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A B S T R A C T

The phosphorylation sites of the human cytosolic Branched Chain Aminotransferase (hBCATc) mediated by 
mitogen-activated protein kinase (MAPK)/extracellular-signal-regulated-kinase 2 (ERK2, also known as MAPK1) 
were mapped. The crystal structures of the phosphorylation mimics at T33 and T36 were determined. The 
modified transaminase activity of these variants was analyzed. Although there were no major conformational 
changes in the phosphorylation mimics of hBCAT, a regional conformational change at the interdomain loop was 
observed mainly in mutant T33E. Consistently, when the catalytic turnovers of the T33E and T36E mutants were 
comparable to the wild type of hBCATc, the KM dropped significantly compared to the wild type, indicating a 
shift of the substrate binding affinity in the mutants. Taken together, this indicated the phosphorylation of 
hBCATc by ERK2 is affecting the hBCATc’s transaminase activity.

1. Introduction

The human cytosolic Branched Chain Aminotransferase (hBCATc) 
catalyzes the transamination of the branched chain amino acids and 
α-ketoglutarate to their respective α-keto acids and glutamate. The 
hBCAT proteins are PLP-dependent enzymes and the reaction is 
accompanied by conversion of the cofactor pyridoxal 5′-phosphate (PLP) 
and pyridoxamine 5′-phosphate (PMP) [1–4]. Importantly, hBCATc has 
a unique regulatory CXXC motif, located approximately 10 Å from the 
active site. This redox active CXXC motif (C335XXC338) undergoes 
recycling between its reduced and oxidized state, switching from active 
to less active, respectively [5–9]. Previous crystallographic studies have 
shown that oxidation of the catalytic cysteine changes the conformation 
of the interdomain loop (residues 191–201) that influences substrate 
binding, as well as a loop near the N-terminus (residues 35–52), dis
rupting the integrity of the substrate binding pocket and regulating 
hBCATc activity [10,11].

The canonical mitogen-activated protein kinase (MAPK) family 
member, extracellular-signal-regulated-kinase 2 (ERK2, also known as 
MAPK1), regulates many cellular processes through phosphorylating 
transcription factors, cytoskeletal proteins and other protein kinases and 
enzymes [12–17]. This pathway has also been implicated in the 

pathogenesis of many diseases including cancers [18], Type II diabetes 
[19], and cardiovascular disease [20,21]. As a critical kinase in cell 
growth and proliferation signaling pathways, the ERK2 protein needs to 
be diphosphorylated (pT185 and pT187) by its upstream kinase, MAP
K/ERK kinase 1 (MEK1), to become activated [12,22–24]. Recently, 
hBCATc has been shown to regulate serine/threonine-protein kinase 
(Akt) and ERK2, in the context of in cell proliferation and migration in 
triple negative breast cancer (TNBC). In that study, our team showed a 
redox regulated phosphorylation of hBCATc mediated by ERK2 [25] as a 
novel target of ERK2. Interestingly, this is not a one-way regulation. For 
instance, in the TNBC cells, overexpression of hBCATc negatively reg
ulates the phosphorylation of ERK2 in MDA-MD-231 cells.

Previously hBCATc has been shown to be upregulated in a variety of 
cancers including liver cancer [26], glioma cancer [27], ovarian cancer 
[28], and breast cancer [29]. With ERK2 shown to regulate many 
cellular processes, the observed interplay between ERK2 and hBCATc 
opens new areas of investigation. For example, what site(s) on hBCATc is 
phosphorylated by ERK2 and what is the consequence of ERK2-mediated 
phosphorylation of hBCATc? Likewise, does phosphorylated hBCATc 
still have transaminase activity and where are the phosphorylation sites? 
Interestingly, in the previous study, hBCATc was also shown to activate 
the PI3K/Akt pathway, while inhibiting ERK2 
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activation/phosphorylation, which identified hBCATc as a novel regu
lator of cell proliferation by regulating the PI3K/Akt and Ras/ERK 
pathways [25].

