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Over half the proteins in the E. coli cytoplasm form homo or hetero-oligomeric structures. Experimentally
determined structures are often considered in determining a protein’s oligomeric state, but static structures
miss the dynamic equilibrium between different quaternary forms. The problem is exacerbated in homo-
oligomers, where the oligomeric states are challenging to characterize. Here, we re-evaluated the
oligomeric state of 17 different bacterial proteins across a broad range of protein concentrations and
solutions by native mass spectrometry (MS), mass photometry (MP), size exclusion chromatography
(SEC), and small-angle X-ray scattering (SAXS), finding that most exhibit several oligomeric states.

Surprisingly, some proteins did not show mass-action driven equilibrium between the oligomeric states.
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databases underestimated the complexity of protein quaternary structures in solution. Conversely,
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Introduction

A large fraction of proteins are oligomeric in nature, often
forming an assembly of multiple copies of the same folded
polypeptide.* Functional, genetic, and physicochemical
prerequisites are the driving force of the evolutionary selection
of symmetrical oligomeric complexes.”™ The quaternary struc-
ture of a protein is of biological significance for the activity and
stability of enzymes, ion channels, transcription factors, struc-
tural proteins, and more,>® with the oligomeric surfaces
potentially improving their stability.” The quaternary structure
of a protein is most often determined by structural methods,
such as by X-ray crystallography, which requires high protein
concentration and unique buffer composition to drive crystal-
lization. As the equilibrium between different quaternary forms
is concentration and solution dependent, the registered
quaternary subunit composition in the PDB or UniProt
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proteins, suggesting that it could help resolve uncertainties on the solution state of many proteins.

databases reflect the specific conditions applied in structure
determination. While some proteins exhibit several oligomeric
forms,**® for most proteins only one possible assembly is
indicated. A recent study showed that in E. coli about a quarter
of proteins with known structures are monomeric, close to half
are dimeric, and the rest have higher oligomeric states.™
However, that study, as well as many others, rely on the
quaternary state that is indicated in UniProt or the PDB.
Several methods can quantify mass, hence quaternary
structure, and shape of a macromolecular assembly. In addition
to structural methods, two traditional approaches to determine
oligomeric states of proteins are analytical ultracentrifugation
(AUC)*™** and size exclusion chromatography (SEC). The former
method provides mass and stoichiometry and binding affinities
by using sedimentation of macromolecules,** but requires large
amounts of protein, is time-consuming, and requires expertise.
The latter method, relying on the hydrodynamic radii of the
proteins is straightforward but suffers from low precision. More
recently, new methods have been developed that provide
molecular mass with high accuracy. Here we use four different
methods that can detect mass and sometimes the shape of
a protein, and compare the results for 17 different E. coli
proteins and bovine serum albumin (BSA). The methods used
here are native mass spectrometry (native MS), mass photom-
etry (MP), small-angle X-ray scattering (SAXS), and SEC (alone or
combined with multi-angle light scattering - MALS). All the
proteins used here were produced solubly without any tag, and
within a 20-35 kDa range for the monomeric state (except BSA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The abundance of these proteins in the E. coli cytoplasm®**
covers a range from low to high levels of expression (Table S2,+
right column).

Native MS is a rapidly developing tool for macromolecules
and protein complex investigation, maintaining the initial non-
covalent interactions, hence, quaternary state, upon the transfer
of solution into the gas phase at a wide range of protein
concentrations.'”*® Using a range of initial concentrations, this
methods allows for affinity determination, using mass action
equilibrium.

MP is a new method to estimate the mass of molecules
directly in solution, by quantifying their light scattering as they
bind nonspecifically to a microscope cover glass.'*?***> MP
measures nanogram amounts of samples in various buffers,
which can be an advantage in sample saving but it cannot
measure a range of protein concentrations.

Small-angle X-ray scattering is an analytical method that
measures the intensities of X-rays scattered by a sample as
a function of the scattering angle.>® Molecular mass (MM) is
extrapolated from the forward scattering I(0), using the
sample concentration as input. Alternatively, the full SAXS
intensities profile is fitted using the program OLIGOMER,>*>¢
to produce an assembly of multimeric states for which
candidate three-dimensional structures are available. In
principle, information on both the average MM and shape of
a protein is measured, and experiments can be conducted
under various buffer conditions and across a range of protein
concentrations.*”

SEC has been used for many years to analyze the oligomeric
state of eluting species.”®**® However, it is important to note that
separation is based on the hydrodynamic radius of the eluting
species and not the actual MM. To fix this problem, a MALS
detector can be added to a SEC column, providing the absolute
mass of an eluting peak.**-**

Here, 17 different bacterial proteins were analyzed for their
quaternary structures using the four experimental solution
methods detailed above and compared to reported states in
PDB, SWISS-MODEL, and UniProt.***® In addition, the experi-
mental results were compared with those obtained using
AlphaFold multimer.*” For at least half the proteins studied, the
oligomeric states reported in the PDB or predicted in SWISS-
MODEL differed from those we identified in solution, while
AlphaFold provided a much closer description to the experi-
mentally observed oligomeric states. Native MS and SAXS
measurements were performed across a range of protein
concentrations, which enabled us to follow the changing equi-
librium between the different oligomeric forms. While for some
proteins a major shift in the predominant oligomeric form was
recorded, as expected from mass action equilibrium, other
proteins showed multiple, concentration-independent oligo-
meric states, which could suggest a high transition between the
different forms. To our knowledge, this is the most systematic
study of oligomeric forms of proteins in solution, suggesting
that our current perspective of defined oligomeric states is
underestimating the real structural complexity of the quater-
nary structures of proteins.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results
A benchmark for studying the oligomeric state of proteins

Most of our knowledge of the quaternary structure of proteins
stems from structural methods, mainly X-ray crystallography,
where the protein of interest is typically at a fixed, high
concentration. Recent method developments provide the
opportunity to revisit this question using a range of approaches.
We analyzed the oligomeric state of 17 different bacterial
proteins and BSA by native MS, MP, SAXS, and SEC. The results
were compared to those previously reported and deposited in
the following biological databases: PDB, UniProt, and PISA and
to the predicted results of SWISS-MODEL.**** The experimental
methods used here can determine the mass and/or low-
resolution structure/shape of a protein in a solution. This
allowed us to evaluate the limitations and sensitivities of the
different techniques.

Native MS analysis was conducted across a range of
concentrations (40-0.15 uM, prior to the dilution inherent to
the measurement), in an automated, high throughput manner.
As the oligomeric composition is determined at multiple
concentration points, the concentration-dependent equilib-
rium is recorded for each sample.*

MP was performed at a single, low concentration (~100 nM),
due to instrument limitations. MP is limited to the detection of
macromolecules above a size threshold of ~40 kDa, thus the
monomeric states of the proteins in our work were mostly not
detected. However, higher order oligomers were readily
identified.

We used SAXS at four concentration points to characterize
the molecular mass (MM) and to calculate a low-resolution
structure of the protein assemblies. From the forward scat-
tering intensity, I(0), MM values were calculated directly from
the experimental data (Table S1t). In an indirect approach,
using both experimental data and the high-resolution crystal-
lographic structures, linear combinations of the computed
scattering patterns from the input structures were determined
that best fit the SAXS data in the program OLIGOMER.* Protein
concentrations ranged between 10 and 90 uM, which enabled
characterization of concentration-dependent equilibria, and
provided structural models of the protein assemblies present in
solution.

For SEC analysis, we first calibrated the column to obtain
a relation between the MM of known proteins and the elution
volume (Fig. S1t). The oligomeric state was calculated as the
quotient of the experimentally determined MM and the
monomeric MM. For cases where the quotient is not an integer,
the protein may exist in dynamic equilibrium between several
oligomeric forms. In the following section, we provide detailed
results on the quaternary structure of a set of proteins obtained
from four independent methods, from the simplest case to the
more complex.

