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lacking. How is the diversification of protein interfaces linked to variation in
Review Editor: John Kuriyan functional regulation and structural integrity of homomeric complexes? To
address this question, we studied quaternary structure evolution of bacterial
methionine S-adenosyltransferases (MATs)—dihedral homotetramers formed
along a large and conserved dimeric interface harboring two active sites, and a
small, recently evolved, interdimeric interface. Here, we show that diversity in
the physicochemical properties of small interfaces is directly linked to variabil-
ity in the kinetic stability of MAT quaternary complexes and in modes of their
functional regulation. Specifically, hydrophobic interactions within the small
interface of Escherichia coli MAT render the functional homotetramer kineti-
cally stable yet impose severe aggregation constraints on complex assembly.
These constraints are alleviated by electrostatic interactions that accelerate
dimer-dimer assembly. In contrast, Neisseria gonorrhoeae MAT adopts a non-
functional dimeric state due to the low hydrophobicity of its small interface
and the high flexibility of its active site loops, which perturbs small interface
integrity. Remarkably, in the presence of methionine and ATP, N. gonorrhoeae
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1 | INTRODUCTION

The astounding complexity of cellular processes found
even in the most minimalistic of organisms is rooted in
the capacity of protein molecules to assemble into
higher-order functional oligomers." Oligomeric proteins
include homomers, comprised of self-interacting copies
of a single subunit, and heteromers, composed of distinct
polypeptide chains. Analysis of the statistical properties
of the interacting protein-like surfaces led to a conclusion
that homomers are favored over heteromers because self-
complementary homodimeric interfaces are energetically
more favorable than the heterodimeric ones.>’
Homomers indeed constitute a significant proportion of
protein complexes in the cell, particularly in single-cell
organisms, where at least 50% of protein complexes
appear to be homomeric."*> Homomers are involved in
all major cellular processes, including gene expression,
metabolism, transport, and signal transduction.® Impor-
tantly, homomerization can generate new functionalities
by forming catalytic and ligand-binding sites directly at
homomeric interfaces,” "> or regulate function via a
concentration-dependent transition between discrete
oligomeric states.'*'* Homomers are known to undergo
reversible transitions between discrete conformations
that preserve the oligomeric state and account for cooper-
ative binding and allosteric mechanisms.®"!

Given the prevalence of homomers in nature and
their often intimate relationship with physiological func-
tions, it is not surprising that numerous studies have
been conducted over the years to understand the molecu-
lar determinants and evolutionary mechanisms of
homomerization.

In-depth analyses of selected protein interfaces have
revealed that size, shape, and physicochemical comple-
mentarity are key determinants that drive the formation
of homomeric complexes.">™*' Importantly, hydrophobic
and electrostatic interactions, the major forces that stabi-
lize intersubunit interactions within homomers and con-
trol the rate of complex (dis)assembly,>*® have also
been implicated in protein aggregation.”® > This suggests
that homomeric interface evolution imposes constraints

MAT undergoes substrate-induced assembly into a functional tetrameric state.
We suggest that evolution acts on the interdimeric interfaces of MATS to tailor
the regulation of their activity and stability to unique organismal needs.

dihedral homotetramer, methionine S-adenosyltransferase, protein interface, quaternary
structure evolution, stopped-flow kinetics, structure-based energy calculation, X-ray

on folding and assembly of individual subunits. Compari-
sons across multiple and highly distinct protein families
revealed that homomeric interfaces can differ, with no
clear correlation between interface size and binding free
energy.>* However, within the context of closely related
homologous homomers, this correlation was substantial,
with more evolutionary-ancient interfaces being larger
and having stronger interactions than more recently
evolved interfaces.>> Further, it was shown that the hier-
archy in interface sizes and binding strength limits
homomer assembly to a single dominant path. Specifi-
cally, assembly proceeds via energetically favorable inter-
mediate subcomplexes that mimic the evolutionary
precursors of homomer formation.*®*’

Despite the important evolutionary and mechanistic
insights generated by these studies, we still lack a basic
understanding of the molecular mechanisms that drive
the evolutionary variation in homomeric complexes, even
among closely related homologues. Specifically, it is not
known how divergence in the physicochemical determi-
nants of interfaces is linked to variation in functional reg-
ulation and to the structural integrity of homomeric
quaternary structures. Moreover, it is not clear how the
constraints imposed by interface evolution on folding and
assembly of individual protomers influence the diversifi-
cation of homomers. Here we address these questions by
analyzing the quaternary structures of bacterial methio-
nine S-adenosyltransferases (MATs). MATs are an essen-
tial and ubiquitous enzyme family found in all domains
of life.®® MATSs catalyze the condensation of ATP with
methionine to generate S-adenosylmethionine (SAM)—
an essential molecule involved in numerous biological
processes, including RNA, DNA, protein and small mole-
cule methylation, polyamine synthesis, and production of
enzyme cofactors.”® Analysis of available crystal struc-
tures reveals that bacterial MATs are predominantly
dihedral homotetramers (D, symmetry group), that is,
comprised of dimers of dimers* (Figure 1a). MAT mono-
mers pair via a large and flat hydrophobic interface. Two
deep cavities harboring active sites are located directly in
this dimeric interface, making the homodimer the obliga-
tory functional unit. Homodimers, in turn, pair via a
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Comparison of the dimeric and interdimeric methionine S-adenosyltransferases (MAT) interfaces reveals distinct modes of

selection. (a) Escherichia coli MAT homotetramer (PDB ID 1P7L). The individual subunits are colored in shades of gray. The large (dimeric
interface) is shown in blue. The small (interdimeric interface) is shown in orange. The number of hydrogen bonds (b) and salt-bridges (c) in
the dimeric interfaces correlates linearly with the interface size. (d) Correlation between the number of H-bonds and small interface sizes is

less significant. (e) Lack of correlation between the number of salt-bridges and small interface sizes. (f) Distributions of the large and small
interface hydrophobicities calculated as a ratio between free energy change in solvation energy (AG;, cal/mol) and interface size (A?). R-
Pearson linear correlation coefficient; p-values of the Pearson's correlations are calculated with analysis of variance

smaller interface to form a homotetramer (Figure 1a).
The emergence of MAT dimers was likely an earlier
adaptive event as it led to formation of two active sites
within the large interface. However, the significance of
the more recent evolutionary association of MAT dimers
into a tetramer is less clear, particularly in light of the
facts that (i) dimeric MATs have also been reported***;
and (ii) the assigned biological assemblies of approxi-
mately half of the available tetrameric MAT structures
from bacteria in the Protein Data Bank (PDB) are dimers
(Table 1). We found that while the large (interdimeric)
interface of bacterial MATs is subject to tight control by
purifying selection, the small (dimeric) interface consti-
tutes a playground for intense evolutionary diversifica-
tion. Using X-ray crystallography, stopped-flow kinetics,
structure-based per-residues energy calculations, and
other analytical approaches we identified physicochemi-
cal determinants within small interfaces that are respon-
sible for unique structural and functional properties of
MAT complexes. Specifically, we show that high hydro-
phobicity of the small interface leads to kinetic stability
of Escherichia coli MAT homotetramers, but also incurs
severe aggregation constraints on dimer-to-tetramer
assembly, and, possibly, on the folding of individual
protomers. We also demonstrate that the low hydropho-
bicity of the small interface and the high flexibility of the
active site loops sustain Neisseria gonorrhoeae MAT in a

dimeric state in the absence of substrates but trigger func-
tional tetramerization upon addition of ATP and methio-
nine. Our data suggest that evolution acts on the
interdimeric interfaces of MATs to tailor their activity
and structural integrity to the unique metabolic needs of
bacteria, while preserving the integrity of the functionally
crucial large interface.

2 | RESULTS

2.1 | The dimeric and interdimeric
interfaces of bacterial MATs are subject to
different modes of evolution

To better understand the structural diversity of bacterial
MATs, we used the Protein Interfaces, Surfaces, and
Assemblies (PISA)* server to analyze the interface size,
composition, and types of interactions within bacterial
MATs with known structures (Table 1, Figure 1b-f).
MAT structures from only a few bacterial phyla are cur-
rently publicly available, including Proteobacteria,
Actinobacteria, Deinococcota, and Mycoplasmatota
(Table S1). To enrich the structural dataset, we deter-
mined the crystal structure of MAT from
Lactiplantibacillus planatrum at 2.82 A resolution, mak-
ing it the only current MAT representative of the
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FIGURE 2
of the small (interdimeric) interfaces of

Surface representation

bacterial methionine S-
adenosyltransferases. Residues directly
forming the interaction are colored
according to their hydrophobicity**
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Bacillota phylum (Table S2, Figure S1), and added this
structure to analysis (Table 1). We found that the surface
area of the dimeric (large) interfaces scales up signifi-
cantly with the number of H-bonds (p-value = .0001) and
salt-bridges (p-value = .031)—a known feature of
homodimeric interfaces'® (Figure 1b,c and Table 1).
Importantly, the correlations between the surface area of
the dimeric (large) interfaces and the number of H-bonds
(p-value of the Pearson's correlation = .0001, analysis of
variance [ANOVA] test) and salt-bridges hold despite the
distant phylogenetic and ecological relationships between
the bacteria from which the MATSs originate, including
disease-causing parasitizing bacteria (N. gonorrhoeae and
Ureaplasma urealyticum), and the hyperthermophilic
bacterium Thermus thermophilus. In contrast, the correla-
tion between the number of H-bonds and the size of the
inter-dimeric (small) interfaces is less significant (p-value
of the Pearson's correlation = .043, ANOVA test,
Figure 1d), and no correlation can be found between the
number of salt-bridges and the interface size; we note the
conspicuous absence of salt bridges in the inter-dimeric
interfaces of all known bacterial MATS, with the excep-
tion of E. coli MAT (Figure le and Table 1). Next, we
compared the distribution of hydrophobicity of the
dimeric and interdimeric MAT interfaces, calculated as a
ratio between the free energy change in solvation energy
(a proxy to contribution of hydrophobic interaction to the
interaction energy) and interface size, AG,/area
(Figure 1f and Table 1). We found that the distribution of
solvation energy per 1 A (in units of cal/mol/A?) of the

U. urealyticum

e
Not Hydrophobic  Hyd

dimeric interfaces appears rather narrow
(mean — 7.9 cal/mol/A?; variance = 2.1). Conversely, the
variance in AG;/area among interdimeric interfaces is
large (mean — 6.7 cal/mol/A?; variance = 8.8), with over
fourfold difference between MATSs from N. gonorrhoeae
and T. thermophilus (Table 1). Finally, we compared the
variability in geometry of large and small MAT interfaces
across the available structures. While large MAT inter-
faces clearly share a similar geometry and hydrophobicity
pattern (Figure S2), these features within small MAT
interfaces are strikingly distinct (Figure 2). Collectively,
these analyses suggest that while the homo-dimerization
of MAT is subject to a tight control of purifying selection,
the homo-tetramerization via interdimeric interfaces is
under intense evolutionary diversification. It is plausible
that at least some of the diversity observed in the MAT
inter-dimeric interfaces is a result of adaptive evolution
that adjusts the control over catalytic activity and struc-
tural integrity of the homomeric structure to the physio-
logical/environmental needs of bacteria.