Functionally, both hBCATc and ERK2 are redox regulated for their 
respective activities [5,30,31] [11,24]. The redox center of hBCATc 
contains C335 and C338 which, when oxidized from dithiol to disulfide, 
lower transaminase activity [6,8]. ERK2 contains C159 in one of the 
substrate recognition sites, and its redox status variably regulates ERK’s 
affinity for numerous substrates. Specifically, ERK2 was shown to be 
sulfenylated on C159 which is within its D-recruitment site surface 
(DRS) ligand binding domain, and oxidation in vitro was shown to 
differentially alter ERK2’s activity toward various substrates of ERK2, 
with some substrates exhibiting decreased affinity and others an in
crease in affinity for oxidized ERK2 [24]. Additional results have shown 
that the phosphorylation of hBCATc mediated by ERK2 is redox regu
lated, where the phosphorylation is decreased when hBCATc is oxidized 
[25].

This paper focuses on the consequences of hBCATc phosphorylation 
mediated by ERK2. The sites of hBCATc phosphorylation by ERK2 were 
mapped, crystal structures were determined for two hBCATc variants 
mimicking phosphorylation at two of these sites (T33E and T36E), and 
transaminase activity of these variants was analyzed. This is the first 
structural and functional study on phosphorylation regulation of a PLP- 
dependent enzyme BCAT.

2. Materials and methods

2.1. Protein expression and purification

The expression and purification of hBCATc wild type and mutants 
(T33E, T36E) were carried out as previously described [32]. The 
hBCATc cDNA clone was ligated into the pET-28a expression vector with 
a N-terminal his-tag and subsequently used to transform BL21 (DE3) 
cells and induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside 
(IPTG). Site-directed mutagenesis was performed with forward and 
reverse primers (Supplemental materials). Glycerol stock of BL21 cells 
that contains hBCAT plasmids was used to initiate inoculation in 200 mL 
LB with 50 μg/mL of kanamycin for 16 h at 37 ◦C, followed by being 
transferred into 3.6 L LB with 50 μg/mL of kanamycin for another 6–9 h 
or until OD600 reading reached 0.6. Expression was induced with 1 mM 
isopropyl-D-thiogalactopyranoside (IPTG). After 8 h at 30 ◦C, 180 RPM, 
cells were then harvested and pelleted at 10000×g for 15 min at 4 ◦C. 
The cell pellet was then suspended in extraction buffer which contains 
0.1 M sodium phosphate, pH 8.0, 0.01 M Tris-HCl, 5 mM β-mercaptoe
thanol. The mixture was then sonicated for 5 s on and 10 s off for 1 min 
for 10 times. The cell extract was then centrifuged for 10 min at 7800×g 
at 4 ◦C. Clear supernatant was collected and then loaded onto 10 mL of 
Nickel-NTA resin which was already equilibrated in the extraction 
buffer. The column was then washed sequentially with a series of buffers 
with 5 column volumes of each of them (Supplemental materials). 
Each wash was retained, and an aliquot was taken for SDS-PAGE anal
ysis. The final purification step of BCAT protein was via anion-exchange 
chromatography (macro-prep high Q from Biorad) which was 
pre-equilibrated in 10 mM potassium phosphate, pH 8.0. The proteins 
were then eluted selectively using a sodium chloride gradient from 100 
mM to 1 M in 10 mM potassium phosphate, pH 8.0 over 20 min at a flow 
rate of 1.0 mL/min. The purified proteins are then dialyzed at 4 ◦C into 
storage buffer containing 25 mM Tris-HCl at pH 7.5, 150 mM NaCl, 5 
mM DTT [33]. The hBCATc protein was then concentrated to 20 mg/mL, 
aliquoted in 50 μL, flash frozen, and stored at − 80 ◦C. Protein concen
tration was estimated with absorbance at 280 nm using extinction co
efficient of 67,600 M− 1cm− 1 per monomer.

