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ABSTRACT: The pyridoxal S'-phosphate-binding protein Dimer PLPON o o N
(PLPBP) is an evolutionarily conserved protein linked to [\ Monomer H%AO’PB- )
pyridoxal 5’-phosphate-binding. Although mutations in PLPBP \ / Py

were shown to cause vitamin B6-dependent epilepsy, its cellular

role and function remain elusive. We here report a detailed
biochemical investigation of human PLPBP and its epilepsy-
causing mutants by evaluating stability, cofactor binding, and
oligomerization. In this context, chemical cross-linking
combined with mass spectrometry unraveled an unexpected
dimeric assembly of PLPBP. Furthermore, the interaction
network of PLPBP was elucidated by chemical cross-linking
paired with co-immunoprecipitation. A mass spectrometric
analysis in a PLPBP knockout cell line resulted in distinct
proteomic changes compared to wild type cells, including upregulation of several cytoskeleton- and cell division-associated
proteins. Finally, transfection experiments with vitamin B6-dependent epilepsy-causing PLPBP variants indicate a potential role
of PLPBP in cell division as well as proper muscle function. Taken together, our studies on the structure and cellular role of
human PLPBP enable a better understanding of the physiological and pathological mechanism of this important protein.
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yridoxal S’-phosphate (PLP) is a versatile cofactor

enabling the catalysis of a plethora of chemical reactions,
including decarboxylation, transamination, and racemization.
Because many essential cellular processes, such as glucose,
lipid, and amino acid metabolism, are driven by PLP-
dependent enzymes (PLP-DEs),”” the functional assignment
of uncharacterized members remains an important but so far
very challenging task. For example, the human PLP-binding
protein (PLPBP; previously proline synthase cotranscribed
homologue, PROSC) was first described in 1999 and was
demonstrated to be ubiquitously expressed in many tissues.”
Although PLPBP is highly conserved with orthologs occurrmg
across all domains of life, including plants and bacteria,” its
exact cellular function is not defined. Although the protein
binds PLP, no enzymatic activity toward any of the 20
proteinogenic amino acids, the main substrates of PLP-DEs,
and their corresponding p-enantiomers was detected.” Instead,
a role in PLP homeostasis was postulated as knockouts (KOs)
of PLPBP orthologs, leading to 1ncreased pyridoxine toxicity in
Escherichia coli® and cyanobacteria.” The reported pyridoxine
toxicity, as well as increased valine secretions caused by the KO
of the E. coli ortholog (yggS), can be complemented by human
(PLPBP), yeast (YBL036C), and Bacillus subtilis (ylmE)
variants, suggesting a largely conserved role.”® While the
protein is dispensable in several organisms, including E. coli,>®
cyanobacterium Synechococcus elongates (pipY),” zebrafish
(plpbp), and human cancer cell lines,” it is essential in
Pseudomonas aeruginosa (PA0394)'° and possibly in other

-4 ACS Publications  © 2019 American Chemical Society

254

pathogenic bacteria like Helicobacter pylori (HP_039S) and
Staphylococcus aureus (ylmE).*"" Human recombinant PLPBP
has been reported to largely consist of monomers and a small
amount of dimer."” Crystal structures are available for yeast'
and some bacterial orthologs,s’14 which support a monomeric
state with a solvent-exposed cofactor. Because mechanisms of
cofactor transport within the cell are still unknown, it was
hypothesized that PLPBP could be involved in delivering PLP
to apo-forms of vitamin B6-binding proteins.”*">