2.2 | Variability in MAT interdimeric
interfaces is linked to differences in the
kinetic stability of the quaternary
structures

How is the observed diversity in the molecular proper-
ties of small MAT interfaces related to the stability and
assembly/disassembly dynamics of the tetrameric
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Per-residue energy contributions of the electrostatic interactions within small interface. Cartoon close-up of the small

(interdimeric) interface in ECMAT (PDB ID 1P7L) (a), NgMAT (PDB ID 5T8S) (b), and ECMATmut (PDB ID 7R2W) (c) Each dimer is
colored in blue and green. Salt-bridge-forming residues in ECMAT and residues occupying homologous positions in NgMAT and ECMATmut
are shown in sticks (nitrogen atoms are shown in blue and oxygen atoms in red). (d-f) Structure-based per-residue calculation of the

electrostatic energy contributions of electrostatic interactions (AAGg.) from the side-chains of residues interacting across the small interface
of ECMAT (d), NgMAT (e), and EcMATmut (f) (see Section 4 and Figure S5). Black triangles in (D) indicate the location of the salt-bridge-
forming residues in ECMAT. Residues are numbered according to ECMAT

complex? To address this question, we focused on
MATs from E. coli and N. gonorrhoeae (ECMAT and
NgMAT, respectively). These proteins share 68.5%
amino acid sequence identity, form homotetrameric
complexes in all available crystal structures (Tables 1
and S1), and have structurally similar monomeric and
dimeric structures—the root mean square deviation
between the o-carbon atoms of the monomers and
dimers is 1.23 and 1.48 A, respectively (Figure S3). The
monomers from both proteins also exhibit a virtually
identical thermodynamic stability, as determined by the
urea-induced equilibrium unfolding measurements per-
formed with far-UV circular dichroism (see Section 4
and Figure S4A-C). However, close analysis of the phys-
icochemical properties of the small (interdimeric) inter-
faces reveals a dramatic difference in the hydrophobic
and electrostatic interactions between EcMAT and
NgMAT (Table 1). Specifically, the contribution of

hydrophobic interactions to the binding free energy per
unit area (AG;i/area) in the EcMAT small interface is
threefold higher than that in NgMAT's (Table 1). Fur-
ther, whereas the small interface of NgMAT has no
salt-bridges, the small interface of EcMAT contains
eight: Lys98 in each ECMAT subunit forms a salt-bridge
network with Asp64 and Glu67 of the opposing subunit
(Figure 3a). The corresponding homologous positions in
NgMAT are occupied with GIn98, Asp64, and Lys67,
thus precluding the formation of salt-bridges
(Figure 3b). Using structure-based per-residue energy
calculations*® (see Section 4 and Figure S5A,B), we esti-
mated that the net electrostatic contribution (AAGeec)
of the identified salt-bridges in the ECMAT small inter-
face is exceedingly large and amounts to approximately
—18 kcal/mol from Lys98, and approximately —7 kcal/
mol from both Asp64 and Glu67 (Figures 3c and S5C).
No such contribution can be found in the small
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FIGURE 4 Size exclusion chromatography (SEC) analysis of methionine S-adenosyltransferases (MAT) homomeric states in solution at

a range of protein concentrations. (a) ECMAT (1.56-100 pM). (b) NgMAT (10-100 pM). The approximate molecular weight of the observed
homomeric states was determined using titration of molecular standards (Figure S6)

interface of NgMAT (Figure 3d and S5C). We deter-
mined that such a dramatic difference in the physico-
chemical properties of the small interfaces is also
manifested in difference between the homo-oligomeric
states of ECMAT and NgMAT in solution. Size exclu-
sion chromatography (SEC) analysis of the purified pro-
teins showed that when EcMAT is diluted from a
concentrated stock (300 pM), pre-incubated in a diluted
state for an hour and then injected into a SEC column,
it preserves its homotetrameric state at a concentration
as low as 1.6 pM (see Section 4, Figures 4a and S6). In
contrast, under identical experimental conditions,
NgMAT assumes a fully dimeric state already at 10 uM.
NgMAT persists in a predominantly dimeric state at a
concentration as high as 100 uM (Figure 4b). Given the
high hydrophobicity of the interdimeric interface of
EcMAT, we hypothesized that persistence of the tetra-
meric state of ECMAT upon dilution is the result of
slow tetramer-dimer dissociation rate constant (kyg
[T—D])s OF, in other words, a high kinetic stability of the
EcMAT homotetrameric structure. To validate this con-
jecture, we measured the apparent rate of ECMAT and
NgMAT urea-induced disassembly/unfolding by follow-
ing a shift in Trp fluorescent signal using stopped-flow
(see Section 4). Far-UV circular dichroism measure-
ments demonstrated that upon exposure to 6 M urea,
monomers of both ECMAT and NgMAT undergo an
almost complete unfolding, as judged by the disappear-
ance of secondary structure (Figure S4b,c). Thus, the
amplitude of a change in the Trp fluorescence signal
observed upon mixing MAT proteins with 6 M urea
within a stropped-flow instrument must also be a result
of monomer unfolding. Yet, the apparent rate with
which the fluorescent signal changes upon exposure to

urea is controlled by the slowest process along the
MAT disassembly/unfolding paths. Importantly, if com-
plex disassembly is the rate limiting step, the measured
apparent rates are expected to be sensitive to changes
in protein concentrations (i.e., the higher the protein
concentration the slower must be the obtained rate).
Conversely, if monomer unfolding is the rate-limiting
step, the obtained apparent rates are expected to be
concentration-insensitive. We, therefore, compared the
apparent rates of disassembly/unfolding (k*P ) of
EcMAT at two protein concentrations, 5 and 1 pM, and
found a twofold rate enhancement at the lower protein
concentration (K*"P..; =0.196s"' at 1 pM EcMAT
vs. kKPP ¢ = 0.096 s at 5 uM) (Figure 5a). Given that
EcMAT is predominantly tetrameric at 5 pM
(Figure 4a), we conclude that the tetrameric state
increases the kinetic stability of EcCMAT, whereas the
shift in the tetramer-dimer equilibrium towards a
dimeric state upon fivefold dilution reduces its kinetic
stability. In line with this finding, the apparent rate of
disassembly/unfolding of NgMAT at 5 pM is almost
15-fold faster than that of ECMAT; 1.36 s~ ' for NgMAT
versus 0.092 s~ ' for ECMAT at the same concentration
(Figure 5b,c). Since NgMAT is fully dimeric already at
10 pM (Figure 4b), the difference in k*P ¢ between
EcMAT and NgMAT at 5 uM stems from the difference
in the kinetic stabilities of a predominantly tetrameric
EcMAT with a predominantly dimeric NgMAT. More-
over, a fivefold dilution of NgMAT, from 5 to 1 pM, did
not change the apparent rate of unfolding, presumably
because dimer-monomer dissociation and monomer
unfolding are coupled in this protein (Figure 5c). Col-
lectively, these findings link the variability in the physi-
cochemical properties of MAT interdimeric interfaces
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FIGURE 5 Stopped-flow measurements of the urea-induced apparent dissociation/unfolding rate (k) of methionine S-

adenosyltransferases (MAT) proteins. (a). Kinetics of ECMAT dissociation/unfolding at 1 pM (light blue) and 5 pM (dark blue) protein. (b).
Comparison of the kinetics of dissociation/unfolding of ECMAT (blue trace) and NgMAT (orange trace) at 5 pM protein. (c) Kinetics of
NgMAT dissociation/unfolding at 1 uM (light orange) and 5 pM (dark orange) protein. The homomeric native state is shown in rectangles
above the figures. ks was derived by fitting the obtained traces to a single exponential (see Section 4)

with the kinetic stability of the entire MAT quaternary
structure.

2.3 | Kinetic stabilization of MAT
quaternary complex imposes constraints
on folding and assembly of MAT protomers

Hydrophobic and electrostatic interactions have long
been established as major factors that stabilize homomers
and control the rate of complex (dis)assembly.>***26-28
However, these very physicochemical properties have
also been implicated in driving protein aggrega-
tion?>2%*1-334¢ and constituting molecular determinants
recognized by chaperones.” The contradictory positive
correlation between the stability of protein interfaces and
the aggregation propensity of protomers can increase the
ruggedness of the folding landscape for protomers that
form kinetically stable complexes and impose constraints
on the kinetics of protomer folding and intermediate
assembly. Given the substantial difference in the hydro-
phobic and electrostatic properties of the interdimeric

interfaces in ECMAT and NgMAT, we reasoned that the
evolutionary diversification of the homomeric states of
these two proteins could have been shaped by distinct
structural and kinetic constrains. To explore this possibil-
ity, we first turned to the folding requirements of the
EcMAT and NgMAT protomers. Folding of ECMAT is
known to be obligatory dependent on GroEL/ES
chaperonins.***° Since the chamber of GroEL is believed
to accommodate proteins not larger than 60 kDa> (but
see also reports that demonstrate out-of-chamber GroEL
folding assistance of much larger proteins®>?), while the
size of a single ECMAT subunit is approximately 42 kDA,
it is probable that chaperonins assist in folding of only
individual ECMAT subunits, but not higher homomeric
states. Apart from ECMAT and MAT from U. urealyticum,
an organism that has lost chaperonin encoding genes
throughout genome reduction evolution,”® the folding
dependence on MATs on chaperonins has not been
established. We, therefore, set to determine whether the
folding of NgMAT is chaperonin-dependent. To this end,
we used a previously established experimental system in
E. coli to measure both in vivo solubility and activity of
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FIGURE 6 Invivo assay to assess methionine S-adenosyltransferases (MAT) dependency on GroEL/ES. (a). Coomassie staining of the

soluble proteome of MGM100 cells overexpressing MAT from (left-to-right) Escherichia coli, Ureaplasma urealyticum, Lactiplantibacillus
plantarum, and Neisseria gonorrhoeae under the regime of reduced GroEL/ES levels (+glucose) and normal GroEL/ES levels (4-arabinose).
Note the high abundance of MetE, which is activated when intracellular SAM levels are low,> in the case of E. coli MAT overexpression on
a background of low GroEL/ES abundance (+glucose). (b). Western-blot analysis of the proteome shown in (a) with custom-raised anti-
MAT antibodies (see Section 4). Note the absence of soluble E. coli MAT on the background of low GroEL/ES abundance (+glucose)

MAT proteins on a background of reduced GroEL/ES
abundance.*®>* We found that NgMAT is independent of
chaperonins since it assumes a soluble and functional
state in E. coli's cytoplasm, regardless of GroEL/ES
expression level (see Section 4 and Figure 6). We also
found that MAT from Lactiplantibacillus plantarum
(LpMAT) does not require chaperonins for folding and
activity (Figure 6). Similarly to NgMAT, LpMAT assumes
a predominantly dimeric state in solution (Figure S7), its
interdimeric interface lacks salt-bridges (Figure S5), and
is less hydrophobic than EcMAT (Table 1). Although
these findings do not allow us to state categorically that
the distinct physicochemical properties of the inter-
dimeric interfaces of ECMAT and NgMAT are directly
responsible for the observed differential dependence of
protomer folding on chaperonins, as GroEL/ES can rec-
ognize a different region in ECMAT other than a small
interface, they do indicate that the evolutionary diversifi-
cation of homo-oligomeric states of EEMAT and NgMAT
are governed by distinct constraints.