2.2. LC/MS analysis of the hBCATc phosphorylation sites

The hBCATc was phosphorylated by activated ERK2 (purchased from 

SignalChem) in a master-mix buffer including 25 mM MOPS pH 7.2 
buffer, 10 mM Beta-glycerol phosphate, 20 mM MgCl2, 4 mM EGTA, 1.6 
mM EDTA, 0.2 mM DTT, 100 ng/μL BSA, and 100 μM ATP. BCAT and 
ERK2 had had a concentration of 50 μM and 0.5 μM respectively. 
Negative controls contained BCAT only and buffer only. After being 
incubated for 1 h at 30 ◦C, the sample were ready for LC-MS/MS analysis 
[34–36]. Protein samples were reduced and alkylated in the presence of 
10 mM dithiothreitol with 30 mM iodoacetamide, which was precipi
tated by incubation at − 20 ◦C overnight with an addition 4X the sample 
volume of cold acetone. Following centrifugation at 14,000×g for 10 
min, the pellet was air-dried at room temperature and then re-suspended 
in 50 mM ammonium bicarbonate using a cell disruptor to obtain a 
homogeneous suspension. Sequencing grade modified trypsin was 
added to the sample which was incubated at 37 ◦C overnight for enzy
matic cleavage. The peptide solution was acidified using formic acid to 
quench the enzyme reaction and subsequently purified using a C18 spin 
tip and dried. Peptides were then prepared in 5 % (v/v) ACN containing 
1 % (v/v) formic acid for LC-MS/MS analysis.

Samples were analyzed on a LC-MS/MS system (Orbitrap Velos Pro 
Mass Spectrometer (Thermo Scientific, Waltham, MA)) and a Dionex 
Ultimate-3000 nano-UPLC system (Thermo Scientific, Waltham, MA). 
An Acclaim PepMap 100 (C18, 5 μm, 100 Å, 100 μm × 2 cm) trap col
umn and an Acclaim PepMap RSLC (C18, 2 μm, 100 Å, 75 μm × 50 cm) 
analytical column were employed for peptide separation. MS spectra 
were acquired by data-dependent scans consisting of MS/MS scans of the 
ten most intense ions from the full MS scan with dynamic exclusion 
option (30 s). To identify proteins, spectra were searched against human 
BCAT1 protein sequence (UniProtKB, Oct 2021) using Sequest HT al
gorithm within the Proteome Discoverer v2.5 (Thermo Scientific, Wal
tham, MA). Search parameters were as follows: FT-trap instrument, 
parent mass error tolerance of 10 ppm, fragment mass error tolerance of 
0.6 Da (monoisotopic); enzyme, trypsin (full); number of max missed 
cleavages; variable modifications, +15.995 Da (oxidation) on M, 
+79.966 Da (phosphorylation) on S, T, and Y, +42.011 Da (acetyl) on 
protein N-term.

2.3. Crystallization and data collection

The T33E, T36E mutants of hBCATc were subjected to sparse-matrix 
crystallization screening using the hanging-drop vapor diffusion 
method. Screening kits from Hampton Research were used for the 
screening. A well solution of 225 mM MgCl2 with 16–20 % PEG 3350 
was optimized to form crystals. Crystals were cryoprotected by trans
ferring to well solutions with 20 % glycerol for 1 min before flash 
freezing. Frozen crystals were then transferred to the SLAC synchrotron 
facility where diffraction data were collected. The diffraction data were 
collected at 100 K on the beamline of SSRL Beamline BL12-2 with a 
wavelength of 0.97956 Å, and the detector is Dectris Eiger 2 x 16 M.

2.4. Structure determination and refinements

The diffraction data were indexed, integrated and scaled using 
AutoXDS [37]. MOLREP from CCP4 (Bailey, 1994) was used for mo
lecular replacement using hBCATc wild type structure [38] (PDB 
entry:2coj) as a search model. The models were built by replacing both 
T33 and T36 with E. The coordinates were refined via REFMAC5 from 
CCP4 [39] and COOT [40]. The final model composed of PLP, two 
monomers and water molecules. The UCSF CHIMERA was used to pre
sent the structures [41].

2.5. Steady-state kinetics analysis

The hBCATc activity was measured by coupling the transamination 
reaction of L-Leu with α-ketoglutarate producing α-Ketoisocaproic acid 
(KIC) catalyzed by hBCATc, with another reductive amination reaction 
catalyzed by Leucine Dehydrogenase (Leu-DH) with substrates of KIC, 
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ammonia and NADH where KIC was reduced back to L-Leucine [42]. The 
volume of the reaction was 100 μL and the path length was 0.2 cm in the 
activity assay. The reaction rate was monitored at 340 nm by the 
continuously decreased concentration of NADH to NAD+. The reaction 
buffer contained 50 mM Tris pH 7.5, 25 mM ammonium sulfate, 
0.125–10 mM L-Leu, 0.25 mM NADH, 0.005 mM of PLP, 5 mM of 
ketoglutarate, and 2.5 mM of DTT.