Mutations in human PLPBP have been linked to vitamin B6-
dependent epilepsy (VitB6-EP).*”'*'” In addition, PLPBP
functions as a tumor suppressor gene in hepatocellular
carcinoma (HCC)-derived cell lines.'® KO studies suggest
that PLPBP affects mitochondrial metabolism in yeast and
leads to a significant reduction of systemic PLP and PL
concentrations as well as altered amino acid levels in zebrafish.”
Bacterial orthologs have been demonstrated to cluster with
genes involved in cell division,”” and an analysis of KO cells
indicates a putative role in amino acid homeostasis,”~” which is
in line with observations in zebrafish.” Although PLPBP-
deficient HEK293 cells have been shown to display decreased
PLP and increased PNP levels, there is no information on
proteomic changes caused by a PLPBP KO. Moreover, the
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Figure 1. Properties of recombinant human PLPBP. (A) The main oligomeric state of tag-free PLPBP is dimeric, with a small fraction of monomer
according to size-exclusion chromatography (SEC; preparative scale). (B) Preincubation of monomeric PLPBP with either excess PLP and
separation in buffer without PLP (+/—) or in buffer containing PLP (+/+) or preincubation and separation in the absence of PLP (—/—; analytical
scale; retention volume of dimer: approximately 13.82 mL). (C) UV/vis spectra of PLPBP monomer and dimer display characteristic absorbance
peaks corresponding to the internal aldimine. Peak intensities resulting from the enolimine (4, &~ 336 nm) and ketoenamine (4, & 425 nm)
forms of the internal aldimine were different for both monomers and dimers at equal concentrations (P = OPO;>").>' (D) Tandem MS (MS/MS)
spectra identifying the PLP-binding site of PLPBP (K47) with corresponding score and posterior error probability (PEP; false discovery rate, FDR
< 0.01). (E) Incubation with 10 mM of the PLP-binding antibiotic p-cycloserine (DCS) leads to almost complete displacement of PLP from
monomeric PLPBP, whereas 50 mM DCS was required for the PLPBP dimer (P = OPO,*>").*> (F) Analysis of PLPBP by chemical cross-linking
combined with mass spectrometry (XL-MS) utilizing the DSSO cross-linker (left). Cross-links solely occurring in the dimer peak after treatment
(right, two independent samples (50- and 100-fold excess DSSO) with two fragmentation strategies each, FDR < 0.01) served as restraints for
molecular docking of two PLPBP monomers (derived from SWISS-MODEL"® using the yeast ortholog as template, PDB 1B54'*) using
HADDOCK™ to generate a dimer model (center). Median Ca—Ca cross-link distances are all within the maximum distance span of DSSO (35
A). Lysine residues involved in cross-linking contacts are highlighted cyan, and the PLP binding site is colored orange.

cellular interaction partners of human PLPBP are unknown. two PLP-DEs important for H,S production and upregulation
Therefore, although possible cellular roles of PLPBP have been of cytoskeleton-associated proteins. Finally, the transfection of
discussed, a clear picture of its functions still remains elusive. the KO cell line with VitB6-EP-associated mutants revealed

Here, we elucidate the oligomeric state of human PLPBP via insights into pathological phenotypes, including alterations in
chemical cross-linking combined with mass spectrometry (XL- the expression of proteins essential for cell division and muscle
MS). In contrast to previous observations, our data reveal that function.

the protein is predominantly dimeric, shielding the cofactor

from the environment. Furthermore, we investigated the B RESULTS AND DISCUSSION

oligomerization behavior as well as the stability of mutants Unusual Oligomerization Properties of Human
causing VitB6-EP where we observed significant differences PLPBP. In order to access human PLPBP for functional
among the variants. To gain deeper insights into its functional studies, we expressed and purified Strep-tag or tag-free
role, we performed in situ chemical cross-linking followed by recombinant human PLPBP. Size-exclusion chromatography
co-immunoprecipitation (cross-link/co-IP)'” and unraveled (SEC) revealed that the protein independent of the presence
proteins associated with cytoskeleton organization as inter- of the affinity tag is predominantly dimeric even under
action partners. Moreover, a PLPBP KO human cell line reductive conditions excluding the role of disulfide bonds in
results in signature proteome changes with downregulation of this process (Figures 1A and S1A).”" This observation differs
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Figure 2. Impact of pathogenic mutations on PLPBP cofactor binding, stability, and oligomerization. (A) Localization of mutated residues (blue)
on the human wild type PLPBP model structure (derived from SWISS-MODEL”? using the yeast ortholog as template, PDB 1B54'%). The PLP-
binding site (K47) is colored orange. (B) Intact-protein MS of WT and mutants after reduction with NaBH,. (C) Intact-protein MS of V45D and
R241Q mutants after incubation with a 4-fold molar excess of PLP followed by NaBH, reduction. (D) UV/vis spectra of PLPBP WT and mutants.
(E) Thermal stability of PLPBP WT and mutants in the absence or presence of PLP (20-fold molar excess). (F—I) Analytical size-exclusion
chromatograms of WT, R241Q, R41Q, and V45D mutants under reductive conditions, respectively.