Next, we attempted to determine the role of the salt-
bridges in the interdimeric interface of ECMAT in the
assembly of the kinetically stable homotetrameric com-
plex. Unlike hydrophobic interactions that operate at
close proximity and preserve the integrity of the already
formed interface, electrostatic interactions operate at lon-
ger ranges and are known to predominantly affect the
association rate constant, k,,.2°** If the high hydropho-
bicity of the small EcMAT interface, whose role is to
kinetically stabilize the dimer-dimer interaction, also pro-
motes aggregation of the dimeric units prior to their
assembly into tetramers, charged residues in the interface
can alleviate the aggregation constraint by enhancing the

kon of dimer-dimer interactions.®® To explore this
hypothesis, we generated two reciprocal mutants, swap-
ping the salt-bridge-forming residues in the ECMAT small
interface (Lys98 and Glu67) with those of NgMAT (GIn98
and Lys67), and vice versa. Following purification of the
E. coli mutant (EcMATmut) and the N. gonorrhoeae
mutant proteins, we determined that the removal of the
salt-bridges did not affect the catalytic activity of
EcMATmut (Figure S8), while the addition of salt-bridge-
forming residues to NgMAT resulted in substantial aggre-
gation (Figure S9). Additionally, we solved the crystal
structure ECMATmut at 1.6 A resolution (Table S2 and
Figure 3c) and found that the protein assembles into a
homotetramer that is highly structurally similar to
EcMAT (Figure S10). PISA analysis of the small
EcMATmut interface revealed that its hydrophobicity
(AG;/area) increased by approximately 30% compared to
that of ECMAT (11.8 vs. 9.0 cal/mol/A? respectively)
(Table 1), whereas the net per-residue electrostatic contri-
bution (AAGg.) of EEMATmut was comparable to that
of NgMAT (Figures 3f and S5c). Removal of the salt-
bridges did not change the kinetic stability of the tetra-
meric complex. This was anticipated because, as men-
tioned above, the electrostatic interactions contribute
predominantly to the rate of complex formation (k,,)
rather than to the dissociation rate (k.g) (Figure S11). To
measure the impact of removing salt-bridges on the rate
of ECMAT dimer-dimer assembly, we diluted EcCMAT
and EcMATmut from concentrated stocks (~300 pM) to
10 pM and subjected the diluted samples to a prolonged
incubation (100 hr) at 25°C. To prevent aggregation, the
experiment was conducted in the presence of 50% glyc-
erol (see Section 4). The protein samples were analyzed
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FIGURE 7 Size exclusion chromatography (SEC) analysis of methionine S-adenosyltransferases (MAT) homomeric states upon

prolonged incubation in the presence or absence of 50% glycerol. A,D. Reduction in the tetrameric fraction of ECMAT (blue) and EcMATmut

(orange) along 96 hr of incubation in the presence of 50% glycerol (a), or along 120 hr of incubation in the absence of glycerol (d). (b,c)

Distribution of the dimeric and tetrameric species of ECMAT (b) and EcCMATmut (c) upon reaching equilibrium (96 hr in 50% glycerol). (e,f)

Distribution of dimeric, tetrameric, and aggregated species of ECMAT (e) and EcMATmut (f) after 120 hr in absence of glycerol

throughout the incubation period by size exclusion chro-
matography to determine whether equilibrium between
the dimeric and tetrameric states has been reached. We
found that immediately upon dilution, both ECMAT and
EcMATmut protein samples contained predominantly
tetrameric species, yet, with time, the dimeric species
became more and more prominent in both proteins
(Figure 7a). After approximately 75 hr, the equilibrium
between dimers and tetramers was reached. Strikingly,
while at equilibrium the tetrameric fraction of EcMAT
constituted 30% (Figure 7b), the tetrameric fraction of
EcMATmut was only 5% (Figure 7c). Based on these mea-
surements we calculated the tetramer-dimer equilibrium
dissociation constant, K4 (see Section 4) and determined
that the Ky of ECMAT was approximately 11-fold lower
than that of EEMATmut (8.2 vs. 90.3 puM, respectively).
Under the assumption that both proteins have similar
tetramer-to-dimer dissociation rate, kogr_py, as indeed
suggested by the stopped-flow kinetic measurements
(Figure S11), we conclude that the over a magnitude dif-
ference in the K, can be explained entirely by the contri-
bution of the salt-bridges in the ECMAT small interface
to the rate of dimer-dimer assembly, konp.p). Interest-
ingly, removal of glycerol from the incubation buffer
resulted in a dramatic and increasing aggregation of the
dimeric fraction of ECMATmut, which, led to a loss of
over 90% of the tetrameric fraction after 120 hr of

incubation (Figure 7d,e). In contrast, the dimeric fraction
of ECMAT was much less aggregation-prone, with over
60% of the tetrameric fraction remaining under identical
conditions (Figure 7f). These findings strongly support
our hypothesis that the propensity for hydrophobic inter-
actions within the ECMAT interdimeric interface renders
the unassembled dimers aggregation-prone. The presence
of salt-bridges in the interface enhances the rate of the
homotetramerization and, thereby, reduces the risk of
dimer aggregation.

Lastly, we explored how removal of the salt-bridges
from the EcMAT small interface affected the folding
dependency of the protein on GroEL/ES. To this end, we
followed the efficiency of refolding and assembly of the
urea-unfolded ECMAT and EcMATmut proteins in the
presence of GroEL/ES in vitro (see Section 4). First, we
determined that both proteins were fully dependent on
chaperonins to attain a functional state from a
denaturant-unfolded state (Figure S12). Next, we com-
pared the rate of accumulation of the reaction product,
SAM, between ECMAT and EcMATmut upon 1:100 dilu-
tion of urea-unfolded proteins into a reaction mix con-
taining saturated amounts of methionine and ATP, an
ATP-regeneration system, and GroEL and GroES
chaperonins at 1:2 and 1:4 M ratios, respectively, rela-
tively to the ECMAT and ECcMATmut protomer concen-
trations (see Section 4). We found that the rate of SAM
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FIGURE 8 Rate of accumulation of SAM upon refolding of GuHCl-unfolded methionine S-adenosyltransferases (MAT) proteins in the

presence of GroEL/ES. (a). Time dependent accumulation of S-adenosylmethionine upon dilution of GuHCl-unfolded ECMAT (blue) and

EcMATmut (orange) proteins in a reaction mix containing substrates and chaperonins. (b). The same experiment as in (a) but with fivefold

higher amounts of both proteins and chaperonins

accumulation by ECMATmut is approximately 60% lower
than that of ECMAT (Figure 8a). Given that the catalytic
activity of both proteins is identical (see Figure S8), the
most probable explanations for the observed delay can be
(i) a less-efficient re-folding of the mutant protomer by
the chaperonins; and/or (ii) aggregation of dimeric
EcMATmut due to inefficient assembly. To distinguish
between these two possibilities, we repeated the experi-
ment while increasing the concentration of the proteins
fivefold. To maintain protomer:chaperonin ratios, we also
increased the concentration of the chaperonins fivefold.
If the delay is due to inefficient refolding of ECcMATmut
protomers, increasing the concentration of both proteins
and chaperonins should have no effect. Conversely, if the
delay is due to dimer aggregation, because of slow dimer-
dimer assembly, increasing protein concentrations should
drive the dimer-tetramer equilibrium towards functional
tetramer, thus reducing the gap between the rates of
SAM accumulation by the wild-type and mutant E. coli
MAT proteins. Indeed, the fivefold increase in protein
concentrations closed the gap in SAM accumulation
rated (Figure 8b), supporting the latter reasoning. These
findings suggest that residues participating in salt-bridge
formation across the small interface are not important
recognition determinants for chaperonins that fold
EcMAT protomers. In addition, we conclude that aggre-
gation associated with the hydrophobicity of the small
interface can be alleviated not only by the salt-bridges
that accelerate dimer-dimer assembly but also by the
mass action of higher protein concentration that drives
equilibrium towards the aggregation-free tetramer. How-
ever, this solution might be far from optimal under the
physiologically relevant conditions, since the require-
ment to produce higher amounts of MAT to overcome

the aggregation constraint can be wasteful for the organ-
ism, and possibly, harmful to its metabolism.

2.4 | Dimers of NgMAT undergo
substrate-induced functional
tetramerization

As detailed above, analysis of the available crystal struc-
tures shows that NgMAT homodimers tend to assemble
into tetramers and that the size of the interdimeric inter-
faces within NgMAT homotetramers is comparable to
that of EcCMAT (Tables 1 and S1). Yet, in solution,
NgMAT assumes a predominantly dimeric state, and the
fraction of the tetrameric species remains low even at
high protein concentrations (Figure 3b). Moreover, we
found that the catalytic turnover (k.,,) of NgMAT was
independent of changes in enzyme concentration,
suggesting that concentration-induced shift in dimer-
tetramer equilibrium does not affect the catalytic activity
(see Section 4 and Figure S13). What is then the func-
tional homomeric state of NgMAT? To address this ques-
tion, we pre-incubated 10 pM of NgMAT protein with
saturated amounts of methionine, ATP, or a combination
of both and analyzed the homomeric states of the sam-
ples by size exclusion chromatography (see Section 4).
Addition of either substrates alone had no measurable
effect on the homomeric state of NgMAT, which
remained predominantly dimeric (Figure 9a). However,
in the presence of both substrates we saw a marked shift
of NgMAT toward tetramerization accompanied by accu-
mulation of the reaction product, SAM (Figure 9a). This
suggests that the homotetramer is the functional unit of
NgMAT. Next, we repeated the experiment but replaced
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FIGURE 9 Size exclusion chromatography (SEC) analysis of NeMAT homomeric states in solution in the presence of substrates (a).

Addition of both ATP and methionine (yellow trace) markedly increases the fraction of tetrameric species and concomitantly produces S-

adenosylmethionine. (b) Addition of both AMP-PNP and methionine (gray trace) shifts the distribution entirely toward tetrameric species

ATP with a hydrolysis-resistant analog AMP-PNP (see
Section 4). This analog inhibits the final step of SAM for-
mation, which, in turn, slows the rate of SAM release
from the active site.”® We found that AMP-PNP increased
the tetrameric species substantially, while in the presence
of both AMP-PNP and methionine the NgMAT protein
has shifted almost entirely to a tetrameric state, again
indicating that the functional unit of NgMAT is a tetra-
mer (Figure 9b). These findings suggest that NgMAT
undergoes substrate-induced oligomerization into a func-
tional homotetrameric state. If the homotetrameric com-
plex of NgMAT indeed corresponds to its functional state,
why does an increase in protein concentration, which is
expected to drive the equilibrium toward a functional tet-
ramer, not accompanied by an increase in the apparent
k...? We, therefore, analyzed the available NgMAT struc-
tures. Unfortunately, dimeric NgMAT structures do not
exist, so it is not possible to directly observe the structural
changes within the interdimeric interface of NgMAT
upon substrate-induced tetramerization. However, we
noticed that within the available structures, not all loops
gating access to the active sit (residues 95-119) are in
closed positions. The movement of these loops is part of
the catalytic cycle of MATS; a closed state accompanies
SAM formation, while an open state—SAM dissocia-
tion.*®>°® Strikingly, in NgMAT the open state of the loop
is accompanied by a dramatic change in the geometry of
the small interface. Specifically, opening of the loop
moves the side chain of GIn98 by 5.3 A out of the inter-
face plane relative to the closed state (Figure S14). It is
plausible that in the absence of both substrates the active
site loops remain in a highly dynamic, predominantly
open state(s) that perturb dimer-dimer association, even
when the concentration of NgMAT dimers is high. How-
ever, in the presence of both ATP and methionine the
active site loops tend to assume a rigid closed state, thus
removing the entropic barrier for homotetramerization.
Thus, similarly to ECMAT, the functional unit of NgMAT

is a tetramer. Yet, constraints operating on the folding
and assembly of the functional homotetrameric NgMAT
state are dramatically different.

3 | DISCUSSION
A significant fraction (at least half) of the proteins with
known structures tends to interact with identical copies
of themselves and assemble into homomeric com-
plexes.***° Homomerization provides numerous advan-
tages, including formation of novel active sites, binding
of allosteric regulators within interfaces that are remote
from active sites, and functional regulation through coop-
erative substrate binding.”'*>"> It is thus not surprising
that homomers are intuitively assumed to be subject to
intense evolutionary pressure toward functional diversifi-
cation. However, there are also strong arguments against
the assumption that quaternary homomeric complex for-
mation is a direct result of functional adaptation. Since
quaternary structure of homomers does not scale up with
organismal complexity or effective population size, it has
been argued that homomerization does not necessarily
need to be driven by functional adaptation and might
instead be a result of stochastic (neutral) forces.®®®’
Alternatively, homomerization has been suggested to
emerge purely as a function-unrelated side-effect of ther-
modynamic stabilization.®> However, notwithstanding
the original neutral forces of homomerization, homomers
can (at least potentially) be recruited by adaptive evolu-
tion and undergo functional adaptation at later stages.
Our understanding of the physicochemical and struc-
tural determinants that drive and constrain the evolution
of homomeric protein structures remains lacking. Here
we addressed this problem by analyzing bacterial homo-
logues of MATs, an essential homotetrameric enzyme of
central metabolism. Similar to many other core metabolic
enzymes,” bacterial MATs are predominantly dihedral
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homotetramers (dimers of dimers). Ignoring the proto-
mer folding steps, all known dihedral homotetramers
assemble via monomer-dimer-tetramer path, with the
homodimer being the only accessible assembly interme-
diate in the path toward homotetramerization.*>®* We
demonstrate that while the large (dimeric) interface of
MAT that harbors the active sites appears evolutionary
conserved, the small (interdimeric) interface, whose func-
tional significance is less clear, is subject to intense evolu-
tionary diversification. By applying detailed structural
and biophysical analysis and focusing on two representa-
tive MATs from E. coli (ECMAT) and N. gonorrhoeae
(NgMAT) we established that the diversity in physico-
chemical complementarity within these small interfaces
is linked to variability in kinetic stability and in modes of
activity regulation of the homomeric states.

The small interface of ECMAT is more hydrophobic
than that of NgMAT, and contains eight salt bridges,
which are absent in NgMAT. Removal of these salt-
bridges from the small interface did not affect the rate of
EcMAT tetramer-dimer dissociation, indicating that
hydrophobic complementarity is sufficient to render the
EcMAT homotetramer Kkinetically stable. However,
kinetic stabilization also incurred severe constraints on
homotetramer assembly. First, the high activation energy
barrier between the assembled tetramer and the transi-
tion state along the dimer-to-tetramer assembly step
imposes a kinetic constraint on the rate of dimer-dimer
interactions. Indeed, we found that in the absence of salt-
bridges in the small interface, dimer-dimer association
slows down by more than an order of magnitude
(Figure 7a-c). Second, in the absence of salt-bridges, the
dimeric assembly intermediate is highly prone to aggre-
gation (Figure 7d-f). Our data suggest, therefore, that the
role of the salt-bridges that are found in the ECMAT
small interface but absent in all other known crystal
structures of bacterial MATSs (Table 1), is to alleviate the
kinetic and aggregation constrains imposed by the hydro-
phobicity of the small interface on the dimeric assembly
intermediate. The long-range electrostatic interactions
accelerate dimer-to-tetramer assembly, thus reducing the
time that aggregation-prone dimers are lingering
unassembled. It is plausible that the high hydrophobicity
of the small interface constraints not only the dimer-to-
tetramer assembly step but also folding of individual
MAT protomers by rendering them aggregation-prone.
Therefore, the obligatory folding dependency of ECMAT
on GroEL/ES chaperonins might be the result of such a
constraint. Since MATs from N. gonorrhoeae and
L. plantarum fold and assemble in the absence of
chaperonins (Figure 6), the folding dependency of
EcMAT is not a general inherent property of the MAT
fold. We note that sustaining an obligatory chaperonin

dependency inexorably imposes a fitness cost on the
organism. The dependency is not only energetically costly
(one refolding cycle by GroEL/ES burns 14 ATP mole-
cules®), but it also diverts chaperonins, an essential and
limited resource, from other proteins that might require
folding assistance, particularly under proteostatic stress.
Thus, one would anticipate that purifying selection will
operate to wean proteins off folding dependency on
chaperonins, if this dependency is a result of random
mutations that jeopardize protein folding and stability.
We, therefore, propose that the obligatory EcMAT
chaperonin dependency might be an outcome of adaptive
pressure to kinetically stabilize MAT quaternary com-
plexes in E. coli. Why would the kinetic stabilization of
MAT quaternary structure be advantageous for E. coli?
Thermodynamic and kinetic stabilities are crucial param-
eters that determine the intracellular turnover of proteins
in bacteria.®>™®” Since protein degradation in vivo occurs
through proteolysis,’® a high free energy barrier for pro-
tein complex dissociation will prolong its intracellular
half-life, simply because protein states beyond the barrier
(i.e., assembly intermediates) are more vulnerable to pro-
teolytic attack.®”””" Kinetic stabilization of proteins might
be particularly important in bacteria like E. coli that are
subject to prolonged starvation periods accompanied by
starvation-induced proteome degradation.”*””>

In striking contrast to ECMAT, the small interface of
NgMAT is less hydrophobic and lacks salt-bridges
(Table 1). As a result, the constraints imposed by the small
interface in EcMAT on protomer folding and complex
assembly are absent in NgMAT. In the absence of reaction
substrates, NgMAT adopts a predominantly dimeric state
in solution, whose kinetic stability is significantly lower
than that of the tetrameric ECMAT (Figure 5b). The rate of
NgMAT urea-induced disassembly/unfolding appears to be
independent of protein concentration (Figure 5c),
suggesting that these two processes are coupled. Further-
more, NgMAT protomer folding and dimerization might
also be coupled. Association of unstructured (or partially
structured) monomers followed by dimer folding has been
reported for several proteins, including a homotetrameric
p53.7%7” The idea that NgMAT dimerization and protomer
folding might be coupled is also supported by the fact that
NgMAT folding and assembly appears to be independent of
chaperonins (Figure 6). Indeed, GroEL chamber can
accommodate polypeptides smaller than 60 kDa, whereas
the MAT mobomer is approximately 42 kDa. Thus, MAT
protomers whose folding is chaperonin-dependent, are
expected to assume a folded state prior to dimerization, pre-
cluding the possibility for a coupled folding/assembly step.
Another novel feature of NgMAT homomerization, is that
unlike ECMAT dimers that rapidly assemble into tetramer,
NgMAT dimers “resist” tetramerization even at high
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protein concentration. The dimeric state is presumably pre-
ferred because of the high flexibility of the active site loops
and the relatively low hydrophobicity of the interface. In
the absence of substrates, the loop movement perturbs the
small interface, thus generating a high activation energy
barrier for tetramerization. Strikingly, only upon addition
of both reaction substrates, methionine and ATP, does the
functional tetramer assembly. When both substrates are
present, the flexible loops that guard the active sites assume
a closed conformation, thus removing the structural hin-
drance for dimer-dimer association. Importantly, this dom-
inant effect of the active site loop conformations on the
binding affinity of the NgMAT small interface effectively
prevents the possibility for regulation of the NgMAT
homotetramerization (and, thus, NgMAT activity) by tun-
ing its intracellular concentration. Assuming that the intra-
cellular levels of NgMAT are similar to those established
for ECMAT (600 nM),”® the upregulation of the protein
expression by the cell even by over 160-fold (up to 100 pM)
will not shift significantly the dimeric fraction toward func-
tional tetrameric species (Figure 4b). Thus, it appears that
the structural mechanism that has emerged to ensure an
effective substrate-induced regulation of functional
tetramerization of NgMAT has also led to a minimization
of the protein concentration-dependent tetramerization.
Another important insight from the detailed analysis of
NgMAT homomeric states is that neither the oligomeric
state of the protein in the crystal (a tetramer, PDB ID 5T8S)
nor the biological assembly assignment of this structure
based on the prediction of the free energy of complex disas-
sembly (a dimer) reveal the true complexity of NgMAT
behavior in solution: dimer that undergoes substrate-
induced tetramerization.

Our findings therefore suggest that evolution rec-
ruited the interdimeric interface of bacterial MATS to
tune the properties of MAT complexes to the environ-
mental and metabolic needs of bacteria. The evolutionary
advantage to regulate the properties of MAT quaternary
complexes via the small interface is clear—it allows evo-
lutionary plasticity far from the crucial active sites, which
are subject to severe evolutionary pressure to preserve
function. The evolutionary diversification of the small
interface thereby produced MAT complexes with unique
properties, but this process also imposed unique con-
straints on MAT folding and assembly.