2.5.1. Data availability
The pdb deposits (pdb codes: 9FBA, 9FBO) can be found at www. 

rcsb.org. The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE [43] partner re
pository with the dataset identifier PXD062954. The initial velocity 
stead-state kinetics data can be shared upon request.

3. Results

We mapped the ERK2-mediated phosphorylation sites of hBCATc 
which are T33, T36, S341, and Y345, with T33 and T36 near the N- 
terminus and S341 close to the redox center (C335 and C338) (Fig. 1). 
Previously the N-terminal loop including T33 and T36 was shown to 
affect the hBCATc activity as transaminase [9]. Focusing on the N-ter
minal phosphosites, plasmids for expression of variants T33E and T36E 
were prepared to mimic the phosphorylated proteins and determine 
their structural and functional features. Both mutants were overex
pressed in E. coli BL21 cells and purified with affinity (Ni-NTA) and 
anion exchange chromatography.

Crystallization conditions were screened and optimized to obtain 
crystals of 20–50 μm. Crystals of the T33E mutant formed on day three in 
thin and square shapes. For the T36E mutant, needle-shaped crystals of 
T36E mutant were obtained on day two and larger, squared-shaped 
crystals were obtained after seeding. The diffraction data were 
collected at the SLAC synchrotron, then processed and scaled using XDS 
and AUTO PROC [37]. High-quality crystals of both variants were ob
tained as the T33E mutant diffracts to 1.78 Å and the T36E mutant 
diffracts to 1.66 Å. Both crystals have a space group of orthorhombic 
space group P212121 but different cell dimensions. Data collection sta
tistics are presented in Table 1.

The structures of both T33E and T36E mutants resemble the ca
nonical wild type hBCATc homodimer (pdb: 2coj; exhibiting 
RMSD:0.677 Å and 0.578 Å, respectively). Likewise, in both structures, a 
Schiff-base linked PLP was observed in the active sites linked to K222 
(Fig. 2) and the CXXC center of the mutants remained reduced similar to 

the wild type protein. The substrate binding pocket includes residues 
Y161, R163, Y227, K222, T260 from the same monomer and Y90, V175 
from the other monomer within the homodimer, which are consistent 
with the structure of wild type hBCATc (Fig. 2). However, there is a 
conformational change of the interdomain loop (residues 191–201) in 
both mutants, which is more prominent in mutant T33E (Figs. 2 and 3). 
For instance, Y193 was in close contact with C335, A334, F49 and F194 
in the wild type, but this close contact with F194 (6.6 Å) was not 
observed in the T33E mutant (12.9 Å) due to a large conformational 
change in the interdomain loop (Fig. 3). In the T33E mutant, Y193 
moved away from the active site by about 4.8 Å (Fig. 3) compared to the 
wild type protein, widening the access channel to the active site (SF.1). 
For the T36E mutant, the interdomain loop was mostly disordered, but 
the conformation of residue P192 more closely resembles that of the 
P192 in T33E than it does wild type, suggesting that Y193 in T33E also 
adopts a similar conformation to that observed in T36E (Fig. 3, SF.2). 
The N-terminal loop (residues 35–52) in both the T33E and T36E mu
tants overlays well with the wild type hBCATc (Fig. 2), apart from A46 
from wild type (pdb: 2coj) (not shown in the structure), potentially as a 
result of high flexibility.

Steady state kinetic analysis showed that both T33E and T36E mu
tants have lower but comparable kcat values, and a decreased KM (close 
to 10-fold) compared to the wild type, which led to higher catalytic 
efficiency values compared to the wild type hBCATc (Fig. 4 and Table 2). 
The KM value determined here for the wild type protein is consistent 
with that from previous work [32].

