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a-Amino-f-carboxymuconate-e-semialdehyde decarboxyl-
ase (ACMSD) plays an important role in L-tryptophan degrada-
tion via the kynurenine pathway. ACMSD forms a homodimer
and is functionally inactive as a monomer because its catalytic
assembly requires an arginine residue from a neighboring sub-
unit. However, how the oligomeric state and self-association of
ACMSD are controlled in solution remains unexplored. Here,
we demonstrate that ACMSD from Pseudomonas fluorescens
can self-assemble into homodimer, tetramer, and higher-order
structures. Using size-exclusion chromatography coupled with
small-angle X-ray scattering (SEC-SAXS) analysis, we investi-
gated the ACMSD tetramer structure, and fitting the SAXS data
with X-ray crystal structures of the monomeric component, we
could generate a pseudo-atomic structure of the tetramer. This
analysis revealed a tetramer model of ACMSD as a head-on
dimer of dimers. We observed that the tetramer is catalytically
more active than the dimer and is in equilibrium with the
monomer and dimer. Substituting a critical residue of the
dimer—dimer interface, His-110, altered the tetramer disso-
ciation profile by increasing the higher-order oligomer por-
tion in solution without changing the X-ray crystal structure.
ACMSD self-association was affected by pH, ionic strength,
and other electrostatic interactions. Alignment of ACMSD
sequences revealed that His-110 is highly conserved in a few
bacteria that utilize nitrobenzoic acid as a sole source of car-
bon and energy, suggesting a dedicated functional role of
ACMSD’s self-assembly into the tetrameric and higher-order
structures. These results indicate that the dynamic oligomer-
ization status potentially regulates ACMSD activity and that
SEC-SAXS coupled with X-ray crystallography is a powerful
tool for studying protein self-association.
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The kynurenine pathway (KP)? is a central metabolic route
for degradation of the essential amino acid L-tryptophan. The
KP produces metabolites that are neurologically active and
affect neurotransmission and neuronal integrity (1-6). a-Ami-
no-B3-carboxymuconate-e-semialdehyde (ACMS) decarboxyl-
ase (ACMSD), is a Zn-dependent decarboxylase of the KP
(7-9). ACMSD removes a carboxylate group from ACMS to
form 2-aminomuconate semialdehyde (2-AMS; Scheme 1).
Both the substrate (ACMS) and the product (2-AMS) of the
enzyme are unstable and nonenzymatically cyclize to form
quinolinic acid (QA) and picolinic acid (PA), respectively (10,
11). QA, a side product of the KP, is an essential precursor to
biosynthesize the coenzyme NAD™ (NADH) (6, 12—14). How-
ever, elevated QA levels cause abnormal glutamatergic activity
leading to neuronal excitotoxicity and apoptosis (2, 5, 6). Injec-
tion of QA into healthy rats led to symptoms of Huntington
disease (15). Therefore, QA production is tightly regulated in
cells. The activity of ACMSD’s downstream neighbor, a-ami-
nomuconate-e-semialdehyde dehydrogenase, competes with
the nonenzymatic formation of PA, which has no well-estab-
lished physiological roles (16). a-Aminomuconate-e-semialde-
hyde dehydrogenase performs an unusual isomerization in
addition to its dehydrogenation (17, 18), and its human version
was recently established (19). In the bacterial 2-nitrobenzoic
acid biodegradation pathway, which borrows from the core
portion of the KP (20), the metabolites should be prevented
from leaking to QA and PA because 2-nitrobenzoic acid is the
primary source of carbon, nitrogen, and energy for those
bacteria. Additionally, QA needed for NAD " biosynthesis in
bacteria is generated from a different pathway by quinolinate
synthase from dihydroxyacetone phosphate and iminoaspar-
tate (21). Therefore, the side product QA from L-tryptophan
represents a metabolic waste in bacteria although it is essential
for NAD™ biosynthesis in mammals.

Enzymatic activity is generally regulated by several strategies
to modulate metabolite concentrations: allosteric control, feed-
back inhibition, multiple forms of stable enzyme complexes,
reversible covalent modification such as light-induced reduc-
tion (22), phosphorylation by a protein kinase, proteolytic acti-

2 The abbreviations used are: KP, kynurenine pathway; ACMS, 2-amino-3-car-
boxymuconate-6-semialdehyde; ACMSD, a-amino-3-carboxymuconate-
e-semialdehyde decarboxylase; QA, quinolinic acid; PA, picolinic acid; SEC,
size-exclusion chromatography; SAXS, small-angle X-ray scattering; NBA,
nitrobenzoic acid; 2-AMS, 2-aminomuconate semialdehyde; wtACMSD,
wild-type ACMSD; PDB, Protein Data Bank; CHES, 2-(cyclohexylamino)eth-
anesulfonic acid.
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Scheme 1. ACMSD requires dimerization for activity and competes with
the nonenzymatic decay of its substrate to QA.

vation, and controlling the amount of enzyme present. How-
ever, none of these strategies can be applied to (and they have
not been studied for) the regulation of nonenzymatically
derived side products of the KP, such as QA. ACMSD, as a
critical enzyme in the KP (9), is directly linked to the QA levels
and NAD™ homeostasis in the human body (6, 14). Inhibition of
ACMSD activity was reported to increase the NAD™ levels in
cellular and tissue systems and enhance mitochondrial function
(6, 23).

A unique feature of ACMSD is that its activity is oligomeric
state— dependent, with dimerization being required for func-
tion (24). As such, higher concentrations of ACMSD show
greater specific activity. Structural analysis of ACMSD indi-
cates that two arginine residues, Arg-51 and Arg-239* from the
neighboring protomer in the monomer—monomer interface,
are located in the active site for anchoring the substrate
(Scheme 1), and mutation of either arginine eliminates the de-
carboxylase activity, providing a rationale for the requirement
of dimeric or higher-order oligomers for catalytic activity (24).
To better understand the oligomeric state distribution of
ACMSD in solution and the protein self-association mecha-
nism, size-exclusion chromatography (SEC)-coupled SAXS
experiments were performed in this work to identify the mac-
romolecular shape of oligomeric ACMSD. SEC separation,
SAXS characterization, site-directed mutation, kinetic assays,
and crystallographic studies were conducted to investigate the
factors governing the protein self-association and oligomeric
state distribution in solution and their impact on the catalytic
activity of ACMSD.

