature of the buffer. Use cationic buffers when running the AIEX column and anionic buffers
when running the CIEX column with small counterions. In this example, use 20 mM Tris-HCl
buffer, pH 8, for the analysis of BSA on an AIEX column.

3.2.2. For a protein with a pl lower than 7, such as BSA, use an AIEX column and buffer with a pH
higher than the pl by at least two units. For a protein with a pl higher than 7, use a CIEX column
and buffer with a pH lower than the protein pl by at least two units.

3.2.3. Optimize the buffer pH according to the strength of binding between the protein and the
column matrix. If a protein does not bind well to the column, use a pH farther from the pl. Make
sure that the protein is stable at the used pH.

3.2.4. Use a low salt concentration in the binding and wash the buffers to allow binding of the
protein to the matrix, since protein binding depends on the ionic strength of the loaded sample.
Proteins usually require some salt for their stability; therefore, use 50 mM NaCl (or alternative
salt) during the protein-loading and column-washing steps.

3.2.5. For elution buffer, use a maximum of 0.5 M NaCl to detach the protein from the column.

NOTE: Higher salt concentrations are not recommended when working with the standard-model
Rl refractometer due to the range limitation of the instrument. However, a high-concentration
model can be used and will accommodate 2 M NaCl.

3.3. Perform an initial method as follows.

3.3.1. Load 1 mg of BSA (170 pL of 6 mg/mL) in ~0.5 mL of a loading buffer of 20 mM Tris-HClI
buffer, pH 8, containing 50 mM NaCl. Wash the column with the same buffer for a 10-15 column
volume (CV) to allow the complete elution of the unbound molecules and particles from the
system until the light scattering (LS), UV, and Rl signals are fully stabilized.
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3.3.2. Perform a short, linear salt gradient of 20-30 CV, using elution buffer of 20 mM Tris-HClI,
pH 8, containing 0.5 M NaCl to detach the protein from the column. Perform a gradient of 0%—
100% (or alternative widespread gradient) of the elution buffer or split it to two gradients: 0%—
50% of elution buffer followed by an additional gradient of 50%—100% of elution buffer, each
gradient for 10-20 CV. For BSA, use a widespread gradient of 15%—70% for 30 CV for the initial
method.

NOTE: In some instances, the initial method may provide separation for a reliable MALS analysis,
and additional runs are not necessary. In many cases, the initial method provides only guidance
for further method optimization.

3.4. Optimize the IEX method to increase the resolution and improve the peak separation by
changing different parameters.

3.4.1. Change the gradient slope and length. Short gradients with high slopes provide intense
peaks with less separation, while long gradients with mild slopes provide lower peaks with better
separation. Find the balance between peak resolution and signal intensity for optimal MALS
analysis.

NOTE: Loading a higher quantity of protein can increase LS, UV, and Rl signals but does so at the
expense of resolution.

3.4.2. Use a stepwise salt concentration profile for the elution. Remember that a combination of
steps and linear gradient is commonly used.

3.4.3. Decrease the flow rate to improve peak separation.

NOTE: For matrixes with very small particles, this is not very significant.

3.4.4. Change the buffer pH to increase the charge variation between the protein populations in
the sample and improve the separation between those variants. Note that proteins that are not

properly separated at one pH can be separated at a different pH.

3.4.5. Use a pH gradient, linear or stepwise, to detach proteins from the IEX column. Use elution
gradients that combine both pH and salt concentration variations if necessary.

3.4.6. Use stronger salts, such as MgCl,, or weaker salts, such as sodium acetate, to increase
sensitivity and resolution?®.

3.4.7. Use longer IEX columns or a different column matrix with smaller particles to improve
separation abilities.

3.4.8. Change the type of column (AIEX/CIEX) to provide a different pattern of separation. Note
that matrixes with strong, weak, or combined (mixed-mode) ligands are also available and can
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improve the resolution of some samples.