4. Discussion

There was no overall structural change when the T33E and T36E 
mutants were compared to WT BCATc However, the interdomain loop 
(residues 191–201), which was previously shown to affect substrate 
binding by modulating access to the active site [7,9], did incur confor
mational changes. More specifically, the interdomain loop (residues 
191–201) which connects the small domain (N-terminus to residue 
V190) and the large domain (residue V202 to C-terminus) exhibited 
conformational changes in both mutants (Fig. 2). In the interdomain 
loop, the shift of Y193 away from the active site pocket observed in the 

Fig. 1. The phosphorylation sites of hBCATc by ERK2 were confirmed with LC- 
MS/MS. The sites are T33, T36, S341 and Y345 (circled in orange). The redox 
center is labelled (circled in red). The PLP is circled in green. Crystal structure 
of hBCATc was used to map the phosphorylation sites (pdb: 2coj).

Table 1 
Crystal structure parameters.

T33E T36E

Wavelength (Å) 0.97946 0.97946
Temperature (K) 100 100
Detector Dectris Eiger2 x 16 M Dectris Eiger2 x 16 M
Space group P212121 P212121

Unit cell dimensions a, b, c (Å), α, 
β, γ (◦)

110.284, 115.63, 
149.413 
90.0, 90.0, 90.0

66.962, 106.896, 
110.477 
90.0, 90.0, 90.0

Resolution (Å) 91.445–1.786 76.822–1.663
Completeness (%) 99.9 (99.9) 92.8 (99.8)
Redundancy 12.1 11.4
I/σI 6.3 9.5
CC1/2 0.996 0.986
No. of unique reflections 180795 (8983) 86971 (4594)
pdb code 9FBA 9FBO
Resolution range (Å) 91.4–1.78 76.8–1.66
No. of reflections, test set 7330 3961
Final Rcryst 0.232 0.2046
Final Rfree 0.267 0.246
R.M.S. deviations ​ ​
Bonds(Å) 0.0068 0.0089
Angles (◦) 1.66 1.87
Average B factors (Å2) 31.637 33.482
Ramachandran plot favored 

region (%)
99 97

Favored region (%) 97 97
Additionally allowed (%) 

Outliers (%)
3 3
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crystal structure of the T33E mutant led to widened access for substrates 
to bind to the active site of hBCATc. Consequently, the distance between 
the phenyl ring of Y193 and Cβ of C335 decreased from 5.8 Å in wild 
type to 3.6 Å in T33E, and the distance between the hydroxyl group of 
Y193 and the sulfur of C335 decreased from 7.9 Å in wild type to 6.2 Å in 
T33E (SF.3). Consistent with this observation, it was previously pro
posed that the C315 thiol group in the reduced redox center of the 
mitochondrial isoform, hBCATm (corresponding to C335 in hBCATc), 
interacts with the interdomain loop and stabilizes Y173 (corresponding 
to Y193 in hBCATc), impacting catalysis [5]. Based on these new data, 
we postulate a model in which ERK2-mediated phosphorylation of the 
N-terminus of hBCATc at one or both sites (T33 and T38) leads to 
conformational changes in the interdomain loop which consequently 
affect the catalytic efficiency. In addition to the previously 
well-established regulation through oxidation status of C335 and C338 
in the redox center, this model adds another layer of hBCATc regulation 
that depends on post translational modifications (PTMs) at the N-ter
minus of the protein. The T33E mutant revealed a change in the 
conformation of P192 and Y193 in the interdomain loop which was also 
likely reflected in changes observed in the T36E mutant, although the 

latter was more disordered from residues Y193 (Fig. 3).
The observed elevated catalytic efficiencies (kcat/KM) of T33E and 

T36E mutants compared to wild type hBCATc suggested that ERK2- 
mediated phosphorylation of hBCATc on T33 and/or T36 increases 
hBCATc’s transaminase catalytic efficiency. Interestingly, the single 
phosphorylation mimic had a similar impact on the kcat and KM of 
hBCATc as the double mutant. More specifically, the kcat and KM values 
we observed for the double mutant are intermediate between those of 
the two single mutants. One postulate is that the phosphorylation at 
either site is sufficient to induce a conformational shift that affects the 
catalytic efficiency and substrate binding, and the double mutant 
doesn’t provide any further effect than what a single phosphorylation 
achieves. Another possibility is that the kcat and KM of the double mutant 
reflects a combination of the single mutants’ effects on the kcat and KM.