from previous results postulating that human PLPBP largely
exists as a monomer with only a minor fraction of dimer
present.'” A possible explanation could be differences in
expression strains and purification strategies that might have
affected the monomer-to-dimer ratio. For instance, we here
applied Strep-tag affinity purification, whereas previous studies
applied immobilized metal affinity chromatography (IMAC).
In addition, we performed SEC directly after affinity
chromatography to separate the monomer and dimer as well
as remove the aggregated protein. However, the isolation of
the separated monomer and dimer peaks and reanalysis by
size-exclusion chromatography did not affect oligomerization,
indicating that both species are stable and not in rapid
equilibrium (Figure S1B and C). Furthermore, dimerization
was not dependent on the addition of PLP (Figures 1B and
S1D). We confirmed that both the monomeric and dimeric

256

species bind PLP by high-resolution MS (MW = 33684 Da
with Strep-tag, MW = 30479 Da without tag) and UV/vis
spectroscopy, where both displayed the characteristic internal
aldimine peaks (A, ~ 336 nm and A, ~ 425 nm,”' Figure
1C). Lys47 was determined the PLP-binding site of PLPBP via
liquid chromatography combined with tandem MS (LC-MS/
MS) analysis after reduction of the PLP adduct to the
secondary amine using NaBH, (Figure 1D).

Because yeast (PDB 1B54)" and several other bacterial
PLPBP orthologs are monomeric proteins,'* a predominantly
dimeric species suggests a characteristic property and possibly
indicates an additional evolved function or special regulatory
mechanism of human PLPBP. In monomeric PLPBP orthologs
like E. coli YggS (PDB 1W8G) the cofactor is solvent
exposed.'* In order to compare the solvent accessibility of
human dimeric and monomeric PLPBP, we incubated both
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Figure 3. Cross-link/co-IP against human PLPBP from HEK293. (A) Combined cross-link/co-IP workflow applying the membrane-permeable
DSSO cross-linker on intact cells prior to lysis and pull-down. Enriched proteins were digested and measured by LC-MS/MS. (B) Volcano plot
representing t-test results of anti-PLPBP co-IP compared to the isotype control (Ig) co-IP (n = 4 biological replicates). Cutoff values were defined
as enrichment factor of log,(PLPBP/Ig) = 1 (2-fold enrichment) and —log;,(p-value) = 1.3 (solid lines). Significantly enriched mitochondrial
proteins are highlighted in green, PLP-DEs in blue, and proteins connected to the cytoskeleton in ocher.

species with increasing concentrations of the PLP-binding
antibiotic D-cycloserine (DCS)* and monitored the absorb-
ance at 425 nm (Figures 1E and SIE—F).”” The internal
aldimine of the monomer was almost completely lost upon
incubation with 10 mM DCS. In contrast, the dimer aldimine
was observed up to a concentration of S0 mM DCS. Further,
the peak intensities resulting from the enolimine (4., ~ 336
nm) and ketoenamine (4,,,, & 425 nm) forms of the internal
aldimine were different in monomer and dimer species (Figure
1C).*" In line with DCS titration, these differences suggest a
reduced solvent exposure of PLP in dimeric PLPBP compared
to the monomer, as the enolimine form is favored in a
nonpolar environment.

To inspect the dimerization interface of PLPBP more
closely, we performed XL-MS using the MS-cleavable cross-
linker DSSO (Figure 1F, left).”® The PLPBP dimer was
efficiently stabilized upon DSSO addition (50-fold excess over
PLPBP, reaction time of 1 h at 37 °C) as determined by SDS-
PAGE (Figure S1G). Notably, monomeric PLPBP did not
form dimers after incubation with DSSO (Figure SIH). The
treated dimer and monomer fractions were separated by SEC
prior to reduction, alkylation, and digestion (Figure S1I).
Cross-linked peptides were measured by LC-MS/MS, and the
data were analyzed using XlinkX (Table S1)."”*” A PLPBP
monomer crystal structure was modeled using the SWISS-
MODEL platform with the ortholog from yeast (PDB 1B54"%)
as a template.””*® Cross-links solely occurring in the dimer
fraction served as restraints for the generation of a PLPBP
dimerization model with the software tool HADDOCK
(Figure 1F, center).”* Dimer cross-links mapped onto the
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model are all within the maximum distance span of DSSO (35
A; Figure 1F, right).29 The involvement of the PLP-binding
site K47 in cross-linking suggests that a certain fraction of PLP
binding lysine residues is, at least temporarily, free of the
cofactor and thereby able to react with DSSO. In line with
UV/vis data, the PLPBP dimer model displayed an
oligomerization interface located around the PLP-binding
site K47, resulting in cofactor shielding upon PLPBP
oligomerization. In this way, the predominant dimer
conformation of human PLPBP would be in line with a
function of shielded transport or storage of PLP in the cell.
Biochemical Properties of VitB6-EP-Associated Mu-
tants. To address how mutations causing VitB6-EP impact
cofactor binding and oligomerization of PLPBP, we selected
previously expressed Y69C and R241Q'* as well as
uncharacterized R41Q, E67K, and V43D variants that are all
located around the PLP-binding site K47 (Figure 2A).
Notably, all mutants except E67K could be successtully
obtained via E. coli expression but with a markedly reduced
yield compared to wild type (WT) PLPBP (Figure S2A). The
MS analysis of NaBH,-reduced proteins revealed that Y69C
and R41Q mutants are fully saturated with PLP after
purification, which is in line with the UV/vis analysis (the
yield of V45D was too low for absorbance determination;
Figure 2B and D). In contrast, R241Q and V45D did not bear
any cofactor, confirming the role of these residues in PLP
binding (Figure 2B and D).’ However, the incubation with a 4-
fold molar excess of PLP prior to reduction and MS analysis
resulted in the appearance of holo-V4SD and -R241Q_in
addition to the cofactor free species, suggesting that both are
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Figure 4. Proteomic changes upon PLPBP KO and mutant expression in HEK293. (A) Western blot analysis of PLPBP KO and WT cells using an
anti-PLPBP antibody. (B) Volcano plot representing t-test results of HEK293 PLPBP KO cells compared to HEK293 wild type control cells (n = 4
biological replicates). Cutoff values were defined as enrichment factor of log,(KO/WT) = 2 (4-fold enrichment) or depletion factor of log,(KO/
WT) = —2 (4-fold depletion) and —log,,(p-value) = 1.3 (solid lines). Dysregulated mitochondrial proteins are highlighted in green, PLP-DEs in
blue, and proteins connected to the cytoskeleton in ocher. (C) Western blot analysis of transfection of PLPBP WT and mutants into HEK293
PLPBP KO cells using an anti-FLAG antibody. (D) Volcano plot representing t-test results of overexpression of the R41Q mutant compared to
overexpression of the WT in PLPBP KO cells (n = 4 biological replicates). Cutoff values were defined as enrichment factor of log,(R41Q/WT) = 1
(2-fold enrichment) or depletion factor of log,(R41Q/WT) = —1 (2-fold depletion) and —log;,(p-value) = 1.3 (solid lines). Dysregulated
mitochondrial proteins are highlighted in green, PLP-DEs in blue, and proteins connected to the cytoskeleton in ocher.

able to bind the cofactor when PLP is applied at high
concentrations (Figure 2C). We further compared the thermal
stabilities of PLPBP mutants and WT in the presence and
absence of PLP (Figure 2E). In line with MS data and UV/vis
spectra, mutants lacking PLP displayed overall lower melting
temperatures in the range of 40 °C. R41Q, which is bound to
PLP, exhibited reduced stability (49.5 °C) compared to the
WT (56.1 °C), whereas the Y69C substitution resulted in a
slight melting temperature increase (59.2 °C).'” PLP had a
stabilizing effect on all variants. In the next step, we evaluated
the oligomerization behavior of the PLPBP mutants under
reductive conditions (Figures 2F—I and S2B). Interestingly, all
variants except the R41Q substitution are exclusively present in
their monomeric state, with a slight residual amount of the
dimer state in regards to the R241Q mutant. Even under
nonreductive conditions the Y69C mutant did not form dimers
contrary to previous postulations (Figure $2C)."* Different
oligomerization behaviors may be attributed to the location of
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amino acids within the PLPBP dimerization region (Figure
S2D). For example, while R41 is located most distant from
lysine residues involved in cross-linking contacts within the
PLPBP dimer, Y69C is directly placed at the interface, thereby
providing an explanation for why its mutation leads to a strong
monomerization. The pathological mutations (except for
R41Q), therefore, all lead to the monomerization of PLPBP,
which suggests that this dimer-to-monomer transition is
important for pathology.

Cellular Interaction Network of PLPBP. To elucidate
the cellular role of PLPBP via its interaction network, we
treated a human embryonic kidney cell line (HEK293) with
the cell-permeable DSSO cross-linker and performed co-IP
against PLPBP (Figure 3A)."” Most PLPBP interactors within
HEK293 are cytosolic proteins (~85%; GO term 0005737:
cytoplasm;®° Figure 3B, Table S2). The occurrence of both
cytosolic and mitochondrial interactors is in line with
immunochemical staining revealing that PLPBP is present in
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cytosol as well as mitochondria.” We did not observe an over-
representation of PLP-DEs among the PLPBP-binding
proteins (GO term 0030170: PLP—binding3O), suggesting
that PLPBP is not delivering PLP to apo-enzymes as
previously proposed.”'*'> Interestingly, we detected a high
number of proteins involved in cytoskeleton organization
(almost 22%). These included components of the y-tubulin
ring complex necessary for microtubule nucleation at the
centrosome (TUBGCP2—4),”" proteins involved in centriole
and spindle formation (CEP78, CEP97, CEP350,
CP110),”7*® or several subunits of the F-actin capping
complex that regulate the growth of actin filaments
(CAPZA1-A2, CAPZB).”

Proteomic Effects of PLPBP KO and VitB6-EP-
Associated Mutants. We further examined the proteomic
changes caused by a PLPBP KO in the HEK293 cell line
compared to the WT cells. A Western blot analysis confirmed
the previously reported KO (Figure 4A).” The morphology
and growth rate of the WT and KO cells were similar to each
other. Upon MS analysis (Figure 4B, Table S3), we observed
an overexpression of several proteins involved in cytoskeleton
organization like keratins (KRT18-19) or actin-binding
proteins like annexins (ANXA1, ANXA3, and ANXA6) and
plastin (HEL-S-37)."*" An alteration of expression levels of
proteins associated with the cytoskeleton may provide a
possible link to epileptic phenotypes observed in patients with
VitB6-EP,*”'%'” as proper integrity of cytoskeletal filaments is
essential, e.g, for normal nervous system functionality and
muscle grovvth.42’43 Moreover, rho-related GTP-binding
proteins (ROHB and ROHC) that determine the positioning
of the contractile ring during mitosis** were upregulated.
Interestingly, both cystathionine y-lyase (CTH) and cysta-
thioine f-synthase (CBS) were downregulated upon PLPBP
KO. CTH and CBS are the two major sources for endogenous
hydrogen sulfide (H,S), which is a signaling molecule that
exerts multiple effects in most organs, including the nervous
system and skeletal muscle.**°