Results

Identifying the oligomerization state of ACMSD by SEC-SAXS,
revealing a previously unknown tetrameric form in solution

Fig. 1A shows a representative SEC chromatogram of
ACMSD with a Superdex 200 column. The two major fractions
were partially separated. Based on the molecular weight cali-
bration curve (Fig. S1), these were presumably larger oligomer
and dimer states of the protein, respectively. The monomeric
form was not observed due to the retention time and high stock
concentration of ACMSD applied to the column. The separa-
tion was improved by an analytical Superdex 200 column (Fig.
S2A) and followed by SAXS characterizations (Table 1). A total
of 500 images were recorded with 1 s of X-ray exposure for
every 5 s during the elution. After data reduction and initial
inspections, Guinier analysis was applied to each frame in order

11610 J Biol. Chem. (2019) 294(30) 11609-11621

to obtain the overall dimension of the sample (i.e. the radius of
gyration (R,)) (25). Based on the flatness of the R, values in the
separation profile (Guinier R,—1(0) plot; Fig. S2B), we selected
two main fractions, which could be further processed for struc-
tural modeling. These were the major fractions at approxi-
mately image #360 and a minor fraction at approximately image
#300 (Fig. S2B). The two fractions exhibited distinct scatter-
ing profiles, as shown in Fig. 1B. Porod volume estimations
of the scattering profiles, assuming globular molecular shape
(26), indicate molecular weights of major and minor frac-
tions of 71.9 and 121 kDa (Fig. 1C), respectively. Given the
calculated molecular weight of 39.7 kDa of ACMSD, the
major and minor fractions are expected to be in the dimeric
and trimeric states, respectively.

Modeling the oligomerization state of ACMSD based on SAXS
data

The eluate before the major, dimeric ACMSD peak in Fig.
S2B (around image #300) provided stable R, values over the
chromatographic peak, indicating that overall dimension of the
sample is uniform in the region. The linearity of the Guinier
plot (Fig. S2C) of the higher oligomeric state sample (around
image #300) indicated that it is not an aggregation artifact, and
a single peak in the Kratky plot, which is often used for evalua-
tion of sample flexibility and globularity, implies a well-folded
sample (Fig. 1D). The estimated molecular weights by Porod
volume suggested a trimeric state of ACMSD in solution; how-
ever, the crystal structures of ACMSD all show extensive salt
bridges and hydrogen-bond interactions to form a dimer as the
functional unit with no obvious trimer interface (8, 24, 27, 28).
Therefore, additional macromolecular associations of ACMSD
are expected to be multiples of the dimer (e.g. tetramer, hex-
amer, octamer, etc.). Interestingly, in our SEC-SAXS experi-
ments, X-ray—induced aggregation actually decreased as the
enzyme concentration increased, which is opposite to what is
normally observed. Less aggregation may result from better-
ordered structures of the enzyme in solution during concentra-
tion. Therefore, the aggregation portion eluted from the Super-
dex 200 column was tentatively considered as higher-order
oligomers, especially because no precipitate was observed.

To further characterize the oligomeric state of ACMSD with
the higher molecular weight, theoretical SAXS curves were
generated based on given models derived from crystal struc-
tures for comparison with the experimental data. First, trimeric
and dimeric models from crystal structures were tested to
assess their agreement with the experimental SAXS data. The
theoretical SAXS curves generated from trimeric and dimeric
models did not faithfully reproduce the experimental data,
especially in the middle g range (middle scattering angle) that is
susceptible to the conformation of the sample (Fig. S3, A and B)
(29). Next, two types of tetrameric models were constructed
based on symmetry-generated neighboring dimers in crystal
structures: a head-on, tandem model and a stacked, parallel
model. Both forms were used to generate their theoretical
SAXS profile, and comparison showed that the tandem dimer
model provides the best recreation of the experimental data
(Fig. S3, Cand D).
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Figure 1. Gel filtration chromatography and SEC-SAXS of ACMSD. A, SEC separation profile of ACMSD on a Superdex 200 column. B, SEC-SAXS profile of
tetrameric (black) and dimeric (blue) states of ACMSD. C, pairwise distribution function, P(r), of the scattering profiles in B. D, Kratky plot of the tetrameric and

dimeric samples. mAU, milli-absorbance units.

Table 1
SAXS data collection and scattering-derived parameters
ACMSD ACMSD H110A
Data collection

Beamline SSRL BL4-2 SSRL BL4-2
Type of experiment SEC-SAXS SEC-SAXS
Beam defining slits size (mm) 0.3 X 0.3 0.3X0.3
Sample—detector distance (m) 1.7 2.5
Beam energy (keV) 11.4 10.1
Beam current (mA) 500 500
Exposure time per frame (s) 1 1
Frames per data set 500 500
Temperature (K) 298 298
Sample cell size (mm diameter) 1.5 1.5

Detector
SEC column

Pilatus 3 X 1M
Superdex 200 Increase PC3.2/300

Pilatus 3 X 1M
Superdex 200 Increase PC3.2/300

Sample volume (Concentration) 35 ul (4 mg/ml) 50 pul (4 mg/ml)
Flow rate (ml/min) 0.05 0.05
Guinier analysis
q X R, limit* 1.3 1.3
100) (cm ™ 1) 0.0612 = 0.0011 0.0439 = 0.0012
R, (A) 47.0 * 1.06 522 +1.95
P(r) and Porod volume estimation
Software Primus/GNOM Primus/GNOM
G A7 0.30 0.15
1(0) (cm™1), real space 0.0610 * 0.0010 0.0454 * 0.0006
R, real space (A) 48.28 *+ 0.98 55.99 = 0.84
D... (A) 175 190
Porod volume (A?) 195,000 238,000
Expected mass (kDa) 158.8 158.8
Rigid-body modeling
Software CORAL CORAL
Qe A7) 0.3 0.2
Number of runs 20 20
Ab initio modeling
Software (ab initio modeling) DAMMIF GASBOR
Software (averaging) DAMAVER DAMAVER
G A7) 0.18 0.15
Number of runs 20 20
Normalized spatial discrepancy (NSD) 0.763 * 0.038 2.272 + 0.242

“q = 4msin(0)/\, where 20 is the scattering angle.
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Ab initio modeling was performed with the experimental
SAXS curves without any template or predetermined model.
For calculations, the shape of the scattering particle was
selected as either prolate or oblate spheroids with various sym-
metries (P1, P2, P22, and P4). Density envelopes from oblate
spheroids provided irregular shapes that are not amenable to
encompassing ACMSD structures. In contrast, density enve-
lopes from prolate models are similar to the tandem-dimeric
tetramer models. The results showed that the models con-
structed with P4 symmetry provided additional envelope
details that do not agree with the structural characters of
ACMSD. However, those models made with P2 and P22 sym-
metry can contain the tandem-dimeric tetramer models with
some excess density. Finally, the envelopes from models con-
structed with P1 symmetry encompass the tandem-dimeric
tetramer models with little excess density generated by
DAMMIF (Fig. 24) (30). The excluded volume from a
DAMAVER-processed model is 264,530 A®, corresponding
to an estimated molecular weight of 132.3 kDa, which can be
assigned as tetrameric ACMSD (31). The normalized spatial
discrepancy value is 0.763 = 0.038.

Rigid-body modeling by CORAL was used as a complemen-
tary strategy to the ab initio model building (26, 32). Models
were generated by moving and rotating given subunits (usually
crystal structures) to fit experimental SAXS curves. The
CORAL modeling also included possible positions of flexible
regions, such as missing N- and C-terminal residues and flexi-
ble loops in crystal structures. First, the dimeric structure was
set as the asymmetric unit to build the tetramer ix silico using
P2 symmetry. The crystallographic monomer—monomer inter-
face was constrained during the modeling. The resulting mod-
els were clustered into three major groups with similar shapes
by using DAMCLUST (26). Among those, a tandem-dimeric
tetramer model was the most populated cluster. The major

11612 J Biol. Chem. (2019) 294(30) 11609-11621
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Figure 2. The ab initio structural model of ACMSD based on SEC-SAXS. A, the tetramer model generated by CORAL was docked into an ab initio envelope
determined with DAMMIF using no symmetry constrains. B, back-calculated scattering curve (red line) of the CORAL model overlaid with scattering curve (black
line).

cluster also showed a lower averaged x> value of 0.30 compared
with the other two clusters. In Fig. 24, the tandem-dimeric
tetramer model was fitted well with the envelope built by
DAMMIE. As a secondary strategy, the two-tandem-dimeric
tetramer model with P1 symmetry was used as the template.
The processing included additional constraints for the mono-
mer—monomer interface so that only the two dimers could
move in relation to each other to fit the experimental SAXS
data. As a result, the major cluster including tandem-dimeric
tetramer models gave similar fits with a X of 0.33. In contrast,
any other ways to pack two dimers resulted in larger x* values
(>0.5). The theoretical SAXS curve generated from the popu-
lated models fit the experimental data well (Fig. 2B). After
establishing that ACMSD does indeed have a tetrameric con-
formation, the question arises of whether or not tetrameric
ACMSD will exhibit any significantly different biological prop-
erties as compared with dimeric ACMSD.

ACMSD activity as a reporter of enzyme dynamics from
oligomer to monomer

The requirement of dimerization for activity makes the spe-
cific activity of ACMSD an experimental handle that can be
used to infer its oligomeric state (8, 28). ACMSD was initially
stored at a relatively high concentration, 100 um, to maximize
tetramer structures. The enzyme was then diluted to 30 nm for
assays, which should favor the monomer form at equilibrium
(24). Measurement of the decreasing catalytic activity after
dilution as a function of time reports on the dissociation of
ACMSD from tetramer structures to the inactive monomer.

As shown in Fig. 34, the time-dependent decrease of the
specific activity of ACMSD upon dilution cannot be well-de-
scribed by either single- or double-exponential functions. At 30
nM concentration, the specific activity of ACMSD drastically
decreased (~30%) in the first 10 min after dilution. The activity

SASBMB



Protein quaternary structure as a means to regulate activity

>

100

[0} o]
o o

Percent Activity
S

20+

1 10 100 1000

Residuals 3 exp

Residuals 2 exp

Residuals 1 exp

a O
0 & oo e

Time (min)

B

T = 2D =2 aMm - W

Figure 3. ACMSD dissociation as measured by specific activity. A, triple-
exponential fitting of the decreasing specificity activity (black squares) with
incubation time in the logarithmic scale. The fitting curves are shown as a red
line. The residuals from fitting decreasing specificity activity data with triple-,
double-, and single-exponential curves are shown as blue circles. B, proposed
dissociation phases of ACMSD. T, D, M, and W, tetramer, dimer, monomer, and
denatured protein, respectively.

Table 2

The reciprocal relaxation times of each decay phase of wtACMSD and
H110A

Protein ™ T, T3
min min min
ACMSD 0.82 = 0.25 30 =10 980 = 170
H110A 14.5 4.3 174 + 38 4890 *= 410
ACMSD with NaF 1.55 * 0.16 99 =10 7150 % 410
H110A with NaF 298 £0.18 106 = 20 5330 * 420

then decreased another ~40% within 100 min. Finally, all activ-
ity was lost over the course of ~12 h. Adequate representation
of the decay of ACMSD activity after dilution requires three
summed exponential functions with reciprocal relaxation times
provided in Table 2. After the third decay stage, the ACMSD
activity could not be rescued by reconcentration of the sample,
indicating that the third decay phase is irreversible and hence
represents the enzyme degrading or denaturing. The first two
decay stages could be interpreted as the equilibria from
tetramer to dimer and from dimer to monomer (Fig. 3B).

Analysis of the dimer-dimer interface in the SAXS model of the
tetramer

The structural models based on the SAXS data indicated that
the quaternary structure of ACMSD is a tetramer of two head-
on, tandem dimers. To better understand the model generated
from SEC-SAXS data, crystal structures of ACMSD were
reviewed to identify potential interacting residues for tetramer
formation. In our previous studies, ACMSD and its variants
were crystallized with two different space groups, C-centered
monoclinic (C2) and primitive tetragonal (P4,2,2) (24, 27, 28).
The crystal packing of ACMSD in the tetragonal space group
does not exhibit an interaction interface consistent with the
above SAXS tetramer models (Fig. 2). However, the monoclinic
space group packs with an interface similar to our SAXS-de-
rived head-on, tandem dimer model (Fig. 44). A perusal of the
residues in the dimer—dimer interface led to the identification
of residue His-110, which is involved in multiple interactions
with Ser-17, GIn-19, and Glu-20 (Fig. 4, B and C).

To investigate the role of the interaction network, His-110
was mutated to alanine to break any interactions. Deleting the
side chain of His-110 had little effect on the steady-state kinetic
parameters of ACMSD toward ACMS (Table S1); however the
H110A variant did show altered dissociation behavior as mea-
sured by specific activity. As compared with WT ACMSD
(WtACMSD), the dissociation profile of H110A still exhibits
three decay phases. However, each phase takes substantially
longer, increasing the time to reach equilibrium (Fig. 4D). In
detail, the most significant change is that the first decay phase of
H110A was elongated, and 90% activity was retained for nearly
10 min, whereas wtACMSD decreased to 60% activity over the

D
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Figure 4. Tandem dimers from ACMSD crystal structures. A, surface structures of two dimers of ACMSD (PDB entry 2HBV). Monomers in each dimer are
colored blue and pink. B, zoom-in image of the dimer-dimer interface; the interacting area is highlighted in yellow. C, residues involved in the dimer-dimer
interaction networks. D, comparison of the dissociation profiles of wtACMSD (black squares) and the mutant H110A (blue squares) as measured by specific

activity.
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Figure 5. Effect of pH and ionic strength on ACMSD oligomeric state dis-
tribution. Representative separation profiles of wtACMSD (A and B) and
H110A (Cand D) under pH 6.0 (blue line), pH 6.5 (blue dashed line), pH 7.0 (black
line), pH 7.5 (red dashed line), and pH 8.5 (red line). E and F, separation profiles
of wtACMSD and H110A under pH 7.0 with (black line) and without (black
dashed line) the addition of NaCl. mAU, milli-absorbance units.

same time period. The dissociation profile of H110A was fitted
with three exponential functions, and the decay constants are
compared with those of wtACMSD in Table 2. All of the decay
constants of H110A are greater than wtACMSD, especially the
first decay phase (18-fold), indicating elongation of the dissoci-
ation periods of the three phases. The H110A variant was antic-
ipated to break the interaction networks in the dimer—dimer
interface and was expected to show different dissociation
behavior than wtACMSD. However, the observation of a seem-
ingly more stable tetramer is opposite to our expectation. A
more complicated mechanism for tetramer formation may
need to be considered in ACMSD. Thus, we investigated other
factors that may contribute to the oligomeric state distribution
of the protein.

The effect of pH and ionic strength on ACMSD oligomeric state
distribution

The influence of pH and ionic strength on the distribution of
oligomeric states of ACMSD were investigated by SEC, which
were performed on a Superdex 200 column. The buffer pH
ranged from 6.0 to 9.0 with various buffer systems (see “Exper-
imental procedures” for more details), which included 150 mm
NaCl to maintain similar ionic strengths.

The separation profiles of wtACMSD and H110A are shown
in Fig. 5 and Fig. S4. Three distinct fractions were observed,
which represent different oligomeric states. Based on the
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Figure 6. An ab initio model of H110A derived from the SAXS profile
fitted with a CORAL model (most populated volume). Red line, back-calcu-
lated scattering curve of the CORAL model.

molecular weight estimation from the SEC-SAXS results (Fig.
1), higher-order states (i.e. larger than tetramer) elute at a
retention volume of 44 ml, tetramer at 54 ml, and dimer at 75
ml. Due to the relatively high concentration of ACMSD (100
M) loaded to the column, no monomer peak was observed. At
pH 7.0, 150 mMm NaCl, wtACMSD was found mostly present as
higher-order oligomers. For other pH values, the overall sepa-
ration profiles are similar to each other and show a mixture of
states, with the tetramer form being preferred (Fig. 5, A and B).
The preference to form higher-order structures only at pH 7.0
may reflect an experimental pl value for ACMSD, whereas its
theoretical pl value is 5.6. In contrast, the higher-order oli-
gomer was the major fraction for H110A in the pH range
between 6.0 and 7.5 (Fig. 5, C and D). The tetramer form
became the predominant species only at pH 8.0 and above.

Over the pH range from 6.0 to 9.0, increasing ionic strength,
especially at low and neutral pH values, shifted the equilibrium
composition to prefer higher-order states for wtACMSD (Fig.
S4). These observations suggest that hydrophobic interac-
tions are a significant contributor to oligomer formation.
Moreover, the most pronounced effect on the separation pro-
file of wtACMSD occurs at pH 7.0 (Fig. 5E). Under low ionic
strength, wtACMSD was observed as 32.5 = 1.6% tetramer and
65.1 = 5.0% dimer, whereas at higher ionic strength, the tetra-
meric and higher-order oligomers accounted for nearly all
(>90%) of the ACMSD observed (Table S2). In contrast, at
pH 7.0, the majority (~80%; Fig. 5F) of H110A was present as
higher-order structures, even with low ionic strength. Also,
despite very similar compositions at pH 7.0 with 150 mm NaCl,
wtACMSD and the H110A variant showed opposite trends
upon lowering the ionic strength. For wtACMSD, lowering the
ionic strength led to dissociation, whereas for H110A, it led to
increased subunit association to higher-order states. These
data indicate that the His-110—involved interaction network
may play a role in the distribution of tetramer and higher-order
states, especially with respect to pH and ionic strength. It
should also be noted that apo-ACMSD (the metal-free form)
was unable to form any higher-order structure and was
observed as exclusively in the dimeric form by gel filtration
under the same conditions (Fig. S5).
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Figure 7. Crystal packing of wtACMSD and H110A. A, previously pub-
lished wtACMSD crystallized in the monoclinic space group (C121, PDB
entry 2HBV) (1). B, wtACMSD crystallizes under new conditions (see
“Experimental procedures”) in the orthorhombic space group (€222,, PDB
entry 6MGS). C, H110A under the same conditions as in B crystallized in the
tetragonal space group (P4,2,2, PDB entry 6MGT). Unit cells are shown as
gray boxes, asymmetric units are marked by color, and chain B for wtAC-
MSD in B is shown at 50% transparency for clarity. His-110 or Ala-110 is
highlighted in yellow.

SAXS modeling of H110A tetramer

The tetramer model of ACMSD H110A was also investigated
by performing SEC-SAXS experiments at various pH values for
comparison with the tetramer model of wtACMSD. Due to the
presence of higher-order oligomers, no reasonable SAXS
curves were obtained below pH 7.5. At pH 8.5, H110A showed
consistent R, values around the tetramer range. The Porod
volume- estimated molecular weight was 148.8 kDa, suggesting
the tetrameric state. After modeling with GASBOR, the popu-
lated envelope of H110A is a prolate shape capable of enclosing
two-tandem-dimeric tetramer (Fig. 6), which is similar to the
envelope of wtACMSD. These results suggest similar quater-
nary structures of wtACMSD and H110A even under different
pH environments.

Effect of ionic strength on the dissociation of ACMSD

To test the effect of ionic strength on the dissociation
profile, the dissociation assays of wtACMSD and H110A
were also performed with increased ionic strength (from 5 to
39 mmMm) by adding 33.8 mMm NaF. As shown in Table 2, the
dissociation profile of ACMSD under higher ionic strength
still required three exponential functions for fitting. The first
and second decay constants of wtACMSD (7; and T,)
increased by 2-fold, and the third decay constants (7;)
increased ~10-fold, suggesting that increasing the ionic
strength (7.8-fold) slows down the transition from tetra-
meric to dimeric state and enhances the protein stability. In
contrast, the first and second decay constants for H110A
decreased about 4.9- and 1.6-fold (Table 2) upon increasing
ionic strength. These values are more similar to those
observed from wtACMSD. Overall, these results can be
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Figure 8. The conservation of His-110-containing segment in ACMSD.
The nonredundant sequences’ BLAST of ACMSD was performed across all
organisms, and the alignment results were shown by the Weblogo motif (top)
(74), in prokaryotes (taxid 2; middle), and in selected strains (bottom) capable
of degradating nitrobenzoic acids, including Achromobacter, Ralstonia, Pseu-
domonas, Cupriavidus, Paraburkholderia, Herbaspirillum, Caballeronia, and
Duganella.

understood by recognizing that increasing ionic strength
promotes tetramer formation for both wtACMSD and
H110A. Therefore, the increased ionic strength is expected
to extend wtACMSD dissociation by increasing the fraction
of protein in tetramer and higher-order states at the start of
the assay and decrease the relaxation times for H110A by
decreasing the fraction of enzyme present in higher-order
states.

Crystal structure differences of WT and H110A ACMSD
proteins

Attempts to crystallize the H110A variant with reported
crystal conditions for ACMSD were unsuccessful. However, we
were able to crystallize both H110A and the WT protein under
a new condition, and X-ray crystal structures were solved to
resolutions of 2.77 and 3.15 A, respectively (Table S3). The
overall structures of wtACMSD and H110A are nearly identical
to the published wtACMSD structures, with root mean square
deviation values of 0.340 and 0.257 A for all Caatoms aligned in
these structures, respectively. The wtACMSD shows a different
space group (C222,), under the new crystallization conditions
with three molecules per asymmetric unit, whereas H110A
crystallizes in the tetragonal (P4,2,2) space group with two
molecules per asymmetric unit. After examining the neighbor-
ing units of wtACMSD, the packing manner is similar to
monoclinic wtACMSD (PDB entry 2HBV) (Fig. 7A), and the
potential tetramer-forming interface that includes His-110 is
retained (Fig. 7B). However, the His-110—involved interacting
network and tetramer-forming interface are not found in the
H110A structures (Fig. 7C). The different packing behaviors under
the same crystallization conditions between wtACMSD and
H110A support an essential role for His-110 at the dimer— dimer
interface.

Sequence conservation of the dimer- dimer interface

Alignment of nonredundant sequences of ACMSD shows
that His-110 is not conserved across all organisms. Histidine is
the third most popular amino acid at the 110-position, with
nine common residues observed (Fig. 8). In contrast, histidine is
partially conserved in prokaryotes as the most abundant resi-
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due at position 110, with tyrosine, phenylalanine, and alanine as
alternatives. Moreover, a few selected strains of prokaryotes
exhibited relatively high conservation of His-110: Achromobac-
ter, Ralstonia, Pseudomonas, Cupriavidus, Paraburkholderia,
Herbaspirillum, Caballeronia, and Duganella (Fig. 8). Among
the selected strains, in addition to Pseudomonas, several strains
from Achromobacter (33), Ralstonia (34), and Cupriavidus (35)
have been reported to utilize the nitrobenzoic acid (NBA) path-
way as their sole source of carbon and energy, making the activ-
ity of ACMSD essential in those strains.

Discussion
Oligomeric state dictates the specific activity

ACMSD dissociation can be measured as a function of time
by following the decrease in specific activity after dilution. Like-
wise, similar cases are known in other enzymes. For instance,
dihydroorotate dehydrogenase A is also only active as a dimer
by the interaction of two neighboring subunits (36). However,
the loss of dehydrogenation activity upon dilution as a function
of time can be fitted to a single decay phase with a reciprocal
rate of ~42 min. In contrast, ACMSD unexpectedly exhibited
three decay phases during protein dissociation (Fig. 3). The
monomeric form is catalytically inactive. The dimeric form of
ACMSD is required for decarboxylation activity due to the two
essential arginine residues in the active site, with one from the
neighboring subunit. The dimer is formed by hydrogen bond-
ing and salt-bridge networks at the monomer-monomer inter-
face (24). The dissociation of a dimeric protein is only expected
to take, at most, two phases, from dimer to monomer and pro-
tein degradation. Considering the given tetramer model in Fig.
2, one potential explanation is that in addition to dimerization
being required for ACMSD activity, a tetrameric state may have
higher specific activity than the dimer. In such a case, the first
phase would represent maximally active tetramer structures
disassociating to partially active dimers; the second phase
would represent partially active dimers equilibrating with inac-
tive monomers, with the eventual loss of all activity in the third
phase as all of the enzyme degrades or denatures. Therefore, an
important question arises as to why the tetrameric (or higher-
order) form exhibits higher specific activity than the dimeric
form.

A new insight for half-of-sites reactivity in homodimeric
enzymes

Half-of-sites reactivity is a general phenomenon in enzymol-
ogy reported in numerous homodimeric proteins (37-44). The
homodimeric crystal structures of ACMSD invariably show
one active site being well-ordered and another somewhat dis-
ordered, making ACMSD a candidate for half-of-sites reactivity
(8, 24, 27, 28). However, the rationale for this phenomenon
remains elusive (39, 44, 45). We revisited the 10 published crys-
tal structures of ACMSD and mutants (8, 24, 27, 28) and com-
pared each with the structures determined in this work to
investigate the possible reason. Mutation of active-site residues
of ACMSD did not affect the quaternary structures (24, 27).
The averaged B-factor values were summarized in Table S4. In
the four structures that refined at a relatively high resolution
(1.65-2.00 A), the averaged B-factor value of residues in one
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monomer (chain B) is ~1.5-fold higher than the other mono-
mer (chain A). Additionally, the poor density maps of residues
in chain B with the resolution of ~3 A indicate that the residues
in chain B are less ordered than chain A (28). The other six
structures with a tetragonal space group have relatively low
resolution (>2.40 A). Although the overall B-factor values are
high (>50 A?), the averaged B-factor of chain B is ~10 A>
higher than that of chain A. Therefore, it is possible that in the
dimeric state, only one of the active sites in ACMSD is well-
ordered, and the well-ordered site performs more efficiently.
We hypothesize that tetramer and higher-order forms of
ACMSD may stabilize both active sites of each dimer, leading to
higher specific activity in higher oligomeric states. This under-
standing may provide a novel insight into the half-of-sites reac-
tivity because the enzymes would have room to increase their
activity, if needed, by increasing the ratio of homotetramer
under certain circumstances, so that the enzymes do not always
operate at maximum capacity.

It should be noted that the concentrations used for in vitro
studies may not be reflective of concentrations in the cell. How-
ever, the cellular environment is much more viscous and
molecularly crowded than a dilute buffer solution. As such,
effects that are only observable at relatively high protein con-
centration in vitro may occur at much lower concentrations in
vivo.

Protein self-association and the quaternary structures of
ACMSD in solution revealed by SEC-SAXS

The published ACMSD structures show two different
space groups for packing, monoclinic and tetragonal, which
may result from different packing during crystallization.
Therefore, it is of interest to illustrate what the quaternary
structure of ACMSD is in solution. Previous studies have
shown that SAXS is an ideal tool to understand not only the
molecular size but also the quaternary structures and shapes
in the solution state, which is more similar to the physiolog-
ical environment (32, 46, 47), especially combined with high-
resolution structures from X-ray or cryo-EM (48). SAXS
coupled with size-exclusion chromatography would increase
the data quality by increasing the homogeneity of samples
because the macromolecules might have various states in
solution (49, 50). Fig. 2 shows the tetrameric form of
ACMSD as two tandem, “head-on” dimers. Combined with
published and new crystallography data, an interaction net-
work involving His-110 is illustrated at the dimer—dimer
interface to form a tetramer. Because of the long distance
from the active site, mutating His-110 to alanine had little
effect on the steady-state kinetic parameters of ACMSD
(Table S1). However, the dissociation profile of H110A
shows elongation of all three dissociation phases. As shown
in Fig. 5, H110A presents a higher percentage of higher-
order oligomers than wtACMSD. The higher-order portion
would take more time to dissociate to dimer and monomer.
Therefore, the three decay constants are increased com-
pared with those in wtACMSD. There is no current rationale
to preclude the elongation of tandem-dimeric tetramers of
ACMSD with the same dimer— dimer interaction, resulting
in higher-order oligomeric states (more than tetramer).
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Such a phenomenon would explain the observation of
ACMSD species eluting before the tetramer during the SEC
separation (Fig. S24).

pH and ionic strength presenting major impact on the
oligomeric state distribution

As might be expected, pH and ionic strength are both essen-
tial parameters that affect the oligomerization status of
ACMSD, presumably by controlling protonation state of the
charged residues of the subunit—subunit interface. In the case
of ACMSD, the oligomeric state distribution of the native pro-
tein and the H110A mutant are entirely different under lower
pH values but similar when the pH is above 8.0 (Fig. 5). Under
higher pH values, the side chain of His-110 is deprotonated, and
its interaction with surrounding residues becomes weaker, so
deletion of His-110 becomes less important to the oligomeric
state distribution under an alkaline environment. The similar-
ity of the envelope shapes between H110A at pH 8.5 and
wtACMSD at pH 7.0 suggests similar tetrameric structures
between alkaline and neutral environment with or without
mutating His-110. Another interaction mechanism may exist
to maintain the tetramer state under alkaline conditions. In
contrast, under lower pH values, there is a considerable
tetramer portion of wtACMSD, whereas higher-order oligo-
mers are the major portion of H110A. Therefore, deleting the
side chain of His-110 results in a much larger portion of higher-
order oligomeric states and less tetramer compared with
wtACMSD. The results indicate that the protonated form of
His-110, interacting with Ser-17, Gln-19, and Glu-20, is essen-
tial to maintain the tetrameric form of ACMSD below pH 7.