Bovine Serum Albumin (BSA) is a blood protein often used as
a standard in many biophysical techniques. BSA is well char-
acterized and is typically found in both monomeric and dimeric
forms.** We characterized BSA at a range of concentrations

Chem. Sci., 2022, 13, 1680-11695 | 11681
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using the various methods outlined above. Fig. S2 and S3f
upper panel show that under the conditions used in this study,
over 90% of BSA is monomeric, independent of the method and
the protein concentration used. Thus, the two dominant olig-
omeric states observed for BSA are stable, and not connected
through mass action. This observation is in line with previous
publications, where a constant, minor population of dimeric
BSA was typically observed.**** The type I interferon protein
(IFN@2) provides an example of a protein that can form
a concentration dependent dimer connected through mass
action. Using SEC we show in Fig. S31 lower panel how the SEC
elution volume of IFNo2 is reduced at higher protein-
concentrations, suggesting a higher oligomeric state at higher
protein concentration. Indeed, while IFNa2 is a monomer in
dilute solutions, it was solved as a zinc mediated dimer by X-ray
crystallography.*

To obtain a more general view of the oligomerization state of
proteins in solution, we analyzed the quaternary structures of 17
different bacterial proteins using the four methods described
above. The proteins were expressed and purified with a cleav-
able His-tag and a sumo protease cleavage site as described in
ref. 44 and 45. This allows proteolysis and elution directly from
the Ni-NTA beads, without leaving a trace of the linker protein
(see Materials and method). Moreover, all proteins were
extracted from the soluble fraction (without refolding or a SEC
step during purification), thus one can assume that the proteins
maintain their in vivo oligomeric state. Fig. S41 shows SDS-
PAGE analysis of the 17 proteins used in this study, with and
without reducing agent. With the exception of FabG from E. coli-
DE3 (FabGP*?), all proteins run primarily as monomers also in
the absence of B-mercaptoethanol (as is the case also for FabG
from E. coli-K12 (FabG*'?)), showing that covalent inter-protein
disulfide bridges are not present in the purified proteins.

SodA is a classic example for a dimeric protein

Superoxide dismutase (SodA) is a 23 kDa protein responsible for
the destruction of toxic superoxide radicals within living cells.*
In the PDB, UniProt, SWISS-MODEL, and PISA, SodA is
described as a homodimer. Native MS analysis performed at
concentrations of 0.94-40 uM showed SodA to be a dimer
(Fig. 1A and B). MP analysis showed a single peak at 52 kDa
(Fig. 1D), which we assume is also the dimer. The SEC elution
volume of SodA (Fig. 1C) corresponds to a molecular weight of
36 kDa (28-45 kDa), which suggests a monomer-dimer equi-
librium. The forward scattering intensity of the SAXS data (I(0))
for SodA suggests a dimeric species across all measured
concentrations (Table S1t), and a fit of the dimeric crystal
structure (PDB id 1D5N) provides an excellent description of the
solution data at each concentration point (Fig. 1F). The SodA
assemblies used for the equilibrium description of the data are
shown in Fig. 1G.

DeoC shows a mass action driven monomer/dimer
equilibrium

While for SodA most methods predict a dimer, the picture for
deoxyribose-phosphate aldolase (DeoC) is more complex. DeoC

1682 | Chem. Sci,, 2022, 13, 11680-11695
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is a protein with a monomeric molecular weight of 27.7 kDa,
responsible for the catalysis of a reversible aldol reaction
between acetaldehyde and bp-glyceraldehyde 3-phosphate, to
generate 2-deoxy-p-ribose 5-phosphate.***® The structure of this
protein was solved independently in both dimeric (PDB 1KTN)
and monomeric (PDB 1JCL) states. In UniProt (POA6LO) it is
ambiguously designated as both a monomer and dimer.>"
Using native MS, we observe a concentration dependent
monomer-dimer equilibrium (Fig. 2A and B). Two peaks are
observed by native MS, with the relative abundance of the peaks
being strongly affected by the protein concentration. At lower
concentrations the monomeric form is dominant whereas in
higher concentrations the dimer is predominant (Fig. 2A). The
equilibrium shift is shown in Fig. 2B, where a shift in oligomeric
composition clearly follows a change in concentration. Fitting
the data to eqn (1):

[D] = [MI/Kp (1)

where D is the dimer and M monomer gives an apparent affinity
of 2.2 uM for the monomer-dimer equilibrium (Fig. 2C). SAXS
measurements modeled well the monomer-dimer equilibrium
shown by native MS (Fig. 2F and G). As the SAXS was done only
at higher concentrations, a full binding curve could not be
constructed but the equilibrium follows nicely the trend
described by the native MS data. SAXS MM values calculated
from 1(0) values show it to be a dimer at all concentrations
(Table S1t). SAXS also provides structural models for both the
monomer and dimer forms (Fig. 2H). SEC measurements show
a single elution peak that corresponds to 45 kDa (35-57 kDa)
which is between a monomer and a dimer, closer to a dimer
(Fig. 2D). DeoC was injected at a concentration of 21.6 uM,
which is diluted during its progression in the column. Mass
photometry measurements show two peaks, 36 kDa and 55 kDa
(Fig. 2E). The first peak is assumed to be the peak’s tail of the
monomer, as the method has a 40 kDa detection threshold. As
a result of that, we are unable to determine the ratio between
the peaks, nor the exact monomeric mass, thus we assume this
peak to be much larger than observed. However, the molecular
weight of the dimer matches the expected mass of 55 kDa. In
MP we applied a concentration of 53 nM, which is a lower
concentration than used in the other methods. Concentration
dependence of the oligomeric state is a direct outcome of mass
action behavior of molecules and has been previously reported
for other proteins.*®

FabG has two isoforms with different oligomeric states

FabG, (3-oxoacyl-[acyl-carrier-protein] reductase), catalyzes the
NADPH-dependent reduction of B-ketoacyl-ACP substrates to f-
hydroxyacyl-ACP products, the first reductive step in the elon-
gation cycle of fatty acid biosynthesis.**** The monomeric unit
of FabG has a MM of 25 kDa, while the structure of the E. coli
FabG protein shows it to be a tetramer. An analysis by the
Protein Quaternary Structure Investigation database PiQsi,”**
that provides manually annotated sizes of biological units from
the literature for PDB entries, predicts FabG to be a tetramer. In
UniProt (POAEK2) its subunit structure is registered as homo-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SodA oligomeric composition as determined by multiple methods. (A) Native MS returns a single peak, corresponding to the mass of
a dimer of 46.04 kDa at all concentrations. UniProt MM of a monomer 22.97 kDa. (B) Native MS in a range of protein concentrations, from 0.9 uM
to 40 uM, shows a stable dimer. (C) SEC analysis shows one main peak that eluted at 15.08 ml, corresponding to 36 kDa (28—-46 kDa). This would
suggest over one but under two subunits by the MM calculations (see Fig. S1}). (D) Mass photometry measurements of the protein shows a mass
corresponding to the dimeric state. (E) SAXS equilibrium using PDB id 1D5N, describing a single dimeric state, with the volume fraction of dimer
constant across the concentration range. (F) Raw SAXS data fitted by a dimeric 1ID5N model at four different protein concentrations, 11 uM
(purple), 22 uM (green), 44 uM (orange), and 88 uM (red). Fits to the dimer are represented by the solid black line. A fit to the monomer extracted
from 1D5N is shown for the lowest concentration data set (dashed line). (G) Input assemblies of SodA, PDB id 1D5N, used for SAXS equilibrium

analysis.

tetramer. Initially, we purified FabG from the DE3 strain
(FabGP®?), which has one free Cys residue at position 167. To
our surprise, the native MS data shows that the oligomerization
state of the protein is predominantly hexameric, independent of
the concentration used in this study (Fig. 3A left panel and
S5DT). SEC analysis shows one main peak and an additional
smaller peak, corresponding to ~101 kDa and 41 kDa species
(tetramer and a dimer). Strangely, the hexameric state is not

© 2022 The Author(s). Published by the Royal Society of Chemistry

seen here, perhaps due to a hydrodynamic radius similar to that
of a tetramer, and thus poor peak resolution of such species
(Fig. 3B left panel). The MP analysis shows a very similar picture
to native MS, with dimeric, tetrameric and hexameric forms
observed (Fig. 3C left panel). As FabG"®® was diluted from 112
uM to 38 nM before the MP measurements, we could investigate
time-dependent changes in the oligomeric state after dilution.
Measuring the oligomeric state at four time points after dilution

Chem. Sci., 2022, 13, 1680-11695 | 11683
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Fig. 2 DeoC exist in a concentration-dependent monomer/dimer equilibrium. (A) Native MS results show two peaks that correspond to
a monomer and a dimer with MM of 27.69 kDa and 55.38 kDa respectively. UniProt reported MM of monomeric DeoC is 27.74 kDa. (B) Molecular
mass as determined by native MS in a range of protein concentrations, from 0.12 to 40 uM. (C) Fitting the monomer—dimer equilibrium using egn
(1) (M-monomer and D-dimer concentrations). (D) SEC analysis shows one main peak that eluted in 14.52 ml, corresponding to 45 kDa (35-57
kDa), which is between a monomer and a dimer. (E) Mass photometry measurements of the protein are showing a mass that fits monomeric and
dimeric states of the protein, the MP mass threshold is around 40 kDa so the monomeric observed peak is probably the tail of a much larger, not
observed peak. (F) SAXS data were fitted using the program OLIGOMER with PDB id 1KTN for modeling the structures. At the concentrations
used, most of the protein is in dimeric form. (G) Equilibrium fit of SAXS data at four different protein concentrations, 6 uM (purple), 19 uM (green),
38 uM (orange), and 77 uM (red). Fitted lines are represented by the black line. (H) Assemblies of DeoC, PDB id 1KTN, used for SAXS equilibrium
fitting.

(from immediately after dilution to overnight, Fig. S5A1), shows  products. A hexameric rigid body model was generated from the
the fractions of the different oligomers to be static with time, 1I01 monomer subunit using the program SASREF (Fig. 3F),
with the hexamer and dimer being the major species. SAXS data  with the six protein subunits assembled into two trimers related
for FabG"®* was fitted by OLIGOMER using the high-resolution by 2-fold symmetry. This rigid body model, in combination with
crystallographic structure (PDB 1101), and could not be satis- the 1101 dimeric and monomeric assemblies, provided a very
factorily described by the tetrameric form and dissociation good fit to the experimental data. In line with the MS and MP

11684 | Chem. Sci,, 2022, 13, 11680-11695 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FabG from E. coli DE3 strain has a Cys residue in position 167, instead of Arg in FabG from E. coli K12, resulting in different oligomeric
states. (A) Native MS in a range of protein concentrations, from 2.5-40 puM. FabGPE® without DTT and with DTT are the left two panels, and
FabG*'2 in the right panel. (B) FabGPE® SEC analysis (left panel) shows one main peak eluted in 12.56 ml, corresponds to 101 kDa (tetramer) and
a smaller peak that elutes at 14.72 ml (41 kDa) corresponding to a dimer in the right panel. SEC analysis of FabG"!? showed that one peak eluted in
13.94 ml and corresponds to 56 kDa (dimer) by mass calculations (see Fig. S11). (C) MP measurements of FabGPE® (38 nM) shows masses that fit
a dimer, a tetramer and a hexamer (left panel). MP measurements of FabG*!2 shows only one peak of a dimer (right panel). (D) FabGPE3 SAXS
equilibrium fitting using the program OLIGOMER and PDB id 1101, shows mostly hexamers, with some dimers and monomers at lower
concentrations. A small population of a tetrameric state, is also observed. (E) Equilibrium fit of SAXS measurement in four different protein
concentrations, 9 uM (purple), 19 uM (green), 37 uM (orange), and 74 uM (red). Fitted lines are represented by the black line. (F) Input assemblies of
FabG, PDB id 1101, used for SAXS equilibrium fitting.

results the SAXS equilibrium analysis also identifies the hex- structure does not fit the experimental SAXS curve, I(0) is
amer to be the dominant species with a minor population of assumed to describe an equilibrium of multiple-oligomeric
monomers at low concentration (Fig. 3D-F). The SAXS MM as states (Table S11). Changing the pH and salt concentrations
calculated from I(0) values is close to that of a tetramer (3.5 (Fig. S5B and Ct) had no drastic effect on the observed oligo-
times the mass of a monomer), however, as the tetrameric meric forms of FabG""*. As mentioned above, FabG*'? has Arg

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 11680-11695 | 11685
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at position 167 (instead of Cys in FabG"®®). We purified this
protein to determine the contribution of Cys 167 to the oligo-
meric states observed. FabG*™* is eluted in SEC as a dimer
(Fig. 3B right panel) and is a dimer when using MP (Fig. 3C right
panel). Measuring its concentration dependent oligomerization
states using nMS shows it to be a dimer at low concentration,
and mostly a tetramer at high protein concentrations (Fig. 3A
right panel and S5Ff). Repeating nMS for FabG"*? in the pres-
ence of DTT shows a similar, concentration dependent dimer-
tetramer equilibrium (Fig. 3A middle panel and S5E}). FabG
demonstrates that multiple oligomerization states are possible
for the same protein.

NadK is in multiple concentration dependent oligomeric
states

NadK is a key enzyme in the biosynthesis of NADP", catalyzing
the phosphorylation on 2-hydroxyl of the adenosine moiety of
NAD" to yield NADP".>» Its monomeric MM is 32.5 kDa. While
the structure of E. coli NadK was not solved, the structure of
NadK from Yersinia pestis (82.5% sequence similarity) has been
determined (PDB 4HAO), from which a homology model was
built using SWISS-MODEL. The structure predicts NadK to be
a dimer, however, PDB 4HAO suggests it to be a tetramer.
Indeed, native MS detected a dimer-tetramer equilibrium, with
trace amounts of monomers observed (Fig. 4A and B). The ratios
between these three species are concentration dependent. At
low concentrations (~1 pM) the percentages of the different
species were 12% monomer, 56% dimer, and 32% tetramer. At
high concentrations (~40 uM), the ratio between the species
shifted to 2% monomer, 23% dimer and 75% tetramer. SEC
analysis shows one main peak that corresponds to 88 kDa,
which is between 2 and 4 subunits (Fig. 4C). This would reflect
a dynamic equilibrium between dimer and tetramer in solution,
which might reflect the ratio of the two in the solution. NadK
was measured by MP at a concentration of 88 nM, showing
a similar oligomerization pattern as observed by native MS at
low protein concentrations, with the dimer being the more
dominant form. However, small fractions of additional hex-
americ and octameric states were also observed (Fig. 4D). The
SAXS-determined MM from I(0) was in line with the average
native MS data at similar concentrations and consistent with
that for an equilibrium of oligomeric states, yielding MM of 77
kDa at 8 uM and 87 kDa at 61 uM protein concentrations (cor-
responding to subunit averages of 2.37 and 2.67, respectively)
(Table S1t). However, using the fitting procedures of the
program OLIGOMER and the Yersinia pestis structure, an
equilibrium between monomer, tetramer and octamer was
identified, with no dimer detected. MM estimates independent
of the concentration values were calculated from the hydrated
particle volume (Porod volume) extracted from the SAXS data.
These suggest an average MM much higher than that of
a tetramer at the highest concentrations measured by SAXS. The
NadK data are well described by an equilibrium mixture with
the main component being a tetrameric arrangement (defined
as biological assembly 3 by the authors of the 4HAO crystal
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structure), a small amount of monomer, and an aggregate
modeled as a dimer of tetramers (8-mer) (Fig. 4G).

In addition to the five proteins presented here in detail, we
measured the multimerization state of 12 additional proteins
using most of the methods described above (Table S21). An
example of another protein where a dynamic equilibrium was
observed is Upp, which is mostly a dimer, but with the fraction
of tetramer and hexamer increasing at higher protein concen-
trations. Diluting concentrated Upp at time 0 and following its
multimerization state with time shows a fast transition between
these different states (Fig. S6At), with the MP measurement
done about one minute after dilution showing the different
multimeric states, while 30 minutes later the protein is only
a dimer. This experiment clearly shows that Upp is in
a concentration-dependent equilibrium between different olig-
omeric states, as also shown in Table S2 and Fig. S6B.f

AlphaFold multimer predicts potential oligomeric states

AlphaFold2 (AF) has demonstrated atomic-level accuracy in ab
initio prediction of the structures of monomers® and protein
complexes.’” Here, we examined whether AF can also predict the
oligomeric state of homo-oligomers by comparing its predic-
tions to our experimental results. Prediction quality was evalu-
ated based on the AF confidence parameters ipTM (overall
predicted model accuracy weighted more heavily at the oligo-
meric interfaces) and PAE (confidence in the relative orientation
of the monomers, Table S3T). When ipTM scores are low
(<85%), visual inspection often reveals backbone clashes, devi-
ations in the monomer compared to available PDB structures,
or unrealistic intermonomer orientations. By contrast, predic-
tions with ipTM > 85% exhibit accurate monomer structures
and symmetric intermonomer interactions.

AF always predicts the monomeric state, even when this state
is not detected experimentally at the given concentrations. In 13
out of 17 cases, AF correctly predicts the prevalent multimeric
state, including ThiD for which no experimentally determined
structure is available (Fig. 5A). In 12 of these, the monomer
structures exhibit low RMSD to available PDB structures (<1.1
A). For Can and Upp, AF assigns ipTM scores > 85% to both the
tetramer and the dimer. Visual inspection reveals that the dimer
corresponds to half of the tetrameric state (Fig. 5B). In the case
of CAN, AF also predicts a trimer that was not observed exper-
imentally. Visual inspection of the predicted trimer shows an
obvious gap in symmetry, such that this trimer is a subset of the
tetrameric model (Fig. 5C). For the hexameric SpeB, AF assigns
a marginal ipTM score of 83% to the trimer form. Visual
inspection reveals that the predicted trimer is half the hexamer.
In the specific case of FabG®?, for which the hexamer is one of
the prevalent forms (Fig. 3), the predicted model lacks confi-
dence (ipTM 76%). The hexamer also includes side chain
clashes that have to be relieved (for example by using Rosetta
whole-protein minimization - Fig. 5D). However, the hexameric
arrangement calculated by AF is clearly different from that
calculated from the SAXS data, with the hexamer assembled in
a ring in the former (Fig. 5D), and two trimers related by two-
fold symmetry in the later (Fig. 3F). Repeating AF for FabG*'?

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc02794a

Open Access Article. Published on 21 septembris 2022. Downloaded on 06.02.2026 09:39:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
100% 1302 kD2 D 63 kDa
@ Monomer
65.2;1 kDa ¥ Dimer "
A Tetramer £ 0.06
S 123 kDa
o)
(@)
50% 40 uM 8 0.04
2
©
€ 0.02
Zo 190 kDa
32.51 kDa
248 kDa
0% 12 0.00
100% Yy ° 50 100 150 200 250 300
E = Masses (kDa)
é 1004 @® Monomer
c A Tetramer
o 804 & Dimer of tetramers
§ 604 /’/4.—‘
50% 1.25uM '-é—) 404
S D
g o SIS
0 10 20 30 40 50 60 70
0% Concentration (uM)
® 25 50 75 100 125 150 175 100
Mass (kDa) F . 61 M
B 100%
Tetramer 2
g
c
Q
50% . ﬁ
Dimer >
5 0.01
[0
14
. ./\w
0% 12
[uM]
C 88 kDa Dimer of tetramers
(69-113) kDa . £ X
o > ...e
S8 4
8 —
E)
S <
£E?
o
D
Q
< 0 + ; ' ]
0 10 20 30

Elution Volume (ml)

Fig. 4 NadK oligomerization equilibrium. (A) Native MS results show three quaternary states of the protein; a monomer, a dimer, and a tetramer.
UniProt MM of a monomer: 32.57 kDa. (B) Native MS of NadK in a range of protein concentrations, 1.25-40 pM. At 40 uM, 75% of the protein s in
a tetrameric state, 23% is a dimer and only 2% are monomers. At 1.25 pM the dimeric state is the most populated one, followed by tetramer and
monomer. (C) SEC analysis shows one main peak that eluted in 12.9 ml, corresponding to 88 kDa (2.7 subunits by the mass calculations — see
Fig. S1t). (D) MP measurements of NadK revealed four masses that fit its multimeric states: dimer, tetramer, hexamer, and an octamer. The highest
two multimers are found in low percentages. (E) SAXS equilibrium fitting using the program OLIGOMER and PDB id 4HAO shows an equilibrium
of predominantly tetrameric NadK, with a concentration-dependent fraction of monomer and a larger assembly, described here as a dimer of
tetramers. (F) Equilibrium fit of SAXS measurement in four different protein concentrations, 8 uM (purple), 15 uM (green), 31 uM (orange), and 61
uM (red). Fitted lines are represented by the black line. (G) Input assemblies of NadK used for the SAXS equilibrium fitting. Note that PDB id 4HAO
used here corresponds to the homologous Yersinia pestis CO92 protein with 82.5% sequence similarity to the E. coli NadK.

gave exactly the same results as for FabGP®®| which is not

surprising, as AF is not sensitive to single amino acid changes.
However, for FabG*'?, the AF predicted oligomeric states fit
perfectly the experiments (shown in Fig. 3). In the case of the
IspD, the experiments show a prevalent dimer and a minor
tetrameric species. AF provides a confident dimer prediction
whereas the tetrameric model receives low scores and reveals

© 2022 The Author(s). Published by the Royal Society of Chemistry

substantial backbone clashes. In only two cases, NfuA and
BaeR, AF is unable to recapitulate the monomeric structure, and
therefore, no high-scoring multimers are predicted (Table S37).
Both of these proteins comprise two domains connected by
a long disordered region. Based on pIDTT, PAE scores and
visual inspection, the domains are predicted to be folded, but
the orientation between them is uncertain. In the case of NfuA,
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Fig. 5 Correspondence between experimentally observed homo-oligomeric states and AF predictions. (A) Upper triangle of each cell indicates
the prevalence of the multimeric states found experimentally, with solid, striped and no color representing high, low and unobserved species
respectively. The lower triangle of each cell shows AF's prediction accuracy, with solid color cells representing models with ipTM scores above
85%, and no color is ipTM below 85%. For monomers, mean IDDT scores were used instead of ipTM, with >90% as solid color, 80-90% stripped,
and <80% white. Checks above columns indicate the usefulness of the prediction in determining the main multimeric state assessed by us based
on ipTM, PAE scores and visual inspection of the structures. (B) Upp structure prediction of a dimer (purple) and tetramer (wheat). (C) Can
structure prediction of a trimer (purple) as a subset of the experimentally validated tetramer form (wheat). (D) AF prediction for FabGPE® in
hexameric form after Rosetta relaxation.

one of the domains exhibits a structure that is close (<1 A methods tested here. Predictions were better for dimers and
RMSD) to the structure of an orthologue from Arabidopsis tetramers, while hexamers are still difficult to predict using AF.
thaliana (PDB code 2z51; sequence identity 38%), and in the
case of BaeR, both domains are predicted with RMSD < 0.6 (PDB
code 4b09) but their orientation is incorrect. Therefore, all
higher multimers of these proteins resulted in backbone
clashes, and low ipTM scores <50%.

In summary, AF multimer was able to predict well the mul-
timeric forms of the different proteins compared to empirical

Discussion

Quaternary composition is an important factor in the overall
assembly of proteins. In contrast to the primary, secondary, and
tertiary structure, the quaternary assembly is made of non-
covalently interacting subunits, and thus their assembly is
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a higher order reaction, which also depends on the protein
concentration. Therefore, a description of a protein as
monomer/dimer/tetramer etc. is a simplification, which does
not consider the conditions under which this assembly was
determined. Moreover, from the law of mass action, we expect
protein quaternary structures to be in an equilibrium between
multiple forms dictated by the binding affinity, if specific forms
are not kinetically trapped. To the best of our knowledge, no
binding affinity data were published for the oligomers investi-
gated here. Most of our current knowledge on the assembly of
proteins comes from their crystal structures,’ after taking into
account crystal contacts that are not considered. However,
crystallography has limitations in determining quaternary
structure,® as crystallization conditions optimize for perfect
order, which is achieved at high protein concentrations and
solution additives (salt and crowders). These may push the
proteins to form an ordered, homogeneous lattice. In recent
years, new methods have been developed that can directly

58

address the assembly state of proteins. Here, we compared 17
different proteins, using four different methods to obtain
a more complete picture of their assembly.

A graphical summary of all the data is given in Fig. 6 with
detailed descriptions in Table S2.1 The most visible conclusion
from the figure is that it would be wrong to assign a single
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oligomeric state to proteins. Most proteins appear in more than
one state. Moreover, of the selected 17 proteins, none is solely in
a monomeric state at all protein concentrations. Second, the
predicted multimeric states, as defined in UniProt or the PDB
do not consider the complexity of the oligomeric state of the
different proteins in solution, with large differences between
UniProt predictions and what we found in solution seen for
NadK and Can. In other cases, the predictions cover only part of
the complex oligomeric sub-states. Conversely, AF Multimer
performed better in defining the different multimeric states
than the structure-based methods (UniProt, PDB, PiQSi). While
AF Multimer does not provide information on the dominant
multimeric form (which will very much depend on the solution
conditions and protein concentrations), it accurately calculated
the potential multimeric states of a protein.

As clearly seen in Fig. 6, the oligomeric state varies even
between the different methods used. To rationalize this, we
summarize the strong and weak points of each method. SEC
elution time is dictated not only by the mass, but also by the
shape of the protein. Connecting SEC to a MALS detector
provides the mass of the eluted protein-peak (Fig. S71). Indeed,
Eft-S MALS-SEC determined a MM of 28 kDa as the main peak
and 57 kDa as the minor peak (Fig. S7Bt), in line with the native
MS results for this protein (Table S21). Still, MALS-SEC cannot
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Fig.6 Summary figure for native MS, MP and SAXS results for 17 proteins

analyzed in this study. Each box represents percentage of the oligomer

in the specific form. The color of the box indicates the percentage, from white — 0% to magenta-80-1007% as presented in the legend on the
right panel. Native MS at high (H) concentration was for 40 pM protein in all cases. The low (L) concentration depends on the protein. All MP
measurements were done at low concentration (nM). SAXS analysis is shown only for the proteins where the raw data were fitted using
OLIGOMER. U = UniProt quaternary structure. For concentrations and SAXS data see Tables S1 and S21 ESI SAXS data.
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correct for the case where the protein-peak contains a mixture
of multiple species, which do not separate in the SEC run. For
DeoC (Fig. S7AT), MALS-SEC measured a single MM of 47 kDa,
while the protein is in monomer (27.5 kDa)/dimer (55 kDa)
equilibrium (Fig. 2). Another shortcoming of SEC (or SEC-
MALS) is the unknown concentration of the protein during
the run, with the protein being diluted as it is proceeding along
the column.

Native MS retains non-covalent interactions during electro-
spray ionization, allowing for the detection of protein and
protein complexes with high mass accuracy.**** The samples
have to be buffer/electrolyte exchanged prior to native MS
analysis as the ionization of the analyte of interest can be sup-
pressed by the non-volatile salts present in the samples (since
they tend to outcompete the ionization of the proteins). Also,
the non-volatile salts can remain on the proteins after ioniza-
tion, which can result in different adduct forms of the proteins
in addition to the protonated form. MS spectra with more than
one adduct form make the data analysis and spectral decon-
volution more difficult. The LC-based setup used here enables
automated measurements, providing the means to exchange
the proteins of interest into MS-compatible conditions just
prior to native MS. We chose this method to retain proteins in
their initial (MS-incompatible) buffer for as long as possible and
limit the time those proteins spend in (MS-compatible) aqueous
ammonium acetate solution, reducing the risk of possible bia-
ses associated with extended storage in the ammonium acetate
solution. It should be considered that the buffer-exchange step
results in a dilution of the injected sample, affecting the ability
to detect samples at initial sub-micromolar/low nanomolar
protein concentration (although direct nanospray is an alter-
native for those cases). Furthermore, the dilution can affect the
multimeric states, when in rapid equilibrium. Still, Table S2t
shows high consistency of the oligomeric state throughout the
different protein-concentrations, and the ability to observe the
oligomerization state at high resolution (down to single
percentiles). This suggests that concentration occurring in the
droplets during spray was not a significant contributor to the
results seen. The overall trend for all proteins is very clear - the
higher the concentration, the higher is the oligomeric state. The
jumps are usually by simple multiples, monomer/dimer/
tetramer (or trimer/hexamer). DeoC provides an example of
a perfectly behaving monomer/dimer protein, with a Ky, of 2 pM.
NadK goes from monomer to dimer to tetramer. Interestingly,
for some of the proteins the multiple species exist in almost
fixed percentiles independent of the protein concentration
range examined, for example BSA, FabG"®™ and IspD. For
FabGP ™ the reason for the concentration independent hexamer
is apparently the Cys residue at position 167. In non-reducing
SDS-PAGE analysis (Fig. S4t), about 50% of FabG""* is in an
inter-protein disulfide bonded state of a dimer. Moreover,
FabGP®® with the addition of DTT looses its hexameric form,
and is in a concentration dependent dimer-tetramer equilib-
rium, as is FabG*'?, which has an Arg at position 167.

The next method we explored was SAXS, taking advantage of
the high-brilliance EMBL P12 beamline at the PETRA III
synchrotron source (DESY, Hamburg).®* SAXS provides direct
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estimation of the MM as calculated from the forward scattering
intensity, I(0), in addition to equilibrium fitting using the
program OLIGOMER.* OLIGOMER utilizes the computed
scattering from input high-resolution structures to find a best-
fit linear combination of these components to the experi-
mental SAXS data. To calculate the MM from I(0) the exact
concentration of the protein has to be known, as an error in
concentration (or existence of some aggregates or impurities)
will directly affect the estimated MM and thus the presumed
oligomerization state. Additionally, it must be considered that
a mixture of multiple states in solution will provide an average
MM that may be misinterpreted as the MM of a single species.
Indeed, for many of the studied proteins, dividing the MM
estimate based on 1(0) by the known monomeric MM does not
result in an integer (for example NadK gives values of 2.4-2.7
and FabG"®? of 3.5-3.7). Conversely, using OLIGOMER provides
the equilibrium composition from the best fit to the data. The
drawback is that it requires a reliable structural model as input
(which were available for the proteins used here). OLIGOMER
uses the complete SAXS curve to model the structure. In addi-
tion, OLIGOMER provides a structural description of the equi-
librium. Perhaps the main drawback of this method is the high
protein-concentrations (>0.1 mg ml™ ') needed to obtain high
quality data, even at the most powerful SAXS beam-lines.

MP can be used with a large variety of solution conditions,
with a minute amount of sample. The main disadvantage
associated with the MP method is its restriction to MM of >40
kDa (which is reduced to >30 kDa in the 2022 version of the
instrument), making us blind to small proteins. Second, MP
works in a specific protein concentration, usually in the range of
100 nM. Still, the method provided high-quality results by
simple measurements. The MM calculated by MP are off by only
a few percent (see for example Fig. 3 panels (A) versus (C), for
FabG). Species down to 2% of the total mass can be easily
detected (see NadK, Table S2,1 hexamer and octamer).

Comparing the oligomerization states as determined by the
different experimental methods shows that overall there is
agreement between them, but with quite big differences in the
details (Fig. 6). FabG is a case of interest, as it is naturally found
with a Cys (FabG"®®) or Arg (FabG*'?) residue at position 167.
The Cys results in the formation of an inter-disulfide bridge
between two subunits, which give rise to a hexameric structure.
The addition of DTT results in a dimer-tetramer equilibrium,
also found for FabG*'?. As FabG " was directly purified from
the cytoplasm of E. coli grown at 16 °C, one can assume that it
was expressed mostly as a hexamer. Whether this has functional
implications is not known at this stage.

It should be noted that for some proteins such as BSA, IspD,
ThiD and AcuL, the abundance of different oligomeric species is
not concentration dependent, as should be the case for a mass
action driven equilibrium. This suggests a high transition state
barrier between the oligomeric species, which are therefore in
a kinetic trap, which does not obey to mass action equilibrium.

In summary, the different methods used here to evaluate the
quaternary structure of proteins emphasize that many proteins
have several oligomeric forms. An overview of the characteris-
tics of the different methods, are summarized in Fig. S8.1 While

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for some proteins there is a dominant quaternary structure, for
others there is a dynamic equilibrium between multiple species,
and yet others are kinetically trapped into multiple oligomeric
forms. Therefore, relying on the X-ray structure to determine the
oligomeric structure of the protein will often underestimate the
real complexity of the protein in solution. In this sense, using
AF provided a positive surprise, as it provided an unbiased
picture of the potential oligomeric states, however, without
providing a judgment of the dominant species. This is expected,
as the dominant species depends on concentration, pH and
solution conditions. This work clearly demonstrates that,
together with structure deposition, an additional effort should
be made to determine the quaternary structure in solution, and
that good and accessible methods and tools now exist to do this.

Material and methods
Cloning and protein production

Each gene was amplified from BL21 (DE3) bacteria using
primers designed for RF cloning and cloned into pET-28-14 His-
bdSumo® in adjacent to the sumo-tag. An alanine residue was
added before the gene to improve sumo protease cleavage.
Expression and purification of the proteins were done as
described in ref. 44 and 45. Efficient cleavage and elution are
achieved by a vector expressing a recombinant protein con-
taining a designed His-tag for specific binding and a sumo
protease cleavage site fused to the protein of interest. This
allows direct cutting and elution from the Ni-NTA beads,
without leaving a trace of the linker protein. In addition, this
method allows multiple-proteins to be prepared in parallel.
After the standard procedure of Ni-NTA purification (Ni-NTA
beads, Merck, cat. 70666-4) and sumo protease cleavage (in-
house production, 1:200 sumo protease 1 mg ml ). The
proteins were loaded on Hi-trap Q HP (GE Healthcare, cat.
17115401) anion exchange column. FabG and SodA showed
poor cleavage from the Ni-NTA column so they were eluted
from the Ni-NTA using 300 mM imidazole and their buffer was
exchanged to lower salt concentration (25 mM Tris pH = 8).
Cleavage was performed for 3-72 hours, which-after the
proteins were re-loaded on a Ni-NTA column, which removes
the His-tag fused sumo tag that binds the column, while the
protein is in the flow-through. Purification was evaluated by
SDS-PAGE analysis (ExpressPlus PAGE Gel, 15 wells, 4-20%,
GeneScript cat. # M42015) with and without B-mercaptoethanol
(Genescript, cat: MB01015) added to 10 pg of each protein
(Fig. S47). This comes to evaluate inter-disulfide bridges, which
would affect the determined oligomeric state. The samples were
heated and loaded on gel. Gel was colored by Instant Blue
Coomassie Protein Stain (Abcam, ab119211) over-night and
then pictured. All proteins have a high degree of purity, with
only FabG"”"® having a substantial population of inter-disulfide
bridged protein. Therefore, FabG*'?> was produced as well
(where Cys at position 167 is replaced by Arg), being a monomer
both with and without B-mercaptoethanol (Fig. S4t). After
purification, dialysis against 50 mM HEPES, 50 mM NaCl pH =
7.4 was done twice for storage buffer. All samples were snap
frozen in liquid nitrogen and stored at —80 °C until further

© 2022 The Author(s). Published by the Royal Society of Chemistry
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analysis. No aggregates were detected after purification, as
evident by native MS and SEC (Table S2). For BSA analysis
albumin bovine fraction V (Cat# 1600069, MP Biomedicals,
LLC) was used. 50 mg powder was suspended in 1 ml of PBS pH
7.4, after suspension it was dialyzed against 50 mM HEPES
50 mM NaCl pH 7.4 overnight, protein's concentration was
measured in the Nano-drop using 43.82 M~ ' cm ™" as extinction
coefficient and 66 kDa as molecular mass of the protein. This
procedure was done in all methods that measured BSA.