4 | METHODS

4.1 | Interface analysis and visualization

Interfaces of various MATs were characterized using
PISA server.”® The interface area is calculated by PISA as

a difference in total accessible surface areas of isolated
and interfacing structures divided by two. Change in the
solvation free energy upon formation of the interface,
AG; in kcal/mol, is calculated as a difference in total sol-
vation energies of isolated and interfacing structures.
Negative AG; corresponds to hydrophobic interfaces and
does not include the effect of satisfied hydrogen bonds
and salt bridges across the interface. PISA also predicts
hydrogen-bond and salt-bridge formation in the interface.
All parameters pertaining to the inter-dimeric interface
are presented as summation over four individual patches
(Table 1). Residues participating in interface interactions
were visualized as spheres using PyMol, colored
according to per-residue hydrophobicity.**

4.2 | Gene cloning, protein expression,
and purification

The gene encoding NgMAT was custom synthesized by
Integrated DNA Technologies with a fused fragment
encoding C-terminal Hisx6 tag and flanking Ndel and
Xhol restriction sites. To this end, the protein sequence
of NgMAT (NCBI Reference Sequence: WP_003687370.1)
was converted to DNA sequence using the manufac-
turer's E. coli codon optimization tool. The gene encoding
LpMAT was amplified directly from the chromosome of
Lactobacillus plantarum, using the following primers for
Gibson assembly:

For

AATTCCCCTCTAGAAATAATTTTGTTTAACTTITAA
GAAGGAGATATACATATGAGTGAAAGACACTTATTT
ACATCTGAATCTGTCTCTG.

and Rev.

AGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCA
GCCGGATCTTAATGGTGATGGTGATGGTGTTTAAAT
GCTGCTTTTAGGGCATCCAC. EcMAT gene was cloned
as in Reference 11. ECcMATmut (E67K and K98Q) and
NgMATmut (K67E and Q98K) were generated by site
directed mutagenesis. All MAT genes were cloned into
pET24a expression system and expressed in BL21 (DE3)
cells. Specifically, an overnight starter was diluted 1:100,
grown at 37°C until OD at 600 nm was 0.5, after which
the expression was induced by the addition of 0.4 mM
IPTG overnight at 30°C. Cells were centrifuged at
4800xg, and the pellet was stored at —20°C. Cells were
lysed by sonication after a 30-min preincubation with
1 mg/ml lysozyme (Merck, Germany) and 500U
benzonase (Merck, Germany) on ice. The filtered lysate
was purified by Ni-NTA on a His-TRAP FF 5-ml column
(GE Healthcare, US) and dialyzed into 25 mM Tris
pH 8.0, 1 mM DTT, 50% glycerol. Denatured MATSs were
purified on the same column, according to manufacturer
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instructions. Briefly, pellets were lysed in 100 mM
NaH,PO,, 10 mM TrisHCl, 6 M GuHCIl adjusted to
pH 8.0, and loaded on the column. Two washes were
performed using the same buffer, lowering the pH to 6.3
and later to 5.9. Finally, the protein was eluted at a pH
of 4.5. Using far-UV CD analysis we validated that the
obtained denatured proteins are void of secondary struc-
ture (see Section 4 section “Denaturant-induced equilib-
rium unfolding” and Figure S4d-f). The strain TG1/PoA
GroEL + GroES was graciously gifted to us by the lab
of Amnon Horwitz and was used to overexpress E. coli
GroEL and Hisx6-tagged GroES, using the protocol
described above. The filtered lysate was purified by Ni-
NTA on a His-TRAP FF 5-ml column (GE Healthcare,
US), collecting the flow through (containing the over-
expressed GroEL) and the eluted fractions (containing
purified GroES). The fractions were dialyzed against
25 mM TrisHCI pH 8.0, 150 mM KCIl, 1 mM DTT and
flash frozen as aliquots and stored at —80°C. The flow
through incubated at 60°C for 7 min, centrifuged at
4800xg, n treated with 67% ammonium sulfate and then
centrifuged again (4800xg). Pellet was resuspended in
20 ml 25 mM TrisHCI pH 8.0, 1 mM DTT and treated
with a dropwise addition of acetone with rapid stirring
up to a final concentration of 45%. The resulting mix-
ture was centrifuged at 4800xg, followed by the dialysis
of the supernatant against 25 mM TrisHCl pH 8.0,
1 mM DTT. The protein was then purified by size exclu-
sion chromatography using a superpose six column and
concentrated using centrifuge filters Amicon Ultra,
Merck, Germany. Aliquots were flash frozen and stored
at —80°C.

4.3 | Invivo assay to assess the MAT
dependency on GroEL/ES

The assay is a modification of a previously published
approach.*® Briefly, MGMI100 E. coli strain with
arabinose-inducible expression of groL/S genes” was
transformed with pFLAG expression plasmid (Merck,
Germany) carrying a MAT gene (from either E. coli,
U. urealyticum, L. plantarum, or N. gonorrhoeae). Strains
were grown on LB supplemented with 0.2% arabinose, at
37°C to log phase, after which they were centrifuged and
washed with fresh LB. The cells were then diluted into
LB with 1 mM diaminopimelate, with either 0.2% arabi-
nose or 0.2% glucose. Dilution ratios were 1:5,000 for the
arabinose condition and 1:500 for the glucose condition.
The cells were harvested 5.5 hr after growth at 37°C.
MAT dependency was assessed by (i) a drop in soluble
MAT levels, visualized by Western blot using custom
anti-MAT antibodies, and (ii) by overexpression of the
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MetE protein, which is activated when intracellular SAM
levels are low.>*

4.4 | Analytical SEC

Size exclusion chromatography was performed on Sup-
erdex 200 Increase 30 x 1 cm column, equilibrated with
25 mM TrisHCI], 150 mM KCl, 1 mM DTT. MATs were
injected at a monomeric concentration of 10 pM, unless
specified otherwise. Molecular weight of proteins was
determined by a calibration curve (Figure S6) using the
following as standards: Albumin, Cytochrome C, Beta

Amylase, Carbonic = Anhydrase @ and  Alcohol
Dehydrogenase.
4.5 | K4 calculation

The fraction (F) of tetramers present at dimer-tetramer
equilibrium can be expressed by:

N (I (3 0

[total protein] D]+ [T]’

where [T] and [D] are concentrations of tetramers
and dimers, respectively. The dissociation constant (Ky)
can be expressed by:

K, —%, 2)

which can be reorganized to give:

Combining Equation (1) and Equation (3) we get:

o o )
Ko(IDI+) Ka(14R) Kat[DF

2
d

F=

which can be further reorganized to give:
_[
Kq=——[D], (4)

By substituting the values for fraction of tetramers in
equilibrium from Figure 7b,c, and calculating the dimer
concentration as half the monomeric concentration of
nontetrameric fraction, we arrive at:
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3.54M

KT :%—3.5/4M:8.17yM and
4.754M

Kgm™ut — ﬁ — 475 M = 90.25 uM.

Thus, the ratio between the two dissociation constants
is 11.05.

4.6 | Protein crystallization, data
collection, structure determination, and
refinement

PDB ID# 7R2W. 6.55mg/ml EcMATmut +5mM
AMPPNP +5 mM methionine were mixed 1:1 (v/v) with
reservoir solution, and crystallized by the sitting drop
vapor diffusion method over a reservoir containing 0.2 M
L-Proline, 0.1 M Hepes pH 7.56, and 14% PEG 3350 at
room  temperature.  Crystals were  harvested,
cryoprotected, and flash-cooled in liquid N,. X-ray dif-
fraction data were collected at beamline I03 of Diamond
Light Source (Didcot, UK). Data were collected at 100 K
from one crystal of EcMATmut+AMPPNP+Met that
diffracted to a maximum resolution of 1.6 A. The
obtained ECMATmut +AMPPNP+Met crystal belongs to
the space group P42212, with unit cell dimensions a
86.6113, b 86.6113, and c 90.9818, and it contained one
copy of the protein in the asymmetric unit. X-ray data
were merged and scaled using an automatic pipeline of
CCP4 cloud, and the structure was solved by molecular
replacement using Phaser®® in CCP4 cloud.®’ Ensemble
of monomers of MATSs from different sources were set as
a search model. Refinement employed alternating cycles
of manual rebuilding in COOT®** and automated refine-
ment using Refmac5* in CCP4 cloud. The coordinates
and structure factors have been submitted to the PDB
under the accession code 7R2W.

PDB ID# 7R3B. 3.8 mg/ml LpMAT +5 mM AMPPNP
+5 mM methionine were mixed 1:1 (v/v) with reservoir
solution, and crystallized by the sitting drop vapor diffusion
method over a reservoir containing 50 mM CaCl,, 0.1 M
Bis-Tris pH 6.8, 32.14% PEG 550 MME at room tempera-
ture. Crystals were harvested, cryoprotected, and flash-
cooled in liquid N,. X-ray diffraction data were collected at
beamline 104 of Diamond Light Source (Didcot, UK). Data
were collected at 100 K from one crystal of LpMAT+-
AMPPNP+Met that diffracted to a maximum resolution of
2.82 A. The of LpMAT+AMPPNP+Met crystal belongs to
the space group P1, with unit cell dimensions a 58.43, b
110.93, and ¢ 112.66, and it contained eight copies of the
protein in the asymmetric unit. X-ray data were merged
and scaled using XDS*" and was solved by molecular

replacement using Phaser® in CCP4.*' Native monomer of
MAT from E. coli (PDB ID: 1FUG) was used as a search
model. Refinement employed alternating cycles of manual
rebuilding in COOT®**> and automated refinement using
Refmac5.* The coordinates and structure factors have been
submitted to the PDB under the accession code 7R3B.

4.7 | Urea-induced dissociation kinetics

EcMAT and NgMAT samples (6 and 30 pM), as well as
EcMATmut (30 pM) were prepared in 25 mM TrisHCI
pH 8.0, 150 mM KCI, 1 mM DTT. The dissociation kinet-
ics were measured in SX20 stopped-flow (Applied Photo-
systems, UK) by mixing the protein in 1:5 ratio with
7.2 M urea (6 M urea final concentration) prepared in the
same buffer. The ensuing perturbation in tryptophan
fluorescence (ex. 295 nm, em. 343 nm) was measured,
and the obtained signal was fitted to a single exponential:

A(t) —A(0) =Y _Ai x e(—kit),

where A(t) is the amplitude at time ¢, A(c0) is the offset
value, A; is the change in signal for phase i, and k; is the
observed rate at phase i.

4.8 | Enzymatic activity

Native MAT activity (250 nM) was determined at 37°C in
activity buffer (25 mM Tris—-HCI pH 8.0, 100 mM KClI,
10 mM MgCl,, 1 mM DTT) at saturated ATP and methio-
nine concentrations (5 mM). Reaction initiation, sample
collection and analysis were performed as in Reference
11. Rate of accumulation of SAM upon refolding of
GuHCl-unfolded EcMAT and EcMATmut was deter-
mined at 250 nM unfolded MAT at 37°C in the activity
buffer, with the addition of 20 mM ATP and 5 mM
methionine. For refolding to take place, the reaction
occurred in the presence of 1:2 and 1:4 M excess (mono-
mer MAT to complete system) of GroEL and GroES,
respectively. To eliminate the risk of running out of ATP,
an ATP regeneration system (40 mM PEP, 40 Units/ml
PK) was also added to the mix. Reaction sample collec-
tion and analysis was performed as above.