Previously, oxidation of the redox-active CXXC motif was shown to 
regulate the activity of hBCATc by triggering a conformational change in 
the interdomain and N-terminal loops [9]. Our study shows increased 
transaminase catalytic efficiencies due to added negative charges 
through mutations near the N-terminus (T33E and T36E mutant pro
teins), both of which are approximate mimics of the phosphorylated 
hBCATc modified by ERK2. This result further supported that the 
conformation and modification status of the N-terminus of hBCATc 
regulates the transaminase activity, with phosphorylation potentially 
enhancing the binding of the substrate at the active site pocket as sug
gested by the observed decreased KM values in the T33E and T36E 
mutants. This work with hBCATc provides the first evidence for allo
steric regulation of a fold type IV aminotransferase [44,45]. This sug
gests therapeutic targets on BCAT proteins other than the CXXC motif, 
which will ultimately provide new avenues for drug discovery for BCAT 
regulation.

Branch chain amino acids (BCAAs) such as leucine, isoleucine, and 
valine play important roles in cancer metabolism and progression 
[46–48]. Leucine, one of BCAT’s substrates, has been shown to affect 
mTORC1 and Akt pathways [48–50]. Since BCAT is one key enzyme 
regulating Leu concentration in cytosol, the observed a higher catalytic 
efficiency of phosphorylated hBCATc (modified by ERK2 and mimicked 
in the T33E and T36E mutants) could have an impact on cytosolic Leu 
concentration in cancer cells. Since transaminases play significant roles 
in amino acid metabolism and whole-body nitrogen shuttling, in 
particular with respect to the de novo synthesis of the neurotransmitter 
glutamate in the brain [51], the elevated transaminase activities 
imparted by ERK2-mediated phosphorylation could lead to a higher 
level of glutamate in the brain. Further cell-based work on the impacts of 
the phosphorylation-regulated activity of hBCATc will be needed.

The phosphomimetic mutants were used in this study to access the 

Fig. 2. A. The overlay of the wild type hBCATc (colored in dark blue) and the T33E (colored in light blue), and T36E (colored in yellow). The interdomain loop is 
circled in orange. The N-terminal domain is circled in green. B. The close-up of the active site including Y193, T260, Y227, V175, Y161, Y90 and R163.

Fig. 3. The close-up of the interdomain loop overlay of the wild type (shown in 
blue), T36E (show in yellow) and T33E (shown in light blue). The P192 residue 
in both mutants had shifted coordinates for 3.4–5 Å compared to the wild type. 
The F194 of T33E residues had a shifted away from the active site for 14 Å 
compared to where it was in the wild type. The Y193 in the T33E shifted away 
from the active site for about 4.8 Å. The inhibitor gabapentin which resides the 
active site is shown in grey.
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phosphorylation impacts on the activity of BCAT. While it has been 
acknowledged that they may not fully replicate the effects of true 
phosphorylation, phosphomimetics are still widely used and can provide 
important insights [52,53]. Future work will focus on directly purifying 
phosphorylated BCAT for structural and functional analysis.

Overall, this work entailed mapping of the phosphorylation sites of 
hBCATc by ERK2 and investigation of the impact of ERK2-mediated 
phosphorylation on hBCATc transaminase activity. Our structural and 
functional results suggested that the phosphorylation of hBCATc medi
ated by ERK2 affects the catalytic efficiency of hBCATc by changing the 
conformation of the interdomain loop. A new allosteric regulation 
mechanism model for BCAT was proposed in this paper, providing new 
therapeutic strategies to regulate BCAT. These data, together with our 
previous work on the hBCATc reciprocally regulating ERK2 activation/ 
phosphorylation, showed further evidence of an interplay of hBCATc 
and ERK2, both of which have been previously found to be highly 
expressed in breast cancer cells [29,54]. Although there is still much to 
be further explored about the structural, biochemical and cellular im
plications of the interplay between hBCATc and ERK2, these studies 
clearly demonstrate a functional connection between hBCATc and ERK2 
that could impact a variety of disorders, including cancer, diabetes, and 
cardiovascular disease. Future structural and functional analyses on the 
protein-protein interactions of BCAT and ERK2 in various states are 

needed to have a clearer mechanistic understanding of their influence on 
one another.
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