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Abstract
The β-subunits of the voltage-gated potassium channel (Kvβ) belong to the aldo-keto reductase
superfamily. The Kvβ-subunits dock with the pore-forming Kv α-subunits and impart or accelerate
the rate of inactivation in Kv channels. Inactivation of Kv currents by Kvβ is differentially
regulated by oxidized and reduced pyridine nucleotides. In mammals, AKR6 family is comprised
of 3 different genes Kvβ1-3. We have shown previously that Kvβ2 catalyzes the reduction of a
broad range of carbonyls including aromatic carbonyls, electrophilic aldehydes and
prostaglandins. However, the endogenous substrates for Kvβ have not been identified. To
determine whether products of lipid oxidation are substrates of Kvβs, we tested the enzymatic
activity of Kvβ2 with oxidized phospholipids generated during the oxidation of 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine (PAPC). Electrospray ionization mass spectrometric
analysis showed that Kvβ2 catalyzed the NADPH-dependent reduction of several products of
oxPAPC, including 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphorylcholine (POVPC), 1-
palmitoyl-2-(epoxycyclopentenone)-sn-glycero-3-phosphorylