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EVOLUTIONARY BIOLOGY

Multimerization variants as potential drivers

of neofunctionalization

Youngwoo Lee'? and Daniel B. Szymanski1'2'3*

Whole-genome duplications are common during evolution, creating genetic redundancy that can enable cellular
innovations. Novel protein-protein interactions provide a route to diversified gene functions, but, at present,
there is limited proteome-scale knowledge on the extent to which variability in protein complex formation drives
neofunctionalization. Here, we used protein correlation profiling to test for variability in apparent mass among
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thousands of orthologous proteins isolated from diverse species and cell types. Variants in protein complex size
were unexpectedly common, in some cases appearing after relatively recent whole-genome duplications or an al-
lopolyploidy event. In other instances, variants such as those in the carbonic anhydrase orthologous group reflect-
ed the neofunctionalization of ancient paralogs that have been preserved in extant species. Our results
demonstrate that homo- and heteromer formation have the potential to drive neofunctionalization in diverse

classes of enzymes, signaling, and structural proteins.

INTRODUCTION
Neofunctionalization of duplicated genes can broaden the activity
and connectivity of almost any cellular function and, as a result, is
central to developmental innovation and models of evolution (1-4).
New functions can be generated by altered patterns of gene expres-
sion that place a protein in a different cellular context (5, 6). Con-
served “housekeeping” genes can evolve “moonlighting” functions
and interact with pathways that were previously independent of its
original biochemical activity (7). Enzymes can neofunctionalize to
alter their substrate specificity and generate new biochemical path-
ways (8). Chromosome rearrangements and the loss or gain of func-
tional protein domains can markedly alter protein function (9). Protein
complex formation is a cornerstone of biological systems (10), and
when mutations generate new stable protein-protein interactions,
the biochemical and/or biophysical properties of the protein are
unavoidably changed. Self-interaction can generate homomers with
increased catalytic efficiency or altered substrate specificity (11, 12).
Some evolutionarily conserved heteromeric protein complexes
have catalytic activities (13), force transduction mechanisms (14),
reversible subcellular localizations (15), and complicated signal trans-
duction functions (16), which, in many instances, could not be achieved
by a single polypeptide. An important challenge in biology is to better
understand the extent to which altered multimerization, used here
as a general term to include homo- and heteromeric complexes,
could drive neofunctionalization. Mass spectrometry (MS)-based
protein correlation profiling (PCP) is well suited to this task. It is an
established and valid approach to broadly analyze protein multi-
merization and their dynamics by quantifying the elution profiles of
thousands of endogenous protein complexes as a function of their
chromatographic separation (17-24). This PCP of native protein
complexes in combination with machine learning-based predictions
emphasizes the compositional identity of orthologous complexes
across kingdoms (18, 25). Here, we take an open-ended evolution
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proteomics approach to analyze variability in protein complex size
among orthologous proteins and test for its potential evolutionary
relevance.

RESULTS AND DISCUSSION

Soluble extracts from two Malvales (leaves of Arabidopsis thaliana
and cotton fibers of Gossypium hirsutum), one of Fabales (leaves of
Glycine max), and one monocot species of the Poales (the seed aleurone
layers of developing Oryza sativa) were separated using size exclu-
sion chromatography (SEC), and the individual column fractions
were then processed for quantitative liquid chromatography (LC)/
MS analysis (Fig. 1A). Biological replicates and automated peak de-
tection algorithms (26) were used to make thousands of apparent
mass (M,pp) determinations that were derived from reproducible
elution profiles (fig. S1, A to C). The peptide (table S1, A to D), protein
(table S1, E to H), and normalized abundance profiles (table S2A)
are provided. The measured M., values accurately reflect protein
complex formation and are not related to protein abundance, arti-
factual aggregation, or extensive glycosylation (20, 22, 26). Stable
complex formation, defined as a protein having an M,y that was at
least twice that of its monomeric mass (Mpono)> Was common with
more than one-third of all proteins falling in this class (fig. S1, C and
D). This degree of multimerization is similar to what has been re-
ported previously for soluble proteins in other studies (20, 22, 27).
This PCP method detects stable protein complexes that remain as-
sembled during cell fractionation and column chromatography.
Therefore, any variability among orthologs in unstable complexes,
or those that compose a small fraction of the total cellular pool of a
given protein that falls below our detection thresholds, will not be
detected. In this study, 93% of the predicted multimeric proteins had
a single peak on the SEC column, reflecting a cellular protein pool
that is dominated by one species (table S3). Those with multiple peaks
might have assembly states and protein-protein or protein-ligand
interactions that are more sensitive to protein concentrations.

In this LC/MS workflow, the elution profiles of protein particles
are dominated by protein-protein interactions, as this method is be-
ing successfully used to broadly predict the composition of protein
complexes (18, 21, 24, 25) and how they change in response to mutation
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Fig. 1. An evolution proteomics pipeline to analyze multimerization variability
among thousands of orthologous proteins. (A) Gel-free proteomics workflow in which
soluble extracts are isolated from diverse plant species. Cell extracts are separated under
nondenaturing conditions on a sizing column, and the column fractions are analyzed
by LC-MS/MS for protein quantification. Elution profiles are fitted to Gaussian peaks
to assess reproducibility and assign Map, values for thousands of proteins. ANOVA
and pairwise t tests are used to identify proteins within OGs that differ in multi-
merization state. (B) Summary of the percent of the OGs for each species that contained
a size variant. (C) The elution profiles of an O. sativa OG of zinc finger proteins that con-
tained multiple size variants. (D) The elution profiles of an A. thaliana OG of
UDP-glycosyltransferases that contained a detected size variant. The differently
colored horizontal bars, R, distributions, and statistical groupings in (C) and
(D) indicate groups of mOVs with distinct multimerization states. Photo credit:
Youngwoo Lee, Purdue University.

(22) or growth factor stimulation (17). The mass differences that we
detected are large (>40% of the mass of the particle) and cannot be
explained by most posttranslational modifications that have relatively
small effects on the total mass. However, an altered mass could also
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arise if one ortholog acquired extensive glycosylation or RNA binding
activity.

To test for different multimerization states within and among
species, all proteins with reproducible elution profiles and mea-
sured M,p,, values were assigned to specific ortholog groups (OGs) using
the InParanoid algorithm (28) implemented at Phytozome v12
(https://phytozome.jgi.doe.gov/). For each OG, analysis of variance
(ANOVA) tests at a false discovery rate (FDR) of 2% were conduct-
ed using the parameters M,p, and Rapp (Rapp = Mapp/ Mimono) to iden-
tify predicted multimerization orthovariants (mOVs) that had size
differences that could not be explained by variability in monomer
masses. A subsequent round of Tukey’s pairwise post hoc tests was
used with the flagged OGs to determine which specific orthologs
differed. In the four species analyzed, between 3.4 and 13.7% of
the OGs contained one or more proteins with a different apparent
mass, indicating that mOVs occur across species and are not rare
(Fig. 1B and table S3, A to D). These percentages may not be accu-
rate estimates of mOV frequencies, because only a small subset of
the cell types of each organism was analyzed and the percentages may
differ for low abundance signaling proteins that are not detected in
this study.

As an example, an O. sativa OG encodes a zinc finger family of
proteins with no known function. It existed as two distinct complex
types, with three of the isoforms having an elevated My, of ~500 kDa
(Fig. 1C). Arabidopsis mOVs are being generated and maintained
across broad evolutionary windows based on paralog mapping to
the estimated timing of the five whole-genome duplications (WGDs)
that spanned more than 500 million years (Ma) (4, 29). Of the 227
known paralog pairs that were analyzed on the SEC column, there
were nine instances in which a paralog clearly differed in size. Six
paralog variants were generated in the two most recent WGDs that
occurred after speciation. For example, a uridine 5’-diphosphate
(UDP)-glycosyltransferase (OG 93524696) variant that is predicted
to be involved in cell wall biosynthesis was generated from a dupli-
cation event ~25 Ma ago (Fig. 1D). The mOV was present in a 450 kDa
complex, but its paralogs had an elution peak centered on ~50 kDa,
which is near the calculated monomeric mass. The other three in-
stances of paralog mOV's were mapped to ancient WGDs estimated
at 320 and 400 Ma ago. Given the relatively short life span of dupli-
cated genes (2, 30), retention of these biochemical variants likely
reflects a functional importance. The full supplemental datasets for
OG members and the mOV identifications are provided (tables S3,
A to D, and $4, A and B).

We also discovered evidence for ortholog divergence between
homoeologs expressed in purified cotton fibers (Fig. 2). Cultivated
cotton is an allotetraploid generated by the hybridization of the two
diploid progenitor species, which contributed the A and D genomes
(31). Homoeologs can be easily distinguished based on unique pep-
tides (Fig. 2B). The 1861 fiber-expressed proteins that had
reproducible elution profiles were distributed quite evenly between
Ar- and Dr-encoded proteins (where “T” indicates tetraploid). However,
in ~16% of the cases, we detected homoeolog-specific expression
(Fig. 2C and table S2B), and this likely reflects the known homoeo-
log selectivity at the transcript level (32). Among the 439 homoeolog
groups (HGs) in which both alleles were detected, 15 contained a
size variant in which both the At and D homoeologs coeluted at the
same peak location, but that apparent mass differed from other homoeo-
logs. For example, the HG 93524686 contained 20 Rab superfamily
small guanosine triphosphatases (Fig. 2D and fig. S2). The variant
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Fig. 2. Homoeolog-specific expression and multimerization in the allotetraploid fiber cells of G. hirsutum. (A) The evolutionary history of G. hirsutum polyploidiza-
tion (37). (B) A mirror plot shows MS/MS spectrum of unique peptides derived from Ar (sky blue) and Dt (coral) methylthioribulose 1-phosphate dehydratase homoeologs
on the top and bottom panels, respectively. The b ions and y ions are labeled. The lines between informative y ions of the two alleles reflect a mass difference shift of 72.02 Da,
which is the mass difference of glutamic acid (E) and glycine (G) residues. m/z, mass/charge ratio. (C) At and Dr homoeolog-specific expression. Numbers on the Venn
diagram show differentially expressed proteins originated from At and Dt genomes. (D to F) Classification of homoeolog-specific multimerization into two classes. A;Dr
proteome equivalence class includes homoeologs from both genomes assembly into indistinguishable protein complexes (D). Subproteome selectivity classes contain
either At (E) or Dr (F) homoeologs that had a unique multimeric state. The differently colored horizontal bars, R.p, distributions, and statistical groupings in (D) to (F) in-

dicate groups of mOVs with distinct multimerization states.
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Fig. 3. mOVs are common, and, in some cases, complex size differences correlate with protein phylogeny. (A) The 246 OGs reproducibly profiled across all four
species were tested for multimerization variability. (B) Variability in the assembly status of predicted known complexes. Orthologs were mapped onto CORUM database
of known mammalian protein complexes (65). The masses of the conserved protein complexes were marked with yellow bars, and the M,pps (crosses) of the individual
subunit orthologs from the four species were overlaid in columns. (C to E) The OG multimerization patterns were classified as constrained (C), segregated (D), or dispersed
(E) based on the elution profiles. The differently colored horizontal bars, Rap distributions, and statistical groupings in (C) to (E) indicate mOVs with distinct multimeriza-
tion states. (F to l) Scatterplots and regression lines of the pairwise differences in apparent mass and the phylogenic distance of the corresponding protein pair obtained

from a multiple sequence alignment of the detected proteins in the OG.

homoeologs with an apparent mass of 80 kDa contained Rab5a sub-
family members that likely reflected an ancient divergence of a gene
family that controls the specificity of vesicle trafficking and has un-
dergone extensive duplication and neofunctionalization (33). There
were six instances in which homoeolog-specific protein complexes
were detected (Fig. 2, E and F). Even though the progenitor species
that contributed the A genome had a long fiber phenotype, highly
assembled protein complexes with predicted cell wall functions
were partitioned between the A and D genomes. The Ar-encoded
UDP-glucose 4,6-dehydratases (HG 93523466) are involved in rhamnose
synthesis, which becomes incorporated into rhamnogalacturonan I and
II (34). The Dr-encoded fatty acid synthase-type arabinogalactan

Lee and Szymanski, Sci. Adv. 2021; 7 : eabf0984 26 March 2021

glycoproteins are members of an important cell wall signaling
molecules (35).

To test for the existence of evolutionarily conserved mOVs,
orthologs with reproducible M, values in each of the four species
were analyzed in detail (Fig. 3). Differing tissues and species were
selected at the onset to maximize our chances of detecting differences
among orthologs, but these choices confounded our ability to
cleanly separate the contributions of cell types and speciation. How-
ever, combinations of phylogenic analysis using detected proteins
and others using the full set of orthologs extracted from the pro-
teome of each species were used to test for robust correlations
between multimerization state and protein evolution (see below).
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Sixty percent of the 246 proteins in this merged dataset were en-
zymes present in 80 different pathways (table S4A). There were a few
known complexes, such as the 20S proteasome core particle and 14-
3-3 complexes in which orthologs across all species had indistin-
guishable apparent masses and may reflect instances in which the
compositions of orthologous complexes are broadly conserved. Other
subunits of known complexes like the chaperones HSC70 and pre-
foldin, as well as vacuolar adenosine triphosphatase (V-ATPase) V1
domain subunits, had distinct multimerization states in one or more
species (Fig. 3B). The frequent detection of subcomplexes of evolu-
tionarily conserved complexes like the V-ATPase V1 domain in cell
extracts is consistent with prior analyses from our group, which in-
dicate that very few known complex subunits exist predominantly in
a particle with a size that matches that predicted by the fully assem-
bled state [e.g., (20) Fig. 4G; (26) fig. S3]. It is also likely that some
chaperone orthologs have distinct protein-protein interactions with
client or regulatory proteins.

The 246 OGs were subjected to ANOVA, pairwise ¢ tests, and
manual validation of the raw profile data as described in Materials
and Methods. Eighty-four OGs contained one or more mOVs
(Fig. 3, D and E, and table S4B). Two-thirds of the OGs contained
proteins that were either monomeric or assembled into equivalently
sized protein complexes. For example, glutamine synthetase (GS)
orthologs eluted at mass values that are consistent with it forming a
homooctamer (Fig. 3C). GS homooctamer formation creates the
enzyme active sites and enables complicated allosteric control (36, 37).
In the cross-species comparisons, there were 69 OGs termed “segre-
gated” that assembled into completely resolvable classes of protein
complexes (Fig. 3D). Many of the mOVs in the segregated class likely
reflected variability in self-interaction, as 51 of the 69 OGs were
orthologous to members from other species that have been shown
previously to form homomers (table S4B). The peroxiredoxins are
antioxidants that interconvert between monomeric and decameric
forms to enable redox-dependent chaperone activity (38). The high
multimerization state of a subset of peroxiredoxins that we detected
under reducing conditions was much larger than a predicted decamer,
perhaps reflecting a neofunctionalized form that interacts uniquely
with an unknown binding partner. In the second “dispersed” class of
OGs, elution peaks were spread more evenly over a mass range, but
the M,pps of the extreme groups were significantly different in the
pairwise tests (Fig. 3E). For instance, calreticulin, which is a cytosol
and endoplasmic reticulum lumen-localized chaperone, had peaks
in the mass range from 100 to 165 kDa and may form stable com-
plexes with distinct interaction partners, a subset of which was re-
solved on the sizing column.

Multiple sequence alignments from the detected proteins in each
OG were generated to test for phylogenetic signals in the SEC profile
data. If amino acid sequence variability in the OG was dominated
by those that define the altered multimerization states, then appar-
ent mass differences could correlate with protein phylogenies
generated using protein sequence alignments of the detected pro-
teins. For each variant-containing OG, vectors of the pairwise
M,pp and patristic phylogenetic distances were plotted and filtered
on the basis of a combination of slope, R%, and P values from the ¢
tests to identify candidates. There were 10 segregated OGs that hada
positive interaction between apparent mass and protein sequence simi-
larity (Fig. 3, F to I, and table S4C). The instances of strong clus-
tering of points reflected the discrete categories of M,p, values in
the segregated class. These trends were not driven by the evolutionary
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distances among the species. When similar control analysis was
conducted on the basis of plots of M.y, against evolutionary dis-
tances of the four species, only one rice WD-40 repeat protein was
identified, and it was flagged previously in the M, versus protein
pair distance plots (table S4C). These correlation plots reflected
true evolutionary signal because when expanded phylogenetic trees
were constructed using both detected and undetected proteins in
the OGs, the phylogenic topologies were segregated and reflected
the measured My, differences (fig. S3, A to F). The results sug-
gest that some of the multimerization variants arose from ancient
paralogs more than 100 Ma ago before the divergence of mono-
cots and dicots. In four instances, species-specific differences drove
the interaction between M,,, and phylogenetic distance (fig. S3,
Gto]).

B carbonic anhydrase (BCA) provided an opportunity to more
deeply analyze the relationships between multimerization and neo-
functionalization. BCA is a diffusion-limited enzyme that inter-
converts CO, and carbonate. CO,-fixing organisms use CA as a
mechanism to concentrate CO, and reduce biochemical futility of
photorespiration caused by poor selectivity of ribulose-1,5-bisphosphate
carboxylase-oxygenase (RuBisCO) for CO, over O,. BCA has the ac-
tivity, while other CAs have neofunctionalized to scaffolding pro-
teins with no enzymatic activity (39). The active site for BCA involves
amino acids in both polypeptides at a dimerization interface (40, 41).
In our samples, BCA OG fell into the segregated class, with group
members divided between a low mass form that likely reflects the
dimer (termed dimer hereafter) and a high mass form (Fig. 4A). The
higher mass peak likely corresponded to a homooctamer based on
the peak locations and solved crystal structure of octameric BCA
from Pisum sativum (40). The octamer is a tetramer of dimers, and
octameric forms contain a motif near the N terminus that distin-
guishes this clade (fig. S4, A to C). In the solved structure, the octam-
er has two charged amino acids in the dimerization domain and a
phenylalanine residue that enables hydrophobic interactions be-
tween C termini and tetramer/octamer assembly. They are unique
and highly conserved across all orthologs in the putative high mass
class of BCAs (Fig. 4B and fig. S4, A and B). The dicot species ex-
pressed predicted dimeric and octameric forms of BCA. OspCA5
was in the dimeric group, but OsBCA1 was an outlier that is part of
a monocot-specific clade of C-terminally truncated BCAs (42). If BCA
phylogenies are conducted using truncated CAs that mirror the
C-terminally truncated monocot alleles, then OspCA1 was more
closely related to the octameric BCAs (fig. S5), suggesting that the
C-terminal mutations reverted these orthologs back to a predicted
dimeric form. This could reflect altered selection on CAs due to an-
atomical innovations and C4 photosynthesis pathways that evolved
in the monocots and altered CO, gradients. BCAs from additional
landmark species including the moss (Physcomitrella patens), fern
(Selaginella moellendorffii), ginkgo (Ginkgo biloba), and the basal
angiosperm Amborella (Amborella trichopoda) allowed the origin of
the ancient BCA paralog to be estimated more accurately (Fig. 4C
and fig. S4C). All of the moss and fern orthologs fell into the phylo-
genetic group that encoded dimeric BCAs. However, the ginkgo and
Amborella orthologs included both predicted dimeric and octameric
forms (Fig. 4C). H186 at the dimerization interface (Fig. 4B) was the
most highly conserved octamer-defining residue. Predicted oct-
amers from fern, gingko, and nearly all of them from the other
species retained H186 but had less consistent conservation of the
acidic or hydrophobic residues that were highlighted at the subunit
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Fig. 4. Ancient paralogs of BCA neofunctionalized to increase the efficiency of CO; fixation. (A) Elution profiles of BCA orthologs were segregated into two distinct
multimeric states. The differently colored horizontal bars indicate groups of BCA orthologs with distinct multimerizations based on R,pp and statistical tests. (B) Conserved
amino acids that mediate octamer formation. (1) BCA subunits in a homooctameric structure of PsCA2 (Protein Data Bank: 1EKJ) are rendered differently. Three boxed
regions depict each amino acid replacement that may affect protein-protein interaction. (2 and 3) Hydrogen bond formation by histidine (2) or aspartic acid (3) may promote
BCA octamer stabilization. (4) Hydrophobic amino acids are rendered with gold color. C-terminal phenylalanine mediates dimer-dimer interactions. (C) Expanded
phylogenetic analysis of all BCAs using the available sequences from several landmark species. Detected dimeric BCAs are colored orange, and the dimeric clade is bracketed;
while detected BCAs that were octameric are rendered with dark blue, and the clade is bracketed. Cyanothece sp. American Type Culture Collection (ATCC) 51142 CA
(CYAAS5CA) is an outgroup. The numbers on the tree show the bootstrap statistics for clades. The scale bar indicates patristic distances. Gb, G. biloba; Pp, P. patens;
Smo, S. moellendorffii; AmTr, A. trichopoda. (D) A timeline of WGDs (4) overlaid on the phylogeny of the plant kingdom was built using the Timescale of Life (59).
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interfaces (Fig. 4B and fig. S4C). This pattern of sequence conserva-
tion at H186 may reflect an essential gatekeeping function for con-
version to the octameric state.

These extended protein phylogenies allowed the estimated origin
of the land plant octameric orthologs to be placed at a WGD that
occurred before the speciation of ginkgo (Fig. 4D). The timing of
this multimerization innovation coincides with a period of decreas-
ing atmospheric CO, concentrations at around 360 to 400 Ma ago
that was due to the expansion of terrestrial plant communities (43).
Under CO,-limiting conditions, locally concentrating CA can pro-
vide an advantage for CO,-fixing organisms. Prokaryotic species take
this to an extreme generating encapsulated organelles, containing
CA and the CO,-fixing enzyme RuBisCO (44). In plants, CO, fixa-
tion is compartmentalized in chloroplasts, and any biochemical or
morphological innovation that increases CO; flux to chloroplasts
can increase photosynthetic rates and plant productivity (45).
Octamer formation could increase local CA concentrations in the
cell and increase CO, flux. Mutation of the octameric BCA1 causes
hypersensitivity to reduced CO, concentrations (46). BCA4 is
octameric and plasma membrane localized (47), and the sterol-rich
plasma membrane in plants may present a diffusion barrier for CO,
(48). In this context, octamer formation and subcellular localization
could more efficiently exploit a local CO, gradient. The increased
mass of the octamer would also reduce the rate of CA diffusion
away from the membrane and enable more efficient clustering at the
cell periphery. All of the above experimental data are consistent with
the hypothesis that falling CO, levels in the Devonian selected for
octamer formation and neofunctionalized CAs.

Duplicated genes can be subjected to strong positive selection (2).
Interacting networks of protein complexes that assemble in a pro-
tein concentration-dependent manner likely underlie positive
selection to maintain duplicated genes and preserve existing func-
tionality (49). Diversification of physical and genetic interactions
among the duplicates is a distinct path to gene retention and func-
tional novelty (50). The PCP approach here provides broad access to
the outcomes of numerous natural selection, evolution, and multi-
merization experiments that have played out in the land plants.
Hundreds of orthologous enzymes, structural, and signaling proteins
display divergent protein-protein or protein-ligand interaction pro-
files that have been generated and maintained over hundreds of mil-
lions of years and constitute a new group of candidate genes that
may drive developmental adaptation and increased fitness. Self-
interaction is a common mode of structural and functional diversifi-
cation, and the evolutionary trajectories of mOVss in the segregated
class appear to be defined by this process. Homomer formation can
enable metabolic pathway integration via novel allosteric control
and create binding surfaces and diffusive properties that can drive
novel subcellular localizations and stable binding interactions. This
evolution proteomics approach provides a knowledge framework to
discover how systems of protein complexes neofunctionalize and re-
spond to changing selective pressures and developmental processes.

MATERIALS AND METHODS

Plant materials and isolation of soluble extracts

Arabidopsis thaliana

Two grams of leaf tissue from A. thaliana (Columbia-0) at 21 days
after germination was used for cell fractionation as described previously
(20, 22, 26, 27). Briefly, fresh tissues were ground using a Polytron
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homogenizer (Brinkmann Instruments) under ice-cold microsome
isolation buffer solution [50 mM Hepes/KOH (pH 7.5), 250 mM
sorbitol, 50 mM KOAc, 2 mM Mg(OAc),, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol (DTT), 2 mM phenylmethylsulfonyl
fluoride, and 1% (v/v) protease inhibitor cocktail (160 mg/ml
benzamidine-HCI, 100 mg/ml leupeptin, 12 mg/ml phenanthroline,
0.1 mg/ml aprotinin, and 0.1 mg/ml pepstatin A)]. The homogenate
was filtered with four layers of cheesecloth to remove debris and
enriched by centrifugation at 1000g on a Beckman Avanti 30 (Beckman
Coulter Life Sciences) for 10 min at 4°C. The supernatant was ob-
tained by ultracentrifugation at 200,000g for 20 min at 4°C using a
Beckman Optima Ultracentrifuge (Beckman Coulter Life Sciences).
The volume of the soluble fraction was concentrated to 1 ml using
an Amicon Ultra-4 10K Centrifugal Filter (Millipore). Seppro
Rubisco spin columns (Sigma- Aldrich) were used for the removal of
RuBisCO from the concentrated samples.

Gossypium hirsutum

Cotton plants (G. hirsutum cv. Deltapine 90) were grown in the
Whistler Greenhouse at Purdue University. The greenhouse was
controlled to retain 60 to 80% of relative humidity and remain at
26°C/22°C for a day/night with 16 hours of supplementary lighting.
Flowers were marked as 0 day post-anthesis (0 DPA) at anthesis and
harvested at 10 DPA, representing the maximum fiber elongation
period. The harvested cotton bolls pooled from five plants were dis-
sected immediately to obtain fiber tissue (51). Three grams of fibers
was used for soluble protein isolation as described above, except for
the cheesecloth filtration. RuBisCO depletion was not performed in
this sink type of tissue.

Glycine max

Williams 82 cultivar was grown at 26°C/22°C for a day/night with
16 hours supplementary lighting and 60 to 80% of relative humidity in
the Lilly Greenhouses at Purdue University. Two grams of trifoliate
leaves at the fourth node was harvested from 2-month-old plants.
Crude cytosolic protein extraction was conducted as described above,
except for the depletion of RuBisCO.

Oryza sativa

Kitaake (O. sativa L. ssp. japonica) cultivar was grown in a
Conviron E15 growth chamber (Conviron) with a day/night setting
of 26°C/22°C and 12/12 hours. One hundred developing seeds at
10 to 12 days after flowering were peeled to isolate sub- and aleurone
layers as described before (52). The peeled layers were homogenized
and differentially centrifuged to obtain crude cytosolic proteins as
mentioned above, except for the filtration step through cheesecloth
and sample concentration by the 10-kDa cutoff column. The deple-
tion of RuBisCO was not conducted in this sink type of tissue.

Size exclusion chromatography

The soluble protein samples were fractionated by an AKTA fast
protein LC system (Amersham Biosciences) as described previously
(20, 22, 27). Approximately 1 mg of total proteins in the A. thaliana,
G. hirsutum, and O. sativa samples was loaded onto a Superdex 200
10/300 GL column (GE Healthcare). The SEC elution was carried out
with the mobile phase [50 mM Hepes/KOH (pH 7.8), 100 mM NaCl,
10 mM MgCl,, and 5% glycerol] at a flow rate of 0.65 ml/min. Protein
elution was monitored by absorption at 280 nm. For LC-MS/MS
analysis, 500 ul of SEC fractions was collected. In each replicate
for all species, an equivalent of at least 24 fractions were analyzed
across the full mass range of the column. For G. max SEC separation,
about 4 mg of cytosolic proteins was fractionated by a HiLoad 16/600
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Superdex 200 pg column (GE Healthcare) at a flow rate of 1 ml/min.
For LC-MS/MS analysis, 500 ul of 36 SEC fractions was collected.
Both columns were calibrated using dextran blue to measure the
void volume and the gel filtration marker proteins MWGF1000
(Sigma-Aldrich) with a mass range from 669 to 29 kDa.

Sample preparation for LC-MS/MS analysis

Fractionated samples were prepared for LC-MS/MS analysis as
described previously (22, 26). The mobile phase was removed,
and proteins in each fraction were precipitated by acetone pre-
cipitation. Dried pellets were denatured in 8 M urea for 1 hour at
room temperature, reduced in 10 mM DTT for 45 min at 60°C,
and then alkylated with 20 mM iodoacetamide for 45 min at
room temperature in the dark. The urea concentration of the
peptide solution was brought down to below 1.5 M by additional
ammonium bicarbonate for trypsin digestion. The digested peptides
were purified using Pierce C18 Spin Columns (Thermo Fisher
Scientific Inc.) according to the manufacturer’s protocol. Peptide
concentration for each SEC fraction was measured by bicinchoninic
acid assay following the manufacturer’s protocol. All the peptide
samples were adjusted to equal volume. The most concentrated
sample had a peptide concentration of 0.2 pg/pl. Five micro-
liters of each sample was injected onto LC-MS/MS. Duplicates
were analyzed.

LC-MS/MS data acquisition

LC-MS/MS analysis was performed as described previously (26). In
brief, a Q Exactive HF Hybrid Quadrupole-Orbitrap mass spec-
trometer in conjunction with a reverse-phase high-performance LC
(HPLC)-electrospray ionization (ESI)-MS/MS using a Dionex
UltiMate 3000 RSLCnano System (Thermo Fisher Scientific Inc.) was
used for the analysis of A. thaliana, G. hirsutum, and O. sativa pep-
tide samples. Peptides were resolved over a 125-min gradient with a
flow rate of 300 nl/min. An MS survey scan was acquired from 350
to 1600 mass/charge ratio range. MS/MS spectra were acquired by
selecting the 20 most abundant precursor ions for sequencing with
high-energy collisional dissociation normalized collision energy of
27%. A 15-s dynamic exclusion window was applied for reducing the
number of times the same ion was sequenced. For G. max, samples
were analyzed as described previously (27). Briefly, peptides were
resolved over a 90-min gradient by a reverse-phase HPLC-ESI-MS/
MS using an Eksigent ekspert NanoLC 425 HPLC system (Dublin,
CA, USA). MS/MS acquisition was conducted on an AB Sciex quadrupole
time-of-flight (Q-TOF) TripleTOF 5600 plus mass spectrometer (AB
Sciex Pte. Ltd.) operated in a data-dependent mode.

Peptide identification and quantification

Acquired MS/MS files were submitted simultaneously to MaxQuant
(version 1.5.6.5) for protein identification and relative quantifica-
tion using the Andromeda search engine (53). The search was con-
ducted with all the fractions obtained from the biological duplicates
in one species at a single search as described previously (26).
Each MS/MS spectrum in each species was searched against TAIR
Athaliana_167_TAIR10.protein_primaryTranscriptOnly.fa (54), the
cotton FASTA file provided from J. Wendel, Joint Genome Institute
(JGI) Gmax_275_Wm&2.a2.vl.protein_primaryTranscriptOnly.fa (55),
and JGI Osativa_323_v7.0.protein_primaryTranscriptOnly.fa (56)
for Arabidopsis, cotton, soybean, and rice, respectively. The search
parameters were set as follows: Cysteine carbamidomethylation was
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chosen as a fixed modification; oxidation on methionine and acetyl-
ation on protein N terminus were chosen as variable modifications;
trypsin was selected as an enzyme specificity, and up to two missed
cleavages were accepted for digestion error; the precursor mass tol-
erance and the fragment mass tolerance were set at 10 and 40 parts
per million, respectively; one percent of the protein and peptide
FDR was chosen; a reverse decoy database was enabled; for identifi-
cation, proteins should have at least one peptide that had a mini-
mum of seven-amino acid length; peptide abundance was calculated
from the extracted ion current for both razor and unique peptides,
and protein level signals were aggregated from peptide intensities;
and “match between runs” function was set with a maximum
matching time window of 0.7 min as default. After MaxQuant
searching, proteins identified by at least one unique peptide were
selected, and all the protein groups were filtered out when they had
zero intensity value and zero MS/MS count.

Reproducibility, Gaussian peak fitting, and R,pp, calculations
Reproducibility between two biological SEC profile replicates was
determined as described previously (22, 26). An optimized Gaussian
fitting algorithm was previously developed to convert raw profile
data into fitted peaks and to deconvolve profiles with multiple peaks
into individual profiles (22, 26). The algorithm identified protein
peaks when they had more than three nonzero fractions, with two
being adjacent. Multiple reproducible peaks from a protein were split
into multiple entries by labeling with a “_peak number” on their
locus identifications (IDs). If a protein elution profile was not fitted
to a Gaussian curve, then the global maximum (Gyax) was replaced
to its peak location. The reproducible peaks were selected from the
two replicates if they were present within two fraction shifts or three
fraction shifts for soybean, considering the rate of mass increment be-
tween fractions in both columns. All nonreproducible peaks were not
used for the following analysis. The fraction locations of the fitted peaks
were used to determine the apparent masses (M) of proteins using
the SEC calibration curve obtained above. The protein multi-
merization state (R,pp) was defined as the ratio of the M,y of a pro-
tein to the theoretical monomer mass (Mmono) Of the protein. Peaks
greater than M, of 760 kDa or less than R,p, of 0.62 were filtered
out as unresolved or degraded.

Protein assignments into OGs

Orthologous proteins were searched against Phytozome v12.1 database
(57). The gene ancestry file (cluster_members_Angiosperm_5197.
tsv.gz), which includes all the ancestral families with memberships
belonging to the family, was directly downloaded from Phytozome.
To generate ortholog datasets, first, an OG converter was made by
filtering out those memberships from species that are not experi-
mental plants in this project. Cluster IDs in the gene ancestry file
were used as OG identification. Reproducible proteins from each
species were assigned into OGs using the converter. OGs with or-
thologs from all four species were referred to as “common OGs” and
used for cross-species comparison. For within a species comparison,
ortholog searching was performed within each species as described
above, and OGs that contained at least two proteins were subjected
to further analysis.

mOV detection and OG classification
ANOVA and Tukey’s post hoc test were performed to find mOVs in
OGs. Multimerization variations in the common OGs were tested by
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the ANOVA test against M,pp. Some orthologous proteins have in-
credibly long sequences, which, in turn, prevent a proper multi-
merization prediction. A monomeric ortholog with twice longer
amino acid sequences cannot be distinguished from its dimeric or-
tholog in terms of M, and vice versa. Thus, ANOVA against both
M_pp and Rypp of orthologs in an OG was run. This multiple compar-
ison test was set at a 2% FDR to minimize likely false positives and
negatives based on manual inspection of the profile patterns and
pairwise tests.

Then, Tukey’s post hoc test was performed at 0.05 level to group
mOVs in the flagged OGs. These statistic test results were confirmed
manually by investigating elution profiles of two replicates from
each ortholog to answer whether or not both profiles of an mOV
showed significant difference with its orthologs at the Tukey’s post
hoc test. In most cases, Tukey’s results clearly explained two or three
distinct multimerization states within each OG. However, in some
cases, the results defined several groups within a small range of M,
or Rypp, which could not be resolved by the SEC column due to its
limitation of resolving power. For instance, when all orthologs in the
same OG had R.p, < 1.6, these proteins were defined as monomers
and conserved with respect to multimeric states, considering the col-
umn resolution. In addition, a flagged OG was saved if the estimated
value of the averaged R,pp or M, minimum multiplied by the in-
crease rate of mass per SEC fraction (26%) is overlapped with the calcu-
lated value of the averaged maximum multiplied by the decrease rate
of mass per SEC fraction (20%) in the OG.

A profile pattern-based classification scheme was defined to cate-
gorize the ortholog comparison results. OGs consisting of ortholo-
gous proteins with either statistically insignificant M,p, or Rapp,
compared to each other, were classified as “class I.” This category is
consistent with the hypothesis that orthologs have conserved bind-
ing partners. OGs with mOVs were further sorted into two classes
based on the pattern of the peaks among orthologs using Tukey’s
grouping results. Thus, flagged OGs were defined as “class II (segre-
gated)” if mOVs resolved into two (52 OGs) or three (17 OGs) clear-
ly discrete groups. Another class includes orthologs with a significant
difference by ANOVA test and highly dispersed pattern of multi-
merization. Therefore, we referred to “class III (dispersed).” Class III
was defined if Tukey’s test were not able to show significance be-
tween the majority of orthologs in an OG, but Tukey’s result dis-
tinctly distinguished the biggest mOV and the smallest mOV. The
characteristics of this class III are that mOVs showed continuous
and dispersed patterns. So, if an OG did not follow this definition
and there is a distinct gap between Tukey’s grouping, then this OG
was recategorized into class IL

Protein sequence alignments and phylogeny methods

Multiple sequences were aligned using MUItiple Sequence Compari-
son by Log-Expectation (MUSCLE) algorithm (58) using default
program parameters on Geneious Prime software (version 2019.0.3).
The maximum number of iterations was eight as default. The opti-
mized profile-dependent parameters were selected for the alignment
optimization. Geneious tree builder on Geneious Prime software
(version 2019.0.3) was used to generate phylogenetic trees based on
the multiple sequence alignment results. The neighbor-joining phy-
logenetic trees were built using the Jukes-Cantor genetic distance
model. The trees were resampled with the bootstrap method under
default parameters as follows: The number of replicates was 1000, and
the support threshold percentage was 50. The resulting trees were
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saved as .pdf files, and the patristic distance matrices were exported
as .csv files for further analysis.

Correlation analyses between mOVs

and phylogenetic signals

We analyzed whether the phylogenetic distance of orthologs reflect-
ed M,pp and whether the evolutionary distance of species reflected
M, distribution. For the comparison of phylogenetic distances to
M, distributions, M, distance matrices were made and then com-
pared to the patristic distance matrices exported from the resulting
trees above. Both distance matrices were subjected to linear regres-
sion analysis. Diagnostic scatter plots were simultaneously created
to evaluate how well the models fit the data. To analyze the influence
of the evolutionary distance of species on M,p, distributions, the
evolutionary distance of species was estimated. The TimeTree search
option on The Timescale of Life was used to build a timetree among
the four species (59). The written tree was exported to a Newick
file, which was uploaded onto Geneious Prime software (version
2019.0.3) to estimate patristic distances between species. A linear re-
gression analysis between the evolutionary distance of species and My,
distributions was performed. A positive slope, with an adjusted R* > 0.28
and the P < 0.05 from the ¢ test, was used to judge whether the phy-
logeny or evolution of species significantly affected M,pp.

Extended OG phylogenies

The resulting phylogenetic trees were also used to predict a driving
force for mOVs. OGs, where mOVs with similar multimerization
states were clustered into the same phylogenetic clades, were re-
ferred to as “ancient paralog.” The orthology relationship between
mOVs in each OG was determined using the paralog information
(29, 60, 61). Paralogous proteins for Arabidopsis, soybean, and rice
are denoted in tables S1 and S2. For example, CA5, which was
clustered into the dimeric clade, has no paralogous relationship with
other BCAs in Arabidopsis, implying that the BCA5 was diversified
from ancestral BCA at least before Arabidopsis speciation (Fig. 4).
This can support that the multimerization diversification was
achieved during ancient ortholog evolution. When a single species has
distinct mOVs, the phylogenetic tree assigned the mOVs into a
unique clade, and any more paralogs of the mOV's were not found
from the paralog information; we called this category as “species-
specific ortholog evolution.” Although some OGs had similar parameters,
we defined them as “potential species-specific ortholog evolution.”
This is because those OGs had relatively small numbers of detected
orthologs, which could limit the prediction of the driving force on multim-
erization selection. Thus, we used all undetected ortholog proteins de-
scended from a common ancestral protein in each OG, which showed a
correlation between phylogeny and M. The phylogenetic trees were
generated with all members of proteins in OGs, and the selection forces
were inferred with paralog information (tables S3 and S4 and fig. S3).

Statistic tests and data analysis

Statistical analysis was performed using R version 3.5.1 (62) on
RStudio 1.1.463 (63). Microsoft Excel on Office 365 for Mac was
used for all data management. PyMOL (64) was used to visualize the
carbonic anhydrase structure.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabf0984/DC1
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