3.4.9. Use a column from a different supplier with the same ligand that is attached to different
matrix resins. The resin itself, independently of the ligand, can interact differently with the
proteins and affect the separation profile.

3.4.10. Include additives (molecules that stabilize the protein in the solution) in the buffers to
improve protein stability and avoid protein aggregation, to improve the IEX experiment.

NOTE: Examples of such additives are sugars, alcohols, urea, nonionic or zwitterionic detergents,
and chaotropic and kosmotropic salts!”*8,

4. IEX-MALS experiment

4.1. Open New\Experiment from Method in the MALS software and select the online method
from the Light Scattering system methods folder. If the DLS module is available and DLS data are
to be acquired, select the online method from the Light Scattering\With QELS subfolder.

4.2. Set the parameters of the run under the Configuration section.

4.2.1. Set the flow rate of the run in the Generic Pump section to the flow rate used in the FPLC
(1.5 mL/min), and enter or verify the buffer parameters under the Solvent section.

4.2.2. Enter the protein name (BSA), refractive index increment (dn/dc; the standard value for
proteins is 0.185 mL/g), UV extinction coefficient at the wavelength of 280 nm (0.66 g/L*-cm™),
and the concentration of the protein sample (6 mg/mL) in the Sample tab under the Injector
section. Insert the sample volume for injection (170 pL) as well under the same section.

4.2.3. In the Basic Collection tab, under the Procedure section, select the checkbox Trigger on
Autoinject and set the duration of the run so that data collection will be continued for at least 5
min after the gradient has reached its final value.

4.3. Set the experiment parameters in the FPLC software.

4.3.1. Create a new experiment in the Method Editor tab. The initial experiment will be a linear
gradient of salt or pH (see step 3.3). For the optimized method, create a more specific gradient
or a stepwise program according to the elution results during the initial method (see step 3.4 and
Figure 1). Include a pulse signal in the method that will trigger data collection in the MALS
software.

4.3.2. Wash the column and valves with the relevant buffers: 20 mM Tris-HCl, pH 8, with 50 mM
NaCl for the washing buffer (A valve) and the same buffer with 500 mM NaCl for the elution
buffer (B valve). Make sure that the final column wash uses the binding buffer, containing a low
salt concentration, to enable the binding of the protein to the column matrix. For a massive wash
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of strongly bound impurities, use 0.5 M NaOH before washing with the relevant buffers, followed
by a neutralization buffer wash.

4.3.3. Place the protein sample in the loop using a syringe. If more than 10 mL of the sample is
loaded, use a superloop or the pump-valve of the FPLC instrument while bypassing the filter
pump and the mixer of the FPLC.

4.4. Start the experiment first in the MALS software by clicking on the Run button and then in
the FPLC software. Data will be collected after receiving the pulse signal from the FPLC instrument
via the MALS detector.

4.5. Apply the same parameters of the run and instructions described in steps 4.1-4.4 if the IEX-
MALS is performed manually with a continuous-flow mode instead of a stand-alone method.

4.6. Once the final method has been verified and run, perform exactly the same method using a
blank injection (loading buffer instead of the sample). It is important that the timing between the
autoinject pulse and the gradient of the blank run is identical to that of the sample run.

5. Analysis of IEX-MALS experimental data

5.1. Perform the analysis step by step under the Procedure section in the MALS software. The
Basic Collection view displays the raw data collection of the experiment.

5.1.1. Use the Despiking tab to smooth the chromatograms if they exhibit a lot of noise.
Normally, use the normal level.

5.1.2. Define the baseline for all signals (all LS, UV, and RI detectors) in the Baseline view.

5.1.3. Define the peaks for analysis in the Peaks view. Verify the correct values of dn/dc and the
UV extinction coefficient for the protein under each peak.

NOTE: For proteins, it is common to use a standard Rl increment value of 0.185 mL/g, but for
other macromolecules, different dn/dc values should be used, according to the nature of the
molecule. The average dn/dc of polynucleotides (DNA/RNA) is 0.17 mL/g*°, while saccharides,
such as sucrose, have an average dn/dc value of 0.145 mL/g?°, and the dn/dc values of lipids and
detergents range between 0.1-0.16 mL/g?.

5.1.4. Analyze the molar mass and the radius using the fitting parameters and the correlation
function under the Molar Mass & Radius from LS and Ry from QELS views.

5.2. The Rl signal changes significantly during the IEX-MALS run due to the increase in salt
concentration. Therefore, subtract the baseline signal from the blank injection for mass
calculations that require Rl data.
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5.2.1. Open both the protein and blank IEX-MALS experiments. Right-click on the protein
experiment name, select Apply Method, and choose the Baseline Subtraction folder from the
file dialog. Select the correct type of method (e.g., online) for standard molar mass analysis. Note
that the parameters and settings defined for the protein experiment will be saved on the new
opened method.

5.2.2. Under the Baseline Subtraction view, click Import Blank to import the signals of the blank
run. Under Instruments (next to the Import Blank button), check all of the detectors to subtract.

5.2.3. In the Peaks view, adjust the dn/dc values (if necessary) due to the conductivity of the
solution at the protein peak area, since the Rl of the solution is changed during the run'2.

5.3. Calibrate the IEX-MALS system with BSA monomer.

NOTE: Normally, the IEX-MALS system is periodically calibrated for peak alighment, band
broadening, and normalization of the angular detectors to the 90° detector using a monodisperse
protein with a radius of gyration (Rg) of <10 nm, such as BSA monomer. In this example, BSA
serves both as the calibration molecule and is itself the subject of the molar mass analysis.

5.3.1. Align the peaks, under the Procedures > Configuration view.
5.3.2. Perform normalization under the Normalization view, entering 3.0 nm as the Rg value.

5.3.3. Under Band Broadening in the same Configuration tab, choose the peak and match the
UV and LS signals to the Rl signal, using the Perform Fit button.

5.4. The graph of the results is shown in the Results Fitting view. Change the axis scales and other
graph parameters by right-clicking on the graph, selecting Edit, and then clicking on the Advanced
button. A graph figure with more display options is also available in the EASI Graph tab: select
Molar Mass from the Display drop-down menu at the top of the window.

5.5. Note that all results, including molar mass, radius, level of purity, and others, are available
in the Report view (summary or detailed) under the Results section. Use the Report Designer
button to add more results or parameters, as well as figures, to the report.

REPRESENTATIVE RESULTS:

BSA is a common protein which is used in chromatography for calibration of the experimental
system?? and is highly suitable for practicing IEX-MALS, as well as SEC-MALS. It is primarily
monomeric with a theoretical monomer mass of 66.7 kDa and usually incorporates a small
number of dimers and higher oligomers?3.

BSA was analyzed on IEX-MALS using an anion exchange analytical column (see Table of
Materials). A wide linear gradient consisting of 30 CV from 75 mM to 350 mM NaCl separated
BSA monomers from the higher oligomers. Downstream MALS analysis resulted in a calculated
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monomer molar mass of 66.8 + 0.7 kDa and in a calculated dimer molar mass of 130 + 5 kDa
(Figure 1A).

Based on the buffer conductivity at the eluted peaks, the gradient was changed to a different
program: a long step of 175 mM NaCl followed by a linear gradient from 175 mM to 500 mM
NaCl. The new gradient greatly improved the resolution and excellent separation between BSA
monomer (with a calculated molar mass of 66.1 + 0.7 kDa) and its higher oligomeric species (with
a calculated average mass of 132 + 2 kDa) (Figure 1B). In order to focus also on the high oligomeric
species and to calculate molar masses of each individual oligomeric form of BSA, a stepwise
program of 200 mM and 250 mM NaCl was applied. This experiment resulted in an excellent
separation between BSA monomer (with a calculated mass of 62.4 + 0.4 kDa), dimer (with a
calculated mass of 130 + 10 kDa), and trimer (with a calculated mass of 170 + 10 kDa) (Figure 1C).
All IEX-MALS experiments show that BSA elutes mostly as a monomer with a purity of 80%, in
agreement with SEC-MALS results where BSA monomers elute with a purity of 85%?2.

[Place Figure 1 here]
FIGURE AND TABLE LEGENDS:

Figure 1: Optimization of IEX-MALS experiment for BSA. (A) IEX-MALS experiment of BSA with a
gradient program of 75—-350 mM NaCl. (B) IEX-MALS experiment of BSA with a program of a 175
mM NaCl step followed by a linear gradient program of 175-500 mM NaCl. (C) IEX-MALS
experiment of BSA with a step program of 200 mM and 250 mM NaCl. The chromatograms display
the UV at 280 nm (blue), light scattering at a 90° angle (red), and the refractive index (pink) and
the conductivity (grey) curves together with the molar mass of each peak calculated by MALS
(black).

DISCUSSION:

IEX-MALS is a powerful method for protein separation and characterization that allows the
accurate molar mass determination of pure proteins as well as of heterogeneous samples,
characterizing native oligomers, nonnative aggregates, covalent and noncovalent complexes, and
conjugated proteins. A program consisting of a linear gradient or a series of salt concentration
steps can achieve a good separation of the protein populations and allow proper analysis of each
individual peak by the MALS. Further optimization by varying different parameters, such as
gradient slope (see step 3.4 of the protocol), can be performed if a better resolution is required.
IEX-MALS can be a valuable protein quality control assay since it provides an additional, critical
level of protein characterization, complementary to other methods such as SEC-MALS.

While SEC-MALS is a standard and common technique for protein molar mass determination, the
relatively low resolution of the standard analytical SEC columns may limit accurate molar mass
measurements achieved by MALS!?. Some examples of the limitations of SEC-MALS include
solutions that contain consecutive oligomers, high levels of aggregation that are not fully
separated from the monomer peak, and heterogeneous populations with similar molar masses,
such as modified proteins.
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IEX is @ more complex chromatography method to design and carry out than SEC, but the
information obtained from an IEX-MALS experiment can complement and sometimes be even
more informative than SEC-MALS analysis. IEX-MALS has successfully characterized antibody
variants that share the same molar mass, oligomers that are not completely separated on SEC,
and short peptides that are difficult to analyze by SEC'>?4, Also, macromolecular assemblies that
are too large to be separated by SEC, such as full (containing viral DNA) and empty particles of
adeno-associated virus (AAV), can be resolved by IEX?> prior to MALS analysis. Compared to SEC,
IEX offers more diverse separation capabilities!* and it has the flexibility of adjusting several
parameters to increase peak resolution, such as buffer pH, types of salt, types and length of the
column, and others. Unlike SEC, there is no volume limitation for sample injection in IEX, and any
molecule can be analyzed independent of its size (see Table 1 in Amartely et al.*?). This is a great
advantage of IEX-MALS, mainly for samples with a low LS intensity, such as very small proteins or
diluted proteins with a tendency for aggregation upon concentration. Since analytical IEX
columns are more stable and tend to release fewer particles than SEC columns, I[EX-MALS
requires very short equilibration time, and LS signals are stabilized very fast. This allows the
running of individual experiments as described in this protocol and the stopping of the run as
required.

Unlike SEC, which usually provides fine results with only one experiment (using a column with
the right fractionation range), IEX may require several experiments to achieve optimal resolution
by tuning the method parameters. In IEX-MALS experiments that are performed with a salt
gradient, the buffer conductivity and, hence, the Rl dramatically change during the run, with
consequent changes to the Rl signal. This requires an additional blank run for each IEX-MALS
experiment and an analysis with baseline subtraction (as described in step 5.2 of the protocol)
unless the concentration analysis is limited to UV detection (requiring a priori knowledge of the
extinction coefficients for each peak). The analysis with baseline subtraction is robust for linear
gradients, even though further development of the method is still required for the successful
baseline subtraction of salt stepwise programs. The dn/dc values of each peak should be adjusted
according to the specific buffer conductivity at the eluted peak (calculations can be found in the
literature!?). If a protein eluted at an NaCl concentration lower than 200 mM (like in the BSA
example), this adjustment is negligible.

The relatively large amount of protein used in IEX-MALS (as detailed in step 2.3 of the protocol)
compared to SEC-MALS is important to overcome the dramatic change of the Rl signal caused by
the salt gradient and the RI fluctuations due to imperfect mixing of the gradient buffers. If only
UV detection is used for mass measurement, smaller amounts may be used. The quantity of
protein to inject depends on the molar mass of the protein, homogeneity, purity, and the UV
extinction coefficient. The necessary injected mass should be higher for smaller proteins and
lower for larger proteins (~*1 mg for a 20 kDa protein and ~0.2 mg for a 150 kDa protein).
Heterogeneous samples require injection of more sample since the quantity is divided between
several populations. Analytical high performance liquid chromatography (HPLC) may require less
material than an FPLC system.
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Recently, in-line analysis using MALS during purification procedures has been reported. Such a
real-time analysis is very efficient for detecting aggregation products that occur during
purification and can eliminate the need for any further analysis of the protein after purification?®.
IEX chromatography is frequently used as an intermediate purification step; thus, the
combination of preparative IEX columns with MALS can be useful not only as an analytical
characterization method but also as a real-time analysis of large-scale purification procedures.
Nonanalytical IEX columns are also stable, with a low degree of particle releasing and, therefore,
can be used with MALS. Other separation techniques, such as affinity chromatography or
hydrophobic exchange chromatography, can also be combined with MALS when subjected to
relatively pure samples (to avoid contamination of the MALS and RI detectors). This will require
the adaptation and optimization of the method to obtain not only good peak separation but also
sufficiently clean LS and Rl signals for a successful MALS analysis.
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Name of Material/ Equipment Company Catalog Number Comments/Description
AKTA pure GE Healthcare 29-0182-26 FPLC
0.02 um Anotop Whatman Filter 10 mm  GE Healthcare 6809-1002 Sample Filter
0.1 um Anotop Whatman Filter 10 mm  GE Healthcare 6809-1012 Sample Filter
0.1 um Anotop Whatman Filter 25 mm  GE Healthcare 6809-2012 Mobile phase filter
BSA (purity >97%) Sigma A1900 Bovine serum albumin
miniDAWN TREOS Wyatt Technology WTREOS MALS
mono Q HR 5/50 GL GE Healthcare 17-5166-01 Anion exchange analytical column
Optilab T-rex Wyatt Technology WTREX Refractometer
0.1 mm PES 1000 mL Stericup Millipore SCVPU11RE Mobile phase filter
Sodium chloride Sigma 71382 HPLC grade NacCl

TRISMA base Sigma T-1503 TRIS buffer
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Scattering (MALS) for protein separation and characterization."

3. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials and Reagents. You may use the generic term
followed by “(see table of materials)” to draw the readers’ attention to specific
commercial names. Examples of commercial sounding language in your manuscript
are: AKTA, GE Healthcare, Wyatt Technology, ASTRA, Optilab, Millipore, Stericup,
etc.

Manuscript has been rephrased and commercial language was deleted.

4. Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per
minute (rpm).

Speed units were converted from RPM to g.

5. Please revise the protocol to contain only action items that direct the reader to do
something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the
imperative tense in complete sentences wherever possible. Avoid usage of phrases
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that
cannot be written in the imperative tense may be added as a “Note.” Please include all
safety procedures and use of hoods, etc. However, notes should be used sparingly
and actions should be described in the imperative tense wherever possible. Please
move the discussion about the protocol to the Discussion.