4.9 | Denaturant-induced equilibrium
unfolding

EcMAT and NgMAT samples (10 pM) were incubated in
25 mM TrisHCI pH 8.0, 150 mM KCl, and 1 mM DTT in
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the presence of various urea/GuHCI concentrations (0-
6 M), at room temperature for 24 hr. To determine the
fraction of secondary structure, circular dichroism
(CD) spectra of each sample was measured in the range
of 210-260 nm, using Jasco J-815 CD spectrometer
(Figure S4).

410 | Energy calculations of residue-
level contributions to interactions across
the small interface

The three-dimensional structures of EcMAT (PDB #ID
1P7L), EcMATmut (PDB #ID 7R2W, this work) and
NgMAT (PDB #ID 5T8S) were used in our energy calcu-
lations. Hydrogen atoms were added using CHARMM
and the structures were subjected to conjugate gradient
minimization with a harmonic restraint force of 50 kcal/
mol/A? applied to the heavy atoms. Energy calculations
to analyze per-residue contributions were performed fol-
lowing the methodology described previously.*>*>*® The
Finite Difference Poisson-Boltzmann method, as
implemented in DelPhi,®” was used to calculate the net
electrostatic/polar contributions (AAGg.) of each resi-
due within 15 A of the small interface in each tetramer
complex. For each residue, electrostatic contributions
from each side chain or the entire residue were calcu-
lated separately, and comparison of these separate calcu-
lations was used to determine if electrostatic
contributions originate from the side-chain of a residue,
the main chain, or both. Residues contributing
AAGge. >1kcal/mol to the interactions (twice the
numerical error of the electrostatic calculations) were
deemed as substantially contributing to the interac-
tions.** Nonpolar energy contributions (AAG,p) were cal-
culated as a surface-area proportional term by
multiplying the per-residue surface area buried upon
complex formation, calculated using Surfv,®® by a surface
tension constant of 0.05 kcal/mol/A%.* Residues contrib-
uting AAG,, > 0.5 kcal/mol to the interactions (viz those
that bury more than 10 A” of each protein surface upon
complex formation) were defined as making substantial
nonpolar contributions. Contributions specific to the
small interface between tetramer subunits were deter-
mined by comparing the calculated contributions in the
tetramer to those calculated in a trimer structure (i.e., a
single chain vs. a dimer). To reduce false positives and
negatives, we applied a consensus approach across the
four chains of each tetramer.

AUTHOR CONTRIBUTIONS
Daniel Kleiner: Data curation (lead); formal analysis
(lead); investigation (lead); visualization (lead). Ziva

THE
PROTEIN 17 0f20
‘:@ SOCIETY_WI LEY

Shapiro Tuchman: Formal analysis (supporting); visu-
alization (supporting). Fannia Shmulevich: Data
curation (supporting); project administration
(supporting). Anat Shahar: Data curation (supporting);
formal analysis (supporting); validation (supporting).
Raz Zarivach: Data curation (supporting); formal analy-
sis (supporting); validation (supporting). Mickey
Kosloff: Data curation (supporting); formal analysis
(supporting); writing - review and editing (supporting).
Shimon Bershtein: Conceptualization (lead); funding
acquisition (lead); methodology (lead); resources (lead);
supervision (lead); writing - original draft (lead).

ACKNOWLEDGMENTS
This work was supported by Israel Science Foundation
grant 593/21 to Shimon Bershtein.

ORCID
Shimon Bershtein
1025

https://orcid.org/0000-0003-4322-

REFERENCES

1. Kuhner S, Van Noort V, Betts MJ, Leo-Macias A, Batisse RM,
et al. Proteome organization in a genome-reduced bacterium.
Science. 2009;326:1235-1240. https://doi.org/10.1126/science.
1176343.

2. Lukatsky DB, Shakhnovich BE, Mintseris J, Shakhnovich EI.
Structural similarity enhances interaction propensity of pro-
teins. J Mol Biol. 2007;365:1596-1606. https://doi.org/10.1016/j.
jmb.2006.11.020.

3. Lukatsky DB, Zeldovich KB, Shakhnovich EI. Statistically
enhanced self-attraction of random patterns. Phys Rev Lett.
2006;97:178101. https://doi.org/10.1103/PhysRevLett.97.
178101.

4. Goodsell DS, Olson AlJ. Structural symmetry and protein func-
tion. Annu Rev Biophys Biomol Struct. 2000;29:105-153.
https://doi.org/10.1146/annurev.biophys.29.1.105.

5. Levy ED, Pereira-Leal JB, Chothia C, Teichmann SA. 3D com-
plex: A structural classification of protein complexes. PLoS
Comput Biol. 2006;2:e155. https://doi.org/10.1371/journal.pcbi.
0020155.

6. Hashimoto K, Nishi H, Bryant S, Panchenko AR. Caught in
self-interaction: Evolutionary and functional mechanisms of
protein homooligomerization. Phys Biol. 2011;8:035007.
https://doi.org/10.1088/1478-3975/8/3/035007.

7. Abrusan G, Marsh JA. Ligand binding site structure shapes
folding, assembly and degradation of Homomeric protein com-
plexes. J Mol Biol. 2019;431:3871-3888. https://doi.org/10.
1016/j.jmb.2019.07.014.

8. Anderson BW, Liu K, Wolak C, et al. Evolution of (p)ppGpp-
HPRT regulation through diversification of an allosteric oligo-
meric interaction. Elife. 2019;8:e47534. https://doi.org/10.7554/
eLife.47534.

9. Bergendahl LT, Marsh JA. Functional determinants of protein
assembly into homomeric complexes. Sci Rep. 2017;7:4932.
https://doi.org/10.1038/s41598-017-05084-8.


http://firstglance.jmol.org/fg.htm?mol=1P7L
http://firstglance.jmol.org/fg.htm?mol=7R2W
http://firstglance.jmol.org/fg.htm?mol=5T8S
https://orcid.org/0000-0003-4322-1025
https://orcid.org/0000-0003-4322-1025
https://orcid.org/0000-0003-4322-1025
https://doi.org/10.1126/science.1176343
https://doi.org/10.1126/science.1176343
https://doi.org/10.1016/j.jmb.2006.11.020
https://doi.org/10.1016/j.jmb.2006.11.020
https://doi.org/10.1103/PhysRevLett.97.178101
https://doi.org/10.1103/PhysRevLett.97.178101
https://doi.org/10.1146/annurev.biophys.29.1.105
https://doi.org/10.1371/journal.pcbi.0020155
https://doi.org/10.1371/journal.pcbi.0020155
https://doi.org/10.1088/1478-3975/8/3/035007
https://doi.org/10.1016/j.jmb.2019.07.014
https://doi.org/10.1016/j.jmb.2019.07.014
https://doi.org/10.7554/eLife.47534
https://doi.org/10.7554/eLife.47534
https://doi.org/10.1038/s41598-017-05084-8

18 of 20 PROTEIN
Wi LEY—'@ SOCIETY

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.

20.

21.
22.

23.

24.

25.

26.

KLEINER ET AL.

Gao M, Skolnick J. The distribution of ligand-binding pockets
around protein-protein interfaces suggests a general mecha-
nism for pocket formation. Proc Natl Acad Sci U S A. 2012;109:
3784-3789. https://doi.org/10.1073/pnas.1117768109.

Kleiner D, Shmulevich F, Zarivach R, et al. The inter-dimeric
Interface controls function and stability of Ureaplasma ure-
aliticum methionine S-Adenosyltransferase. J Mol Biol. 2019;
431:4796-4816. https://doi.org/10.1016/j.jmb.2019.09.003.
Marsh JA, Teichmann SA. Structure, dynamics, assembly, and
evolution of protein complexes. Annu Rev Biochem. 2015;84:
551-575. https://doi.org/10.1146/annurev-biochem-060614-
034142.

Nooren IM, Thornton JM. Structural characterisation and func-
tional significance of transient protein-protein interactions.
J Mol Biol. 2003;325:991-1018. https://doi.org/10.1016/s0022-
2836(02)01281-0.

Traut TW. Dissociation of enzyme oligomers: A mechanism for
allosteric regulation. Crit Rev Biochem Mol Biol. 1994;29:125-
163. https://doi.org/10.3109/10409239409086799.

Bahadur RP, Chakrabarti P, Rodier F, Janin J. A dissection of
specific and non-specific protein-protein interfaces. J Mol Biol.
2004;336:943-955. https://doi.org/10.1016/jjmb.2003.12.073.
Janin J, Miller S, Chothia C. Surface, subunit interfaces and
interior of oligomeric proteins. J Mol Biol. 1988;204:155-164.
https://doi.org/10.1016/0022-2836(88)90606-7.

Jones S, Thornton JM. Principles of protein-protein interac-
tions. Proc Natl Acad Sci U S A. 1996;93:13-20. https://doi.org/
10.1073/pnas.93.1.13.

Lo Conte L, Chothia C, Janin J. The atomic structure of
protein-protein recognition sites. J Mol Biol. 1999;285:2177-
2198. https://doi.org/10.1006/jmbi.1998.2439.

Ofran Y, Rost B. Analysing six types of protein-protein inter-
faces. J Mol Biol. 2003;325:377-387. https://doi.org/10.1016/
$0022-2836(02)01223-8.

Tuncbag N, Gursoy A, Guney E, Nussinov R, Keskin O. Archi-
tectures and functional coverage of protein-protein interfaces.
J Mol Biol. 2008;381:785-802. https://doi.org/10.1016/jjmb.
2008.04.071.

Valdar WS, Thornton JM. Protein-protein interfaces: Analysis
of amino acid conservation in homodimers. Proteins. 2001;42:
108-124.

DeLano WL. Unraveling hot spots in binding interfaces: Pro-
gress and challenges. Curr Opin Struct Biol. 2002;12:14-20.
https://doi.org/10.1016/50959-440x(02)00283-X.

Keskin O, Gursoy A, Ma B, Nussinov R. Principles of protein-
protein interactions: What are the preferred ways for proteins
to interact? Chem Rev. 2008;108:1225-1244. https://doi.org/10.
1021/cr040409x.

McCoy AJ, Chandana Epa V, Colman PM. Electrostatic com-
plementarity at protein/protein interfaces. J Mol Biol. 1997;
268:570-584. https://doi.org/10.1006/jmbi.1997.0987.
Pechmann S, Levy ED, Tartaglia GG, Vendruscolo M. Physico-
chemical principles that regulate the competition between
functional and dysfunctional association of proteins. Proc Natl
Acad Sci U S A. 2009;106:10159-10164. https://doi.org/10.
1073/pnas.0812414106.

Schreiber G. Kinetic studies of protein-protein interactions.
Curr Opin Struct Biol. 2002;12:41-47. https://doi.org/10.1016/
$0959-440x(02)00287-7.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

Selzer T, Albeck S, Schreiber G. Rational design of faster associ-
ating and tighter binding protein complexes. Nat Struct Biol.
2000;7:537-541. https://doi.org/10.1038/76744.