Native mass spectrometry

FabG was diluted in 25 mM tricine, 50 mM NaCl pH 8.5, and all
other proteins were diluted in 50 mM HEPES, 50 mM NaCl pH
7.4. After overnight incubation at 4 °C (for all but BSA), the
dilutions were measured by online buffer exchange mass spec-
trometry (OBE-MS) using a Vanquish UHPLC coupled to a Q
Exactive Ultra-High Mass Range (UHMR) mass spectrometer
(Thermo Fisher Scientific). 1 pl protein was injected onto either
a self-packed buffer exchange column (P6 polyacrylamide gel,
Bio-Rad Laboratories) or a prototype desalting column from
Thermo Fisher Scientific and online buffer exchanged to 200 mM
ammonium acetate, pH 6.8 at a flow rate of 100 pl min*.3®
Eluting proteins were ionized via a heated electrospray ionization
(HESI) source using a 3.5 kV spray voltage. Mass spectra were
recorded over the m/z range 1000-14 000, at 17 500 resolution as
defined at 400 m/z. The injection time was set to 200 ms. Voltages
applied to the transfer optics were optimized to allow for ion
transmission while minimizing unintentional ion activation,
with —5 V in-source trapping and a higher-energy collisional
dissociation (HCD) of 5 V applied. UniDec software was used for
spectral deconvolution and comparison of relative abundances
of the oligomeric state.”® Relative abundances were calculated
based on peak area(s). MS transmission and resolution settings
were kept fixed. As differences in ionization, transmission and
detection for different oligomeric species within a sample don't
allow to determine absolute oligomer abundances at a given
protein concentration, spectra at different protein concentra-
tions were measured to obtain reliable information on relative
changes in protein oligomerization.

Mass photometry

Microscope coverslips (no. 1.5, 24 x 50 cat# 0107222, Mar-
ienfeld) were cleaned by sequential sonication in 50% iso-
propanol (HPLC grade)/Milli-Q H20, and Milli-Q H,O (5 min
each), followed by drying with a clean nitrogen stream. Four
gaskets (Reusable culturewell™ gaskets 3 mm diam. x 1 mm
depth, cat. GBL103250-10 EA, Sigma-Aldrich) were cut to 2 x 2
array, cleaned similarly to the coverslips, and put on top of the
coverslip, each sample measured in one well. Immediately prior
to mass photometry measurements, protein stocks were diluted
in PBS pH 7.4. To focus, fresh buffer was first introduced into
the well, and the focal position was identified and secured in
place with an autofocus system based on total internal reflec-
tion for the entire measurement. For each acquisition, 5 pl of
diluted protein (nanomolar concentrations) was added into the
well and, following autofocus stabilization, movies of 120 s
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duration were recorded. Each sample was measured at least
three times independently (n = 3). Calibration of the contrast-
to-mass conversion was done similarly to the description
above, at the same measurement buffer, with the protein urease
(Sigma cat. U7752-1VL), whose oligomer masses are known. All
data, with one exception, were acquired using an OneMP mass
photometer (Refeyn Ltd, Oxford, UK). Data acquisition was
performed using AcquireMP (Refeyn Ltd, v2.2) and data analysis
was performed using DiscoverMP (Refeyn Ltd, v2.3.0). Data for
FabG*'? was acquired on a Refeyn TwoMP calibrated with peaks
from beta-amylase and thyroglobulin; coverslips were washed
with water, 100% isopropanol, water ,100% isopropanol, and
water and then dryed with nitrogen (no sonication). Gaussian fit
was done using KaleidaGraph software v 4.1 for the Acul and
DeoC proteins due to overlapping areas. For measurements in
different salt conditions and varying pH, the calibrations of
urease was done in the same buffer composition of the
measurements. For salt conditions: 50 mM HEPES pH 7.4,
50 mM HEPES, 500 mM NaCl pH 7.4, 50 m M HEPES 1 M NacCl
pH 7.4. All buffers were filtered using syringe filters of 0.2 pm
(Millipore cat# SLGP033R) before the measurements.

Small angle X-ray scattering

Synchrotron radiation X-ray scattering data were collected for
all protein samples on the EMBL P12 beamline of the storage
ring PETRA III (DESY, Hamburg) using a PILATUS 6M pixel
detector (DECTRIS, Switzerland).®® The experimental details of
the instruments and derived parameters are listed in Table S1.}
Forty ul sample were exposed to X-rays while flowing through
a temperature-controlled quartz capillary (1.2 mm ID) at 20 °C.
Forty image frames of 0.045 s exposure time were collected and
data from the detector was normalized to the transmitted beam
intensity, averaged, buffer subtracted, and placed on an abso-
lute scale relative to water using the SASFLOW pipeline.*® All
data manipulations were performed using PRIMUSgt and the
ATSAS software package.®”” Where necessary, additional scaling
of buffer data sets to minimize mismatch with sample scat-
tering was conducted prior to the subtraction procedure. The
forward scattering I(0) and radius of gyration, R, were deter-
mined from Guinier analysis,®® assuming that at very small
angles (s = 1.3/R,) the intensity is represented as I(s) = 1(0)
exp(—(sRg)2/3). These parameters were also estimated from the
full scattering curves using the indirect Fourier transform
method implemented in the program GNOM,* along with the
distance distribution function p(r) and the maximum particle
dimensions Dp,.,. Molecular masses (MMs) of solutes were
estimated from I(0) by computation of partial specific volume
and the contrast between the protein sequence and the chem-
ical components of the solution using in-house procedures.
Computation of theoretical scattering intensities from models
and PDB files was performed using the program CRYSOL.*

Structure model building using SAXS data

Analysis of the structures present in the solution for each
protein sample was conducted using the non-negative linear
least-squares routine of the program OLIGOMER,** where the
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experimental scattering intensity Ie(s) from a mixture of K
different particles/components is:

I (s) = Z vi X Ii(s) (2)

where v; and Ifs) are the volume fraction and the scattering
intensity from the i-th component. Form-factors were computed
from the high-resolution PDB structures available (Table S17), or
from homology models from the Swiss-model repository, using
FFMAKER.”™ Arrangements of higher oligomers were derived
from symmetry mates defined in the PDB files and guided by the
PISA server at EBI (https://www.ebi.ac.uk/msd-srv/prot_int/cgi-
bin/piserver),”* and possible association/dissociation compo-
nents extracted (e.g. dimers and monomers) and form-factors
computed. For the generation of a hexameric FabG”®® model
the program SASREF”* was used, using the monomeric subunit
extracted from the PDB structure (PDB id 1I101) with P32
symmetry enforced. The form-factors of potential species present
in solution were used as input for OLIGOMER and the volume
fractions of each component determined through the fitting
routine to minimize the discrepancy between the experimental
and calculated SAXS curves according to:

2 1 Iexp S/' - CIC‘d]C ‘S/
o= i e ¥

where N is the number of experimental points, ¢ is a scaling
factor and I..i.(s;) and s(s;) are the calculated intensity and the
experimental error at the momentum transfer s;, respectively.

SAXS data have been deposited at the SASBDB (https://
www.sasbdb.org) with accession codes: SASDLR4, SASDLQ4,
and SASDLP4.

Size exclusion chromatography

30 pg of each protein was loaded onto a Superdex 200 Increase
10/300 GL column (GE, cat. 28-990944) by an Alias™ auto-
sampler. The column was pre-equilibrated with PBS pH 7.4
and the proteins were diluted in the same buffer. Proteins for
the standard curve were also loaded in the same manner.
Standard curve fit (Fig. S1t) for known proteins was generated
with the following elution volumes (EV) and molecular weights
(MM): (EV, MM)- BSA dimer (11.8, 132), BSA monomer (13.51,
66), IFNo2 + IFNAR2 (14.5, 43), TEM & BLIP (15.05, 46.7),
IFNAR?2 (15.6, 24.6), TEM (16.03, 28.9), BLIP (16.7, 17.8), UnaG
(16.7, 15.6). The relation between elution volume and the
known MM was fitted using an exponential equation.

SEC-MALS

2-2.5 mg ml~" of DeoC or E-fts were loaded into a 100 pl loop on
a Superdex 200 Increase 10/300 GL column (GE, cat. 28-990944)
using the following configuration: AKTA Pure 25 M, multiple-
angle light scattering (MALS) by Wyatt Technology model:
DAWN HELEOS II and Optilab TrEX. Mass calibration was done
by using 2 mg ml~" BSA standard (Bio-Rad, cat. 5000206). PBS
pH 7.4 was used as isocratic buffer. Buffer and samples were
filtered through 0.1 pm filter system.
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AlphaFold analysis

AlphaFold2 (ref. 37 and 56) was implemented by locally running
an adapted code written by ColabFold.” All runs used the five
model AlphaFold-multimer-vl parameters released on October
2021, with no templates or Amber relaxation and performing three
recycles. Multiple-sequence alignments were generated through
the MMseqs2 API server,”*”® using unpaired + paired mode. The
sequence were copied one after the other for the MSA construc-
tion. For Rosetta relaxation, scoring was performed using the ref15
energy function.” The relaxation comprises four iterations of
sidechain packing and harmonically constrained whole-protein
minimization on the input structure. XML is provided in ESI
Table S3.} AF was trained on all structures in the PDB (cutoff data
April 2018), including the structures of the proteins in this study.
However, as AF calculated oligomeric states different from those
given in the PDB, this should not have affected the results.

Classification

Oligomerization of proteins.

Data availability

SAXS data have been deposited at the SASBDB (https://
www.sasbdb.org) with accession codes: SASDLR4, SASDLQ4,
and SASDLP4.

Author contributions

The study was designed by SM and GS; sample preparations
were made by SM, DD, YK, SH and FB. Experiments were per-
formed by SM, SH, FB, HM and YK. Data were analyzed by SM,
YK, FB, SH, VW, GS and HM. AlphaFold calculations and
analysis by DL and SJF. SM, YK, FB, VW, HM, DL and GS wrote
the paper. All authors read and approved the final manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the Israel Science Foundation
grant no. 1268/18 (GS). The SAXS experiment at the P12 EMBL
beamline at the PETRA III storage ring of DESY synchrotron,
Hamburg, Germany, was supported by iNEXT project number
653706, funded by the Horizon 2020 Program of the European
Union. Native mass spectrometry measurements were provided
by the NIH-funded Resource for Native Mass Spectrometry
Guided Structural Biology at The Ohio State University (NIH P41
GM128577, (VW)).

References

1 D. S. Goodsell and A. J. Olson, Structural Symmetry And
Protein Function, Annu. Rev. Biophys. Biomol. Struct., 2000,
29, 105-153.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

2 E. D. Levy and S. Teichmann, Structural, evolutionary, and
assembly principles of protein oligomerization, Progress in
Molecular Biology and Translational Science, Academic
Press, 2013, vol. 117, pp. 25-51.

3 G. K. A. Hochberg, et al., A hydrophobic ratchet entrenches
molecular complexes, Nature, 2020, 588, 503-508.

4 A. S. Pillai, Origin of complexity in haemoglobin evolution,
Nature, 2020, 581, 480-485.

5 N. J. Marianayagam, M. Sunde and J. M. Matthews, The
power of two: protein dimerization in biology, Trends
Biochem. Sci., 2004, 29, 618-625.

6 G. Jiang, J. den Hertog and T. Hunter, Receptor-Like Protein
Tyrosine Phosphatase o Homodimerizes on the Cell Surface,
Mol. Cell. Biol., 2000, 20, 5917-5929.

7 C. M. VanDrisse, R. Lipsh-Sokolik, O. Khersonsky,
S. J. Fleishman and D. K. Newman, Computationally
designed pyocyanin demethylase acts synergistically with
tobramycin to kill recalcitrant Pseudomonas aeruginosa
biofilms, Proc. Natl Acad. Sci. U S. A., 2021, 118,
€2022012118.

8 J. C. Rochet, et al., Pig heart CoA transferase exists as two
oligomeric forms separated by a large kinetic barrier,
Biochemistry, 2000, 39, 11291-11302.

9 E. A. Stura, et al, Crystallization and preliminary
crystallographic data for class I deoxyribose-5-phosphate
aldolase from Escherichia coli: An Application of Reverse
Screening, Proteins: Struct., Funct., Bioinf., 1995, 22, 67-72.

10 M. H. Ali and B. Imperiali, Protein oligomerization: how and
why, Pergamon, 2005, vol. 13, pp. 5013-5020.

11 L. Danielli, X. Li, T. Tuler and R. Daniel, Quantifying the
distribution of protein oligomerization degree reflects
cellular information capacity, Sci. Rep., 2020, 10, 1-10.

12 A. S. Solovyova, et al., Probing the oligomeric re-assembling
of bacterial fimbriae in vitro: a small-angle X-ray scattering
and analytical ultracentrifugation study, Eur. Biophys. J.,
20212021, 503(50), 597-611.

13 D. A. Gell, R. P. Grant and J. P. Mackay, The Detection and
Quantitation of Protein Oligomerization, Adv. Exp. Med.
Biol., 2012, 747, 19-41.

14 J. Lebowitz, M. S. Lewis and P. Schuck, Modern analytical
ultracentrifugation in protein science: A tutorial review,
Protein Sci., 2002, 11, 2067-2079.

15 Y. Ishihama, et al, Protein abundance profiling of the
Escherichia coli cytosol, BMC Genomics, 2008, 9, 102.

16 B. Fauvet, A. Finka and A. Cirinesi, Bacterial Hsp90
Facilitates the Degradation of Aggregation-Prone, Front.
Mol. Biosci., 2021, 8, 653073.

17 E. Boeri Erba, L. Signor and C. Petosa, Exploring the
structure and dynamics of macromolecular complexes by
native mass spectrometry, J. Proteomics, 2020, 222, 103799.

18 S. A. Chandler and J. L. Benesch, Mass spectrometry beyond
the native state, Curr. Opin. Chem. Biol., 2018, 42, 130-137.

19 H. Sakuraba, et al., Sequential aldol condensation catalyzed
by hyperthermophilic 2-deoxy-D-ribose-5-phosphate
aldolase, Appl. Environ. Microbiol., 2007, 73, 7427-7434.

Chem. Sci., 2022, 13, 1680-11695 | 11693


https://www.sasbdb.org
https://www.sasbdb.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc02794a

Open Access Article. Published on 21 septembris 2022. Downloaded on 06.02.2026 09:39:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

20 A. Heine, et al., Observation of covalent intermediates in an
enzyme mechanism at atomic resolution, Science, 2001, 294,
369-374.

21 A. Sonn-Segev, et al.,, Quantifying the heterogeneity of
macromolecular machines by mass photometry, Nat.
Commun., 2020, 11, 1-10.

22 F. Soltermann, et al, Quantifying Protein-Protein
Interactions by Molecular Counting with Mass Photometry,
Angew. Chem., 2020, 132, 10866-10871.

23 A. Guinier and G. Fournet, Small-Angle Scattering of X-rays,
Science, 1956, 123, 591-592.

24 P. V. Konarev, V. V. Volkov, A. V. Sokolova, M. H. J. Koch and
D. I. Svergun, PRIMUS: A Windows PC-based system for
small-angle scattering data analysis, J. Appl Crystallogr.,
2003, 36, 1277-1282.

25 D. Svergun, C. Barberato and M. H. Koch, CRYSOL - A
program to evaluate X-ray solution scattering of biological
macromolecules from atomic coordinates, J. Appl
Crystallogr., 1995, 28, 768-773.

26 M. V. Petoukhov and D. I. Svergun, Global rigid body
modeling of macromolecular complexes against small-
angle scattering data, Biophys. J., 2005, 89, 1237-1250.

27 H. D. T. Mertens and D. I Svergun, Structural
characterization of proteins and complexes using small-
angle X-ray solution scattering, J. Struct. Biol., 2010, 172,
128-141.

28 S. Mori and H. G. Barth, Size Exclusion Chromatography,
Springer, 1999, pp. 95168-97169.

29 R. R. Burgess, A brief practical review of size exclusion
chromatography: Rules of thumb, limitations, and
troubleshooting, Protein Expression Purif., 2018, 150, 81-85.

30 E. Stellwagen, Chapter 23 Gel Filtration 1, Methods in
Enzymology, Academic Press Inc., 2009, vol. 463, pp. 373-385.

31 T. Arakawa and J. Wen, Size-Exclusion Chromatography with
On-Line Light Scattering, Curr. Protoc. Protein Sci., 2001, 25,
20.6.1-20.6.21.

32 E. Folta-Stogniew, Oligomeric states of proteins determined
by size-exclusion chromatography coupled with light
scattering, absorbance, and refractive index detectors,
Methods Mol. Biol., 2006, 328, 97-112.

33 E. Folta-Stogniew and K. R. Williams, Determination of
Molecular Masses of Proteins in Solution: Implementation
of an HPLC Size Exclusion Chromatography and Laser
Light Scattering Service in a Core Laboratory & Methods
Reviews, J. Biomol. Tech., 1999, 10, 51-63.

34 A.Bateman, et al., UniProt: The universal protein knowledge
base in 2021, Nucleic Acids Res., 2021, 49, D480-D489.

35 H. Berman, K. Henrick and H. Nakamura, Announcing the
worldwide Protein Data Bank, Nat. Struct. Biol., 2003, 10,
980.

36 S. Bienert, et al., The SWISS-MODEL Repository-new features
and functionality, Nucleic Acids Res., 2017, 45, D313-D319.

37 R. Evans, et al., Protein complex prediction with AlphaFold-
Multimer, bioRxiv, 2021-2022, 463034, DOI: 10.1101/
2021.10.04.463034.

38 Z. L. VanAernum, et al, Rapid online buffer exchange for
screening of proteins, protein complexes and cell lysates

1694 | Chem. Sci,, 2022, 13, 11680-11695

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

View Article Online

Edge Article

by native mass spectrometry, Nat. Protoc., 2020, 15, 1132-
1157.

A. Bujacz and IUCr, Structures of bovine, equine and
leporine serum albumin, Acta Crystallogr., Sect. D: Biol.
Crystallogr., 2012, 68, 1278-1289.

D. Molodenskiy, et al., Thermally induced conformational
changes and protein-protein interactions of bovine serum
albumin in aqueous solution under different pH and ionic
strengths as revealed by SAXS measurements, Phys. Chem.
Chem. Phys., 2017, 19, 17143-17155.

M. A. Graewert, et al., Automated Pipeline for Purification,
Biophysical and X-Ray Analysis of Biomacromolecular
Solutions, Sci. Rep., 20152015, 51(5), 1-8.

V. Levi and F. L. Gonzalez Flecha, Reversible fast-
dimerization of bovine serum albumin detected by
fluorescence resonance energy transfer, Biochim. Biophys.
Acta, Proteins Proteomics, 2002, 1599, 141-148.

R. Radhakrishnan, et al., Zinc mediated dimer of human
interferon-a(2b) revealed by X-ray crystallography,
Structure, 1996, 4, 1453-1463.

S. Frey and D. Gorlich, A new set of highly efficient, tag-
cleaving proteases for purifying recombinant proteins, J.
Chromatogr. A, 2014, 1337, 95-105.

S. Frey and D. Gorlich, The Xenopus laevis Atg4B protease:
Insights into substrate recognition and application for tag
removal from proteins expressed in pro- and eukaryotic
hosts, PLoS One, 2015, 10, 1-25.

Y. Takeda and H. Avila, Structure and gene expression of the
E. coli mn-superoxide dismutase gene, Nucleic Acids Res.,
1986, 14, 4577-4589.

P. Valentin-Hansen and I. S. F. B. Karin Hammer-Jespersen,
The Primary Structure of Escherichia coli K12 2-Deoxyribose
5-Phosphate Aldolase: Nucleotide Sequence of the deoC
Gene and the Amino Acid Sequence of the Enzyme, Eur. J.
Biochem., 1982, 125, 561-566.

J. A. Merten, K. M. Schultz and C. S. Klug, Concentration-
dependent oligomerization and oligomeric arrangement of
LptA, Protein Sci., 2012, 21, 211-218.

C.Y. Lai and J. E. Cronan, Isolation and Characterization of
B-Ketoacyl-Acyl Carrier Protein Reductase (fabG) Mutants of
Escherichia coli and Salmonella enterica Serovar
Typhimurium, J. Bacteriol., 2004, 186, 1869-1878.

R. J. Heath and C. O. Rock, Regulation of fatty acid
elongation and initiation by acyl-acyl carrier protein in
Escherichia coli, J. Biol. Chem., 1996, 271, 1833-1836.

R. J. Heath and C. O. Rock, Enoyl-acyl carrier protein
reductase (fabl) plays a determinant role in completing
cycles of fatty acid elongation in Escherichia coli, J. Biol.
Chem., 1995, 270, 26538-26542.

S. Dey, D. W. Ritchie and E. D. Levy, PDB-wide identification
of biological assemblies from conserved quaternary
structure geometry, Nat. Methods, 2018, 15, 67-72.

E. D. Levy, PiQSi: Protein Quaternary Structure Investigation,
Structure, 2007, 15, 1364-1367.

S. Kawai, S. Mori, T. Mukai, W. Hashimoto and K. Murata,
Molecular characterization of Escherichia coli NAD kinase,
Eur. J. Biochem., 2001, 268, 4359-4365.

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1101/2021.10.04.463034
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc02794a

Open Access Article. Published on 21 septembris 2022. Downloaded on 06.02.2026 09:39:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

55 S. Mori, S. Kawai, F. Shi, B. Mikami and K. Murata,
Molecular conversion of NAD kinase to NADH kinase
through single amino acid residue substitution, J. Biol.
Chem., 2005, 280, 24104-24112.

56 J. Jumper, et al., Highly accurate protein structure prediction
with AlphaFold, Nature, 2021, 596, 583.

57 G. Lincke, A review of thirty years of research on
quinacridones.  X-ray crystallography and  crystal
engineering, Dyes Pigm., 2000, 44, 101-122.

58 A. Norris, F. Busch, M. Schupfner, R. Sterner and
V. H. Wysocki, Quaternary Structure of the Tryptophan
Synthase o-Subunit Homolog BX1 fromZea mays, J. Am.
Soc. Mass Spectrom., 2020, 31, 227-233.

59 S. Sarni, et al, HIV-1 Gag protein with or without p6
specifically dimerizes on the viral RNA packaging signal, J.
Biol. Chem., 2020, 295, 14391-14401.

60 S. Landeras-Bueno, et al., Cellular mRNA triggers structural
transformation of Ebola virus matrix protein VP40 to its
essential regulatory form, Cell Rep., 2021, 35, 108986.

61 C. E. Norris, et al.,, Native mass spectrometry reveals the
simultaneous binding of lipids and zinc to rhodopsin, Int.
J. Mass Spectrom., 2021, 460, 116477.

62 C. Niu, Y. Du and I. A. Kaltashov, Towards better
understanding of the heparin role in NETosis: Feasibility
of using native mass spectrometry to monitor interactions
of neutrophil elastase with heparin oligomers, Int. J. Mass
Spectrom., 2021, 463, 116550.

63 C. E. Blanchet, et al., Versatile sample environments and
automation for biological solution X-ray scattering
experiments at the P12 beamline (PETRA III, DESY), J.
Appl. Crystallogr., 2015, 48, 431-443.

64 J. Zahradnik, et al., Flexible regions govern promiscuous
binding of IL-24 to receptors IL-20R1 and IL-22R1, FEBS J.,
2019, 286, 3858-3873.

65 D. J. Reid, et al, MetaUniDec: High-Throughput
Deconvolution of Native Mass Spectra, J. Am. Soc. Mass
Spectrom., 2018, 30, 118-127.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

66 D. Franke, A. G. Kikhney and D. I. Svergun, Automated
acquisition and analysis of small angle X-ray scattering
data, Nucl. Instrum. Methods Phys. Res., Sect. A, 2012, 689,
52-59.

67 D. Franke, et al., ATSAS 2.8: A comprehensive data analysis
suite for small-angle scattering from macromolecular
solutions, J. Appl. Crystallogr., 2017, 50, 1212-1225.

68 A. Guinier, C. B. Walker, N. York and ]J. Wiley, Small-Angle
Scattering of X-Rays, Gerard Fournet Translation by, 1955.

69 A. V. Semenyuk and D. I. Svergun, GNOM - a program
package for small-angle scattering data processing, J. Appl.
Crystallogr., 1991, 24, 537-540.

70 M. V. Petoukhov, et al., New developments in the ATSAS
program package for small-angle scattering data analysis,
J. Appl. Crystallogr., 2012, 45, 342-350.

71 E. Krissinel and K. Henrick, Inference of Macromolecular
Assemblies from Crystalline State, J. Mol. Biol., 2007, 372,
774-797.

72 M. V. Petoukhov and D. I. Svergun, Global Rigid Body
Modeling of Macromolecular Complexes against Small-
Angle Scattering Data, Biophys. J., 2005, 89, 1237-1250.

73 M. Mirdita, et al, ColabFold: making protein folding
accessible to all, Nat. Methods, 20222022, 196(19), 679-682.

74 M. Mirdita, M. Steinegger and J. S6ding, MMseqs2 desktop
and local web server app for fast, interactive sequence
searches, Bioinformatics, 2019, 35, 2856-2858.

75 M. Mirdita, et al., Uniclust databases of clustered and deeply
annotated protein sequences and alignments, Nucleic Acids
Res., 2017, 45, D170-D176.

76 A. L. Mitchell, et al, MGnify: the microbiome analysis
resource in 2020, Nucleic Acids Res., 2020, 48, D570-D578.

77 R. F. Alford, et al., The Rosetta all-atom energy function for
macromolecular modeling and design, ACS Publ., vol. 13, 19,
2017.

Chem. Sci., 2022, 13, 1680-11695 | 11695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc02794a

	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...

	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...

	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...
	Protein quaternary structures in solution are a mixture of multiple formsElectronic supplementary information (ESI) available: Supplementary data of...