In the next step, we compared expression levels of the
PLPBP WT and mutants after transfection into the PLPBP KO
cells (Figure 4C). For the evaluation of proteomic changes
caused by VitB6EP-linked variants, we selected the R41Q
mutant, as this is the only PLPBP variant, which is still able to
form dimers, and the V45D mutant, as its binding capacity for
PLP is most significantly diminished (Figure 2). The
expression levels of mutants after transfection, monitored by
MS-based analysis (Figures 4D and S3, Table S3), are in line
with the protein expression revealed by the Western blot
analysis (Figure 4C). The proteome-related changes caused by
the overexpression of the mutants compared to the WT
transfected control (Figure 4D) were less pronounced than the
alterations caused by the KO (Figure 4B), suggesting that the
PLPBP biological function is largely retained. Interestingly,
both mutants displayed differences in their up- and down-
regulated proteins, which is in line with the different
phenotypes caused by the variants.””'*'” However, the neural
precursor cell expressed, developmentally downregulated
protein 1 (NEDDI1), a p-tubulin ring complex-associated
protein essential for proper cell division,*” was upregulated
upon expression of both variants. This is an interesting
observation, as the proteins of the y-tubulin ring complex
(TUBGCP2—4) as well as y-tubulin itself (TUBG1) were
among the significantly enriched interactors of PLPBP (Figure
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3B), reinforcing a possible role of PLPBP in cell division
suggested by previous gene clustering analysis.”’

B CONCLUSION

Here, we investigated the structural and cellular properties of
human PLPBP. In contrast to previous observations, the
protein is predominantly dimeric with a minor amount of
monomer, which might be caused by different expression and
purification strategies. Because cofactor accessibility is altered
upon oligomerization, PLPBP might take the role of a PLP
storage protein, which has been suggested previously.””** This
theory would be in line with earlier studies using a vitamin B6-
mimicking probe to enrich human PLP-DEs. In all cell lines
examined, PLPBP was a prominent hit, indicating a high
affinity toward PLP.° Moreover, the expression levels of
PLPBP in yeast and HeLa cells are almost 10-fold higher
compared to the median protein copy number.”” PLPBP
deficiency could therefore markedly increase free cellular PLP
levels. Because PLP exhibits a highly reactive aldehyde®” and
was reported as a member of the 30 most damage-prone
metabolites,”’ detoxification by reduction to PNP might be a
protective mechanism and explain the high PNP levels
observed within PLPBP KO cells and in primary skin
fibroblasts isolated from patients with VitB6-EP.” The altered
stability, cofactor binding, and oligomerization underlined the
pathological effects of epilepsy-associated PLPBP variants. The
interacting networks of PLPBP from HEK293 examined by
cross-link/co-IP revealed mainly cytosolic proteins, including a
high number of cytoskeleton- and cell division-associated
interactors. We did not observe an overrepresentation of PLP-
DEs among the PLPBP interactors, which suggests that the
protein is not involved in cofactor delivery to apo-vitamin B6-
binding proteins, as proposed in previous studies.”'*'> KO of
PLPBP in HEK293 resulted in significant upregulation of
proteins associated with cytoskeleton organization and cell
division, in line with the co-IP results. Moreover, the two PLP-
DEs CTH and CBS, important for H,S synthesis, were
downregulated. Because H,S exerts multiple effects on, for
example, muscle and nervous system function, these proteomic
results may provide a link to pathological mechanisms. Finally,
global changes in cellular protein levels caused by the
expression of PLPBP mutants strengthened a possible role in
cell division and correct muscle integrity and function, as
suggested by gene clustering analysis”’ and pathological
phenotypes.*”'®'” Because cellular protein function might
also differ depending on the type of cell, an investigation of
other cell lines may reveal additional information on PLPBP
cellular roles. Taken together, we here report an in-depth study
on human recombinant WT and mutant PLPBPs, revealing
unprecedented insights into protein oligomerization as well as
putative cellular roles.

B METHODS

All mass spectrometric data have been deposited at the
ProteomeXchange Consortium (https://www.ebi,ac.uk/pride/
archive/) via the PRIDE partner repository”> with the data set
identifier PXD015984. The authors declare that all other data
supporting the findings of this study are available within the article
and its SI files or from the corresponding author upon request.
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