Several similar findings were reported recently (51-56). The
voltage-dependent anion channel, the most abundant protein
in the outer mitochondrial membrane, plays an essential bio-
logical role by exchanging ions and metabolites. Double
electron—electron resonance spectroscopy and MS results
indicate that the dimerization is pH-dependent primarily due
to the protonation of Glu-73, which may be necessary for mito-
chondrial metabolic regulation and apoptosis as a response to
cytosolic acidification during cellular stress (51). In another
case, 2-Cys peroxiredoxins play a role in controlling the intra-
cellular levels of H,O, under oxidative stress conditions.
Decreasing pH protonates His-113 to stabilize the doughnut-
like decamer by interacting with Asp-76 (53), which is linked to
the enzymatic activity and signaling (55). The dendritic cell
specific protein DC-SIGN receptor recognizes glycosylated
proteins and is involved in the early stages of numerous infec-
tious diseases (54). Its extracellular domain exists in a mono-
mer—tetramer equilibrium that is responsive to both pH and
ionic strength. The nearby unique extended neck domain iden-
tified by SAXS is illustrated as a pH-sensor. In some instances,
the stability of proteins is regulated with pH and ionic strength
of the environment by changing their oligomeric states. The
dimeric human small heat shock protein HSBP1 dissociates
with decreasing pH, related to protonation of a histidine on the
dimer interface (52). A nonnative secondary structure in equi-
natoxin IT is induced by increasing ionic strength, decreasing its
heat stability (56). Heterogeneous protein—protein interactions
may be influenced by pH, which affects the charge states of
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residues on the interaction interface. ERp44 is a multifunc-
tional chaperone in the early secretory pathway (57). Structural
evidence indicates that the histidine-clustered region, located
on the interface between ERp44 and its clients, involves a sig-
nificant rearrangement to enlarge the positively charged
regions for the clients binding at low pH compared with neutral
pH. The pH-dependent association between ERp44 and its cli-
ents induced by the protonation of His and Cys, explains how
ERp44 transports clients from acidic Golgi into the neutral
endoplasmic reticulum.

We found that increasing the ionic strength of the buffer
increased the fraction of ACMSD in the tetramer form between
pH 6.0 and 7.5 (Fig. S4). Instead of an electrostatic interaction,
hydrophobic interactions most likely explain the salt-induced
oligomerization of ACMSD. In contrast, it is reported that the
active monomer conformation of protein kinase CK2 is regu-
lated by a self-polymerization to form inactive oligomers (58).
The driving force of the oligomerization, in that case, is the
electrostatic interaction from charged residues between two
neighboring subunits. Increasing the ionic strength (0.5 M
NaCl) disrupted the electrostatic interaction and resulted in the
active conformation of CK2.

Moreover, the estimated molecular weight of tetramer
fractions, based on the retention volume, is 550 kDa, ~3-fold
larger than the expected molecular weight of tetramer (158.8
kDa). The tetramer was modeled as a prolate-shaped,
head-on dimer of dimers by SEC-SAXS. It is possible that the
Superdex 200 column recognizes the tetrameric ACMSD as
spherical molecules with the diameter of the long axis, which
certainly are much larger molecules. Therefore, the tetra-
meric portion elutes earlier, resulting in an overestimated
molecular weight.

Potential contribution of the quaternary structure of ACMSD
in nitrobenzoic acid degradation

Nitrobenzoic acids are a relatively nascent environmental
contaminant and resistant to biodegradation (59). Neverthe-
less, the broad applications of nitroaromatic compounds made
them a prime candidate as a food source for bacteria that
can tolerate and metabolize them (60). The tryptophan—
kynurenine pathway, where ACMSD is located, was adapted to
degrade NBA in bacteria such as Pseudomonas fluorescens
strain KU-7 (61). Moreover, several strains from Achromobac-
ter (33), Ralstonia (34), and Cupriavidus (35) were reported to
utilize nitrobenzoate as the sole carbon and energy source, and
they show relatively high conservation of His-110, implying
higher probabilities for formation of more catalytically active
tetramers. In other words, the biodegradation of NBA might
require the higher specific activity of ACMSD that was partially
regulated by the His-110 —involved network, especially at lower
pH, to guide the metabolic pathway to generate energy without
side products in those bacteria. Considering that His-110 helps
to stabilize the tetrameric form of ACMSD, especially at low pH
and high ionic strength, it may be an adaptation for some bac-
teria that utilize NBA as their source of carbon, nitrogen, and
energy.
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Conclusion

In this study, the quaternary structure and its relation to
activity in ACMSD were found to be surprisingly complex in
solution. Although the dimer is the active unit, tetramer and
higher-order structures show higher specific activity, and the
distribution of oligomeric states is sensitive to the pH and ionic
strength. A solution structure of a new ACMSD tetrameric
state is described from an extensive SEC-SAXS study coupled
with X-ray crystallography, and His-110 was found to be
involved in regulating tetramer formation, especially at lower
pH. The differential conservation of His-110 also provides
potential new insight into the evolution of bacteria capable of
efficiently degrading nitrobenzoic acids. These findings have
broad implications in understanding the mechanism of protein
self-association and the general half-site reactivity phenome-
non in homodimeric enzymes.

Experimental procedures
Protein preparation

The expression and purification strategy of ACMSD
(GenBank™ accession no. Q83V25) from P. fluorescens KU-7
was described in a previous publication (24). In brief, the
recombinant Escherichia coli BL21 (DE3), harboring plasmid
pET16b-ACMSD, was induced by 0.5 mm isopropyl B-p-thio-
galactoside when the Ay, reached 0.6. After cell disruption, the
lysate was centrifuged to remove cell debris and loaded on a
nickel-nitrilotriacetic acid column. Unbound proteins were
washed by buffer containing 50 mm NaP;, 20 mm imidazole, and
300 mMm NaCl, pH 8. Finally, ACMSD was eluted by the buffer
with 100 mMm imidazole and desalted with the buffer containing
25 mm HEPES, pH 7.0.

SAXS data collection and initial analysis

SEC-SAXS (online SEC coupled to SAXS) data for ACMSD
were collected at the SSRL beamline 4-2 (62). Experimental
details and structural parameters are summarized in Table 1.
Briefly, the two-tandem analytical Superdex 200 columns were
used for the SEC-SAXS experiments and equilibrated with the
running buffer containing 25 mm HEPES, pH 7.0, 5 mm DTT.
ACMSD (4 ml'min ') was injected into the SEC column with
a flow rate of 0.05 ml/min. A total of 500 images were
recorded with 1-s exposure in every 5 s. The first 100 images
prior to the column void volume were used for blank images.
Data reduction and initial analysis were performed using
SECPipe, a real-time data processing and initial analysis
pipeline at SSRL beamline 4-2 (https://www-ssrl.slac.
stanford.edu/smb-saxs/content/documentation-software-
secpipe).> Guinier analyses were performed on each SAXS
profile of the eluted fractions using the program AUTORG
(25), which is implemented in SECPipe. After assessing data
quality (e.g. radiation damage of sample and cleanness of
sample cell), SAXS profiles of interest were selected in the
region having consistent R, values in the Guinier R,—1(0)
plot (Fig. S2B).

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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SAXS modeling

Ab initio modeling was performed to predict solution struc-
ture of ACMSD using the program DAMMIF or GASBOR (63).
Twenty independent ab initio envelopes were generated with
respect to each symmetry operation (P1, P2, P22, or P4). The
program DAMCLUST (26) was used to find and eliminate unre-
alistic outliers for further averaging by the program DAMAVER
(31), as necessary. Overall, all of the generated envelopes with
different symmetries give reasonable fits with the experimental
SAXS curve.

Rigid-body refinement was utilized to build tetrameric mod-
els of ACMSD (20 independent runs) by using the program
CORAL (64) with the crystal structure (PDB entry 2HBV) as
individual initial models. The representative model was selected
using the program DAMCLUST. The program CRYSOL was
employed to generate the theoretical SAXS profile of the model for
curve fitting with experimental data (65). UCSF Chimera (66) was
used to manually fit the structural models with the ab initio
envelope.

Site-directed mutagenesis for validation

The H110A mutant was constructed by the PCR overlap
extension mutagenesis method. The plasmid pET16b contain-
ing acmsd was used as a template. The forward primer for
H110A was 5'-GCTCTGGAGTTTGCGGCGGCGAATCCT-
CAGCGCATTAAG. The mutated plasmids were verified by
DNA sequencing. The expression and purification strategy of
the mutant was the same as for wtACMSD (24).

Kinetic assay of ACMSD

The substrate of ACMSD, ACMS, was generated by cata-
lytic insertion of oxygen into 3-hydroxyanthranilic acid by
3-hydroxyanthranilic acid dioxygenase (7, 67). The enzy-
matic activity was measured by monitoring the decrease in
absorbance of ACMS at 360 nm (€54, = 47,500 cm ™' M~ "),
320 nm (€35, = 9600 cm ™' M~ '), or 310 nm (e;,, = 5335
cm ™' M~ ') at room temperature with an Agilent 8453 diode-
array spectrophotometer.

Dissociation of ACMSD as measured by activity

ACMSD at a stock concentration of 100 um was diluted in
HEPES buffer to a final concentration of 30 nm. The specific
activity of the diluted enzyme was then monitored as a function
of time by taking aliquots at regular intervals and monitoring
the decreasing absorbance of ACMS at 320 or 310 nm. The
resulting dissociation profile was fitted with multiple exponen-
tial functions as follows,

A=A + A + Ae™B (Eq.1)

where A, is the percentage of specific activity at time x over the
highest activity at the starting point, ¢, is the decay constant, and
A, is the amplitude on each decay phase i.

Analysis of the oligomeric states by size-exclusion
chromatography

The calibration curve was obtained by using a standard pro-
teins kit from Sigma-Aldrich (MWGF200-1KT), including
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B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albu-
min (66 kDa), carbonic anhydrase (29 kDa), and cytochrome ¢
(12.4 kDa). Each protein was eluted from the HiLooad 16/600
Superdex 200 with the recommended buffer containing 50 mm
Tris-HCI, pH 7.5, and 100 mm KCl and recorded as an elution
volume (V). Blue dextran was used to determine the void vol-
ume (V,). The molecular weight in log scale was plotted as a
function of V,/ V.

The oligomers of ACMSD were separated by using a Super-
dex 200 column under various buffers, including sodium phos-
phate (pH 6.0-6.5), HEPES (pH 7.0-8.0), Tris (pH 8.5), and
CHES (pH 9.0), with and without the addition of 150 mm NaCl.
The separation profiles were obtained with an AKTApurifier.
The separation profile of wtACMSD at pH 8.5 was analyzed
with UNICORN version 5.11 (Fig. 5B). The three eluted por-
tions, higher-order oligomers, tetramer, and dimer were sepa-
rated by drop lines, and the area under their respective curves
was integrated with the unit mI'mAU. The percentages of each
portion were calculated based the integrated area and listed in
Table S2. Then the same procedure was used to analyze the
separation profiles under other conditions mentioned in the
legends to Fig. 5 and Fig. S4. The results were summarized in
Table S2.

Crystallization of WT and H110A ACMSD proteins

ACMSD H110A was not able to be crystallized with the
reported conditions. After screening, a new condition contain-
ing 8% (v/v) Tacsimate™, pH 6.0, and 20% (w/v) PEG 3350 was
identified, which was able to produce crystals for both H110A
and wtACMSD. The X-ray diffraction data sets were collected,
processed, and scaled by HKL-2000 (68) at the Stanford Syn-
chrotron Radiation Lightsource, SLAC National Accelerator
Laboratory. The structures of both H110A and wtACMSD
were solved by molecular replacement using wtACMSD (PDB
entry 2HBV) as the template and refined with Phenix version
1.10.1 (69) and Coot version 0.8.3 (70). The wtACMSD data set
was processed with a diffraction anisotropy server (71) before
modeling due to its anisotropic character. Structural packing
figures were drawn with PyMOL 1.8.6.0 (72).
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