Manuscript was revised to the imperative tense. "Notes" were added where it was
necessary.

6. The Protocol should be made up almost entirely of discrete steps without large
paragraphs of text between sections. Please simplify the Protocol so that individual
steps contain only 2-3 actions per step and a maximum of 4 sentences per step. Use
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sub-steps as necessary. Please move the discussion about the protocol to the
Discussion.

Paragraphs were shorted to simplify the protocol.

Discussion parts were removed to the discussion section.

7.2.2,2.3, 3.1, 3.2, etc.: Please provide specific values to be used here. We cannot
film a generalized protocol; we need specific settings of a specific experiment. For
instance, please specify the protein sample used, the pH and ionic strength that are
adjusted to, and quantity of protein to inject.

We specified the protocol and gave specific values along all the protocol.

8. 3.3.1: Please specify the sample used and sample volume injected. What is used to
wash?

Sample and volume and buffers were specified.

9. 3.4.1-3.4.10: Please write the text in the imperative tense that describes how to
optimize different parameters.

Manuscript was revised to the imperative tense.

10. 4.2.1: Please specify the flow rate.

Flow rate was specified.

11. 4.2.2: Please specify the concentration and sample volume.

concentration and volume were specified.

12. 4.3.2: Please specify the buffers used. How many washes are needed?

Buffers and washes were specified.

13. After you have made all the recommended changes to your protocol (listed above),
please highlight 2.75 pages or less of the Protocol (including headings and spacing)
that identifies the essential steps of the protocol for the video, i.e., the steps that should
be visualized to tell the most cohesive story of the Protocol.

Pages to film were highlighted.



14. Please highlight complete sentences (not parts of sentences). Please ensure that
the highlighted part of the step includes at least one action that is written in imperative
tense. Notes cannot usually be filmed and should be excluded from the highlighting.

Complete parts to film were highlighted (Notes were excluded).

15. Please include all relevant details that are required to perform the step in the
highlighting. For example: If step 2.5 is highlighted for filming and the details of how to
perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the
details are provided must be highlighted.

Complete parts to film were highlighted

16. Discussion: Please discuss critical steps within the protocol.

The discussion referring several steps in the protocol. For example: "The relatively
large amount of protein used in IEX-MALS (detailed in section 2.3) compared to SEC-
MALS is important....." ; "This requires additional blank run for each IEX-MALS
experiment and analysis with baseline subtraction (as described in section 5.2), unless
concentration analysis is limited to UV detection" ; "optimization by varying different
parameters such as gradient slope (see section 3.4) can be performed...".

17. Please note that the illustration figure of IEX-MALS is not referenced in the
manuscript. If it is not intended to be used in the manuscript, please remove it from the
submission files.

lllustration figure was referred in the introduction. For filming we suggest to show this
illustration as animation (slide after slide).

18. Table of Materials: Please use the micro symbol pinstead of u and include a space
between all numerical values and their corresponding units (10 mm, 0.1 um, etc.).
Please sort the items in alphabetical order according to the name of
material/equipment.

Table of materials was updated as required.



Reviewers' comments:

Reviewer #1:

Line 83: "degraded" analysis - | suggest the word "flawed".
The legends in Figl are a bit fuzzy, so a higher resolution file would be useful.

We thank the reviewer for these comments. We rephrased the line 83 as was
suggested and improved the resolution of figurel.

Reviewer #2:

In par 2.3 the authors mention that for a measurement 0.3-0.5 mg of sample is needed
of a 60 kDa protein. Here they should also mention the size of the column used for the
experiment. Furthermore, it would be useful if the authors could give an indication of
the amount of smaller and larger protein needed instead of only mentioning higher or
lower (par. 2.4). So that the reader can make an educated guess how much of his
target protein he/she would need.

We thank the reviewer for the comment. We added in the manuscript section 2.3 the
size of the column as was suggested, and also added quantity of injection for smaller
and larger proteins (in the discussion).

In par. 3.3.2 the authors mention the option to split the measurement into two
gradients. This should be explained better.

We rephrased this sentence and elaborate on this split gradient.

In general, it would be useful if the authors could give more information about IEX
columns that could be used for this method. A table of commercially available columns
would be useful. Did the authors look into the use of weak versus strong IEX resins
(e.g. DEAE vs Q)?

We used several IEX columns, AIEX such as monoQ, miniQ, sepharose Q (from GE),
and CIEX such as monoS (GE) and SCX-NP5 (sepax). We did not look into a
comparison between strong and weak IEX column, comparing same sample.
However, this protocol describes the use of a specific column (mono Q HR GL).
Separation and analysis of other proteins with other columns for IEX-MALS
experiments can be seen in our previous paper, at Amartely et al, Scientific Reports
2018. We added to the discussion that preparative IEX columns can also be used with
MALS - "Non-analytical IEX column are also stable, with low degree of particle
releasing, therefore can be used with MALS. "



In par 4.2.2 the authors mention the standard dn/dc for proteins (0.185 ml/g). It would
be very useful if the standard dn/dc values for non-protein compounds could be added,
such as DNA, RNA, glycosylation residues, etc. These values are needed to be able
to accurately calculate the mass of e.g. a protein-DNA complex.

dn/dc values of sugars, DNA and lipids were added to the manuscript, to section 5.1.3.

In par. 4.3 the authors do not mention how they prepare their columns before the
measurements or regenerate it in between measurements. Do they clean the column
or just wash with binding buffer?

Step 4.3.2 describes the procedure required for washing the column for each IEX-
MALS experiment: "Wash column and valves with the relevant buffers: 20 mM Tris-
HCI pH 8 with 50 mM NacCl for washing buffer (A valve) and same buffer with 500 mM
NacCl for elution buffer (B Valve). Make sure that the final column wash uses the binding
buffer, containing low salt concentration, to enable binding of the protein to the column
matrix." So column is washed with high salt buffer first (elution buffer) and then by the
washing buffer between measurements. We also added additional optional wash step
in this section: "For massive wash of strongly bound impurities, use 0.5 M NaOH before
washing with the relevant buffers, followed by a buffer neutralization wash".

In par. 5.2 the authors describe data analysis including baseline subtraction. This is
done by performing a separate baseline experiment. Unfortunately, not all available
LS equipments are able to perform this type of baseline subtraction. Therefore, would
it be possible to correct the baseline within the experiment as is done for SEC-MALS?

Experiments that are performed with a linear gradient and enough protein quantity can
be analyzed without buffer subtraction, just by adjusting the baseline of the RI (can be
tricky). For high quality analysis and for this protocol (that use also low quantity of
protein) Rl baseline subtraction is very recommended (for analysis that utilize RI as
concentration source). Therefore, the procedure describes the baseline subtraction as
well. However, we did emphasize that subtraction is required only if RI signal is used
as a concentration source. If UV signal is used for measuring the concentration, this
step is not required (see section 5.2 and discussion).

Furthermore, the authors mention that is may be necessary to adjust the dn/dc values
when the NaCl concentration well exceed 200 mM. In IEC chromatography this is not
unusual. Even in the BSA experiment the authors use a gradient from 75 to 350 mM
NacCl. Therefore, the authors should explain how the adjustment of the dn/dc values is
done.

Dn/dc of each peak should be adjusted according to the buffer conductivity at the
eluted peak. If protein eluted at [NaCl] < 200 mM (like in the BSA example) this
adjustment is not very necessary. However, description of how the adjustment is done
can be found in our previous paper (Amartely et al Scientific Reports 2018) as we cited
in the manuscript. We also added this point in the discussion.



In the BSA experiment the authors should mention which buffer and which quality BSA
were used.

Manuscript has been updated and we added the buffers that were used for the run.
Quiality of commercial BSA is mentioned in table of material.