Sheinerman FB, Norel R, Honig B. Electrostatic aspects of
protein-protein interactions. Curr Opin Struct Biol. 2000;10:
153-159. https://doi.org/10.1016/s0959-440x(00)00065-8.

Chiti F, Stefani M, Taddei N, Ramponi G, Dobson CM. Ratio-
nalization of the effects of mutations on peptide and protein
aggregation rates. Nature. 2003;424:805-808. https://doi.org/10.
1038/nature01891.

DuBay KF, Pawar AP, Chiti F, Zurdo J, Dobson CM,
Vendruscolo M. Prediction of the absolute aggregation rates of
amyloidogenic polypeptide chains. J Mol Biol. 2004;341:1317-
1326. https://doi.org/10.1016/],jmb.2004.06.043.
Fernandez-Escamilla AM, Rousseau F, Schymkowitz I,
Serrano L. Prediction of sequence-dependent and mutational
effects on the aggregation of peptides and proteins. Nat Bio-
technol. 2004;22:1302-1306. https://doi.org/10.1038/nbt1012.
Pawar AP, DuBay KF, Zurdo J, Chiti F, Vendruscolo M,
Dobson CM. Prediction of "aggregation-prone" and "aggrega-
tion-susceptible" regions in proteins associated with neurode-
generative diseases. J Mol Biol. 2005;350:379-392. https://doi.
org/10.1016/j.jmb.2005.04.016.

Heo M, Maslov S, Shakhnovich E. Topology of protein interac-
tion network shapes protein abundances and strengths of their
functional and nonspecific interactions. Proc Natl Acad Sci U S
A. 2011;108:4258-4263. https://doi.org/10.1073/pnas.
1009392108.

. Brooijmans N, Sharp KA, Kuntz ID. Stability of macromolecu-

lar complexes. Proteins. 2002;48:645-653. https://doi.org/10.
1002/prot.10139.

Levy ED, Boeri Erba E, Robinson CV, Teichmann SA. Assem-
bly reflects evolution of protein complexes. Nature. 2008;453:
1262-1265. https://doi.org/10.1038/nature06942.

Ahnert SE, Marsh JA, Hernandez H, Robinson CV,
Teichmann SA. Principles of assembly reveal a periodic table of
protein complexes. Science. 2015;350:aaa2245. https://doi.org/
10.1126/science.aaa2245.

Marsh JA, Hernandez H, Hall Z, et al. Protein complexes are
under evolutionary selection to assemble via ordered pathways.
Cell. 2013;153:461-470. https://doi.org/10.1016/j.cell.2013.
02.044.

Markham GD, Pajares MA. Structure-function relationships in
methionine adenosyltransferases. Cell Mol Life Sci. 2009;66:
636-648. https://doi.org/10.1007/s00018-008-8516-1.

Fontecave M, Atta M, Mulliez E. S-adenosylmethionine: Noth-
ing goes to waste. Trends Biochem Sci. 2004;29:243-249.
https://doi.org/10.1016/j.tibs.2004.03.007.

Levy ED, Teichmann S. Structural, evolutionary, and assembly
principles of protein oligomerization. Prog Mol Biol Transl Sci.
2013;117:25-51.  https://doi.org/10.1016/B978-0-12-386931-9.
00002-7.

Sanchez del Pino MM, Perez-Mato I, Sanz JM, Mato JM,
Corrales FJ. Folding of dimeric methionine adenosyltransferase
III: Identification of two folding intermediates. J Biol Chem.
2002;277:12061-12066. https://doi.org/10.1074/jbc.M111546
200.

Zano SP, Pavlovsky AG, Viola RE. Structure of an unusual S-
adenosylmethionine synthetase from campylobacter jejuni.


https://doi.org/10.1073/pnas.1117768109
https://doi.org/10.1016/j.jmb.2019.09.003
https://doi.org/10.1146/annurev-biochem-060614-034142
https://doi.org/10.1146/annurev-biochem-060614-034142
https://doi.org/10.1016/s0022-2836(02)01281-0
https://doi.org/10.1016/s0022-2836(02)01281-0
https://doi.org/10.3109/10409239409086799
https://doi.org/10.1016/j.jmb.2003.12.073
https://doi.org/10.1016/0022-2836(88)90606-7
https://doi.org/10.1073/pnas.93.1.13
https://doi.org/10.1073/pnas.93.1.13
https://doi.org/10.1006/jmbi.1998.2439
https://doi.org/10.1016/s0022-2836(02)01223-8
https://doi.org/10.1016/s0022-2836(02)01223-8
https://doi.org/10.1016/j.jmb.2008.04.071
https://doi.org/10.1016/j.jmb.2008.04.071
https://doi.org/10.1016/s0959-440x(02)00283-x
https://doi.org/10.1021/cr040409x
https://doi.org/10.1021/cr040409x
https://doi.org/10.1006/jmbi.1997.0987
https://doi.org/10.1073/pnas.0812414106
https://doi.org/10.1073/pnas.0812414106
https://doi.org/10.1016/s0959-440x(02)00287-7
https://doi.org/10.1016/s0959-440x(02)00287-7
https://doi.org/10.1038/76744
https://doi.org/10.1016/s0959-440x(00)00065-8
https://doi.org/10.1038/nature01891
https://doi.org/10.1038/nature01891
https://doi.org/10.1016/j.jmb.2004.06.043
https://doi.org/10.1038/nbt1012
https://doi.org/10.1016/j.jmb.2005.04.016
https://doi.org/10.1016/j.jmb.2005.04.016
https://doi.org/10.1073/pnas.1009392108
https://doi.org/10.1073/pnas.1009392108
https://doi.org/10.1002/prot.10139
https://doi.org/10.1002/prot.10139
https://doi.org/10.1038/nature06942
https://doi.org/10.1126/science.aaa2245
https://doi.org/10.1126/science.aaa2245
https://doi.org/10.1016/j.cell.2013.02.044
https://doi.org/10.1016/j.cell.2013.02.044
https://doi.org/10.1007/s00018-008-8516-1
https://doi.org/10.1016/j.tibs.2004.03.007
https://doi.org/10.1016/B978-0-12-386931-9.00002-7
https://doi.org/10.1016/B978-0-12-386931-9.00002-7
https://doi.org/10.1074/jbc.M111546200
https://doi.org/10.1074/jbc.M111546200

KLEINER ET AL.

PROTEIN 19 of 20
@ SOCIETY_WI LEY

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Acta Crystallogr D Biol Crystallogr. 2014;70:442-450. https://
doi.org/10.1107/S139900471303023X.

Krissinel E, Henrick K. Inference of macromolecular assem-
blies from crystalline state. J Mol Biol. 2007;372:774-797.
https://doi.org/10.1016/j.jmb.2007.05.022.

Eisenberg D, Schwarz E, Komaromy M, Wall R. Analysis of
membrane and surface protein sequences with the hydropho-
bic moment plot. J Mol Biol. 1984;179:125-142. https://doi.org/
10.1016/0022-2836(84)90309-7.

Kosloff M, Travis AM, Bosch DE, Siderovski DP,
Arshavsky VY. Integrating energy calculations with functional
assays to decipher the specificity of G protein-RGS protein
interactions. Nat Struct Mol Biol. 2011;18:846-853. https://doi.
0rg/10.1038/nsmb.2068.

Tartaglia GG, Pawar AP, Campioni S, Dobson CM, Chiti F,
Vendruscolo M. Prediction of aggregation-prone regions in
structured proteins. J Mol Biol. 2008;380:425-436. https://doi.
0rg/10.1016/j.jmb.2008.05.013.

Rousseau F, Serrano L, Schymkowitz JW. How evolutionary
pressure against protein aggregation shaped chaperone speci-
ficity. J Mol Biol. 2006;355:1037-1047. https://doi.org/10.1016/
j,jmb.2005.11.035.

Fujiwara K, Ishihama Y, Nakahigashi K, Soga T, Taguchi H. A
systematic survey of in vivo obligate chaperonin-dependent
substrates. EMBO J. 2010;29:1552-1564. https://doi.org/10.
1038/emboj.2010.52.

Kerner MJ, Naylor DJ, Ishihama Y, et al. Proteome-wide analy-
sis of chaperonin-dependent protein folding in Escherichia coli.
Cell.  2005;122:209-220.  https://doi.org/10.1016/j.cell.2005.
05.028.

Sigler PB, Xu Z, Rye HS, Burston SG, Fenton WA,
Horwich AL. Structure and function in GroEL-mediated pro-
tein folding. Annu Rev Biochem. 1998;67:581-608. https://doi.
org/10.1146/annurev.biochem.67.1.581.

Chaudhuri TK, Farr GW, Fenton WA, Rospert S, Horwich AL.
GroEL/GroES-mediated folding of a protein too large to be
encapsulated. Cell. 2001;107:235-246. https://doi.org/10.1016/
$0092-8674(01)00523-2.

Priya S, Sharma SK, Sood V, et al. GroEL and CCT are catalytic
unfoldases mediating out-of-cage polypeptide refolding without
ATP. Proc Natl Acad Sci U S A. 2013;110:7199-7204. https://
doi.org/10.1073/pnas.1219867110.

Rocha EP, Blanchard A. Genomic repeats, genome plasticity
and the dynamics of mycoplasma evolution. Nucleic Acids Res.
2002;30:2031-2042. https://doi.org/10.1093/nar/30.9.2031.
Fujiwara K, Taguchi H. Mechanism of methionine synthase over-
expression in chaperonin-depleted Escherichia coli. Microbiology.
2012;158:917-924. https://doi.org/10.1099/mic.0.055079-0.
Weissbach H, Brot N. Regulation of methionine synthesis in
Escherichia coli. Mol Microbiol. 1991;5:1593-1597. https://doi.
org/10.1111/j.1365-2958.1991.tb01905.x.

Komoto J, Yamada T, Takata Y, Markham GD, Takusagawa F.
Crystal structure of the S-adenosylmethionine synthetase ter-
nary complex: A novel catalytic mechanism of S-
adenosylmethionine synthesis from ATP and met. Biochemis-
try. 2004;43:1821-1831. https://doi.org/10.1021/bi035611t.

Ali MH, Imperiali B. Protein oligomerization: How and why.
Bioorg Med Chem. 2005;13:5013-5020. https://doi.org/10.1016/
j.bmc.2005.05.037.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Perica T, Marsh JA, Sousa FL, et al. The emergence of protein
complexes: Quaternary structure, dynamics and allostery.
Colworth Medal Lecture. Biochem Soc Trans. 2012;40:475-491.
https://doi.org/10.1042/BST20120056.

Perutz MF. Mechanisms of cooperativity and allosteric regula-
tion in proteins. Q Rev Biophys. 1989;22:139-237. https://doi.
0rg/10.1017/s0033583500003826.

Lynch M. The evolution of multimeric protein assemblages.
Mol Biol Evol. 2012;29:1353-1366. https://doi.org/10.1093/
molbev/msr300.

Lynch M. Evolutionary diversification of the multimeric states
of proteins. Proc Natl Acad Sci U S A. 2013;110:E2821-E2828.
https://doi.org/10.1073/pnas.1310980110.

Jacobs WM, Knowles TP, Frenkel D. Oligomers of heat-shock
proteins: Structures that don't imply function. PLoS Comput
Biol. 2016;12:1004756. https://doi.org/10.1371/journal.pcbi.
1004756.

Powers ET, Powers DL. A perspective on mechanisms of pro-
tein tetramer formation. Biophys J. 2003;85:3587-3599. https://
doi.org/10.1016/S0006-3495(03)74777-8.

Hayer-Hartl M, Bracher A, Hartl FU. The GroEL-GroES
chaperonin machine: A nano-cage for protein folding. Trends Bio-
chem Sci. 2016;41:62-76. https://doi.org/10.1016/j.tibs.2015.07.009.
Manning M, Colon W. Structural basis of protein kinetic stabil-
ity: Resistance to sodium dodecyl sulfate suggests a central role
for rigidity and a bias toward beta-sheet structure. Biochemis-
try. 2004;43:11248-11254. https://doi.org/10.1021/bi0491898.
Park C, Marqusee S. Analysis of the stability of multimeric pro-
teins by effective DeltaG and effective m-values. Protein Sci.
2004;13:2553-2558. https://doi.org/10.1110/ps.04811004.
Parsell DA, Sauer RT. The structural stability of a protein is an
important determinant of its proteolytic susceptibility in
Escherichia coli. J Biol Chem. 1989;264:7590-7595.

Ohsumi Y. Protein turnover. IUBMB Life. 2006;58:363-369.
https://doi.org/10.1080/15216540600758539.

Leuenberger P, Ganscha S, Kahraman A, et al. Cell-wide analy-
sis of protein thermal unfolding reveals determinants of ther-
mostability. Science. 2017;355:eaai7825. https://doi.org/10.
1126/science.aai7825.

Park C, Zhou S, Gilmore J, Marqusee S. Energetics-based pro-
tein profiling on a proteomic scale: Identification of proteins
resistant to proteolysis. J Mol Biol. 2007;368:1426-1437. https://
doi.org/10.1016/j,jmb.2007.02.091.

Schopper S, Kahraman A, Leuenberger P, et al. Measuring pro-
tein structural changes on a proteome-wide scale using limited
proteolysis-coupled mass spectrometry. Nat Protoc. 2017;12:
2391-2410. https://doi.org/10.1038/nprot.2017.100.

Boutte CC, Crosson S. Bacterial lifestyle shapes stringent
response activation. Trends Microbiol. 2013;21:174-180.
https://doi.org/10.1016/j.tim.2013.01.002.

Maurizi MR. Proteases and protein degradation in Escherichia
coli. Experientia. 1992;48:178-201. https://doi.org/10.1007/
bf01923511.

Navarro Llorens JM, Tormo A, Martinez-Garcia E. Stationary
phase in gram-negative bacteria. FEMS Microbiol Rev. 2010;34:
476-495. https://doi.org/10.1111/j.1574-6976.2010.00213 X.
Reeve CA, Amy PS, Matin A. Role of protein synthesis in the
survival of carbon-starved Escherichia coli K-12. J Bacteriol.
1984;160:1041-1046.


https://doi.org/10.1107/S139900471303023X
https://doi.org/10.1107/S139900471303023X
https://doi.org/10.1016/j.jmb.2007.05.022
https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1038/nsmb.2068
https://doi.org/10.1038/nsmb.2068
https://doi.org/10.1016/j.jmb.2008.05.013
https://doi.org/10.1016/j.jmb.2008.05.013
https://doi.org/10.1016/j.jmb.2005.11.035
https://doi.org/10.1016/j.jmb.2005.11.035
https://doi.org/10.1038/emboj.2010.52
https://doi.org/10.1038/emboj.2010.52
https://doi.org/10.1016/j.cell.2005.05.028
https://doi.org/10.1016/j.cell.2005.05.028
https://doi.org/10.1146/annurev.biochem.67.1.581
https://doi.org/10.1146/annurev.biochem.67.1.581
https://doi.org/10.1016/s0092-8674(01)00523-2
https://doi.org/10.1016/s0092-8674(01)00523-2
https://doi.org/10.1073/pnas.1219867110
https://doi.org/10.1073/pnas.1219867110
https://doi.org/10.1093/nar/30.9.2031
https://doi.org/10.1099/mic.0.055079-0
https://doi.org/10.1111/j.1365-2958.1991.tb01905.x
https://doi.org/10.1111/j.1365-2958.1991.tb01905.x
https://doi.org/10.1021/bi035611t
https://doi.org/10.1016/j.bmc.2005.05.037
https://doi.org/10.1016/j.bmc.2005.05.037
https://doi.org/10.1042/BST20120056
https://doi.org/10.1017/s0033583500003826
https://doi.org/10.1017/s0033583500003826
https://doi.org/10.1093/molbev/msr300
https://doi.org/10.1093/molbev/msr300
https://doi.org/10.1073/pnas.1310980110
https://doi.org/10.1371/journal.pcbi.1004756
https://doi.org/10.1371/journal.pcbi.1004756
https://doi.org/10.1016/S0006-3495(03)74777-8
https://doi.org/10.1016/S0006-3495(03)74777-8
https://doi.org/10.1016/j.tibs.2015.07.009
https://doi.org/10.1021/bi0491898
https://doi.org/10.1110/ps.04811004
https://doi.org/10.1080/15216540600758539
https://doi.org/10.1126/science.aai7825
https://doi.org/10.1126/science.aai7825
https://doi.org/10.1016/j.jmb.2007.02.091
https://doi.org/10.1016/j.jmb.2007.02.091
https://doi.org/10.1038/nprot.2017.100
https://doi.org/10.1016/j.tim.2013.01.002
https://doi.org/10.1007/bf01923511
https://doi.org/10.1007/bf01923511
https://doi.org/10.1111/j.1574-6976.2010.00213.x

20020 PROTEIN
Wi LEY—'@ SOCIETY

76.
77.
78.

79.

80.
81.

82.

83.

84.

KLEINER ET AL.

Mateu MG, Sanchez Del Pino MM, Fersht AR. Mechanism of
folding and assembly of a small tetrameric protein domain
from tumor suppressor p53. Nat Struct Biol. 1999;6:191-198.
https://doi.org/10.1038/5880.

Waldburger CD, Jonsson T, Sauer RT. Barriers to protein fold-
ing: Formation of buried polar interactions is a slow step in
acquisition of structure. Proc Natl Acad Sci U S A. 1996;93:
2629-2634. https://doi.org/10.1073/pnas.93.7.2629.

Taniguchi Y, Choi PJ, Li G-W, et al. Quantifying E. coli prote-
ome and transcriptome with single-molecule sensitivity in sin-
gle cells. Science. 2010;329:533-538. https://doi.org/10.1126/
science.1188308.

McLennan N, Masters M. GroE is vital for cell-wall synthesis.
Nature. 1998;392:139. https://doi.org/10.1038/32317.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD,
Storoni LC, Read RJ. Phaser crystallographic software. J Appl
Cryst. 2007;40:658-674. https://doi.org/10.1107/S0021889807
021206.

Winn MD, Ballard CC, Cowtan KD, et al. Overview of the
CCP4 suite and current developments. Acta Crystallogr D Biol
Crystallogr. 2011;67:235-242. https://doi.org/10.1107/S09074
44910045749.

Emsley P, Cowtan K. Coot: Model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr. 2004;60:2126—
2132. https://doi.org/10.1107/S0907444904019158.

Murshudov GN, Skubdk P, Lebedev AA, et al. REFMACS5 for
the refinement of macromolecular crystal structures. Acta
Crystallogr D Biol Crystallogr. 2011;67:355-367. https://doi.
0rg/10.1107/50907444911001314.

Kabsch W. XDS. Acta Crystallogr D Biol Crystallogr. 2010;66:
125-132. https://doi.org/10.1107/S0907444909047337.

85.

86.

87.

88.

Navot S, Kosloff M. Structural design principles that underlie
the multi-specific interactions of Galphaq with dissimilar part-
ners. Sci Rep. 2019;9:6898. https://doi.org/10.1038/s41598-019-
43395-0.

Shushan A, Kosloff M. Structural design principles for specific
ultra-high affinity interactions between colicins/pyocins and
immunity proteins. Sci Rep. 2021;11:3789. https://doi.org/10.
1038/s41598-021-83265-2.

Honig B, Nicholls A. Classical electrostatics in biology and
chemistry. Science. 1995;268:1144-1149. https://doi.org/10.
1126/science.7761829.

Nicholls A, Sharp KA, Honig B. Protein folding and associa-
tion: Insights from the interfacial and thermodynamic proper-
ties of hydrocarbons. Proteins. 1991;11:281-296. https://doi.
0rg/10.1002/prot.340110407.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

How to cite this article: Kleiner D, Shapiro
Tuchman Z, Shmulevich F, Shahar A, Zarivach R,
Kosloff M, et al. Evolution of homo-
oligomerization of methionine
S-adenosyltransferases is replete with structure—
function constrains. Protein Science. 2022;31(7):
€4352. https://doi.org/10.1002/pro.4352



https://doi.org/10.1038/5880
https://doi.org/10.1073/pnas.93.7.2629
https://doi.org/10.1126/science.1188308
https://doi.org/10.1126/science.1188308
https://doi.org/10.1038/32317
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1038/s41598-019-43395-0
https://doi.org/10.1038/s41598-019-43395-0
https://doi.org/10.1038/s41598-021-83265-2
https://doi.org/10.1038/s41598-021-83265-2
https://doi.org/10.1126/science.7761829
https://doi.org/10.1126/science.7761829
https://doi.org/10.1002/prot.340110407
https://doi.org/10.1002/prot.340110407
https://doi.org/10.1002/pro.4352

	Evolution of homo-oligomerization of methionine S-adenosyltransferases is replete with structure-function constrains
	1  INTRODUCTION
	2  RESULTS
	2.1  The dimeric and interdimeric interfaces of bacterial MATs are subject to different modes of evolution
	2.2  Variability in MAT interdimeric interfaces is linked to differences in the kinetic stability of the quaternary structures
	2.3  Kinetic stabilization of MAT quaternary complex imposes constraints on folding and assembly of MAT protomers
	2.4  Dimers of NgMAT undergo substrate-induced functional tetramerization

	3  DISCUSSION
	4  METHODS
	4.1  Interface analysis and visualization
	4.2  Gene cloning, protein expression, and purification
	4.3  In vivo assay to assess the MAT dependency on GroEL/ES
	4.4  Analytical SEC
	4.5  Kd calculation
	4.6  Protein crystallization, data collection, structure determination, and refinement
	4.7  Urea-induced dissociation kinetics
	4.8  Enzymatic activity
	4.9  Denaturant-induced equilibrium unfolding
	4.10  Energy calculations of residue-level contributions to interactions across the small interface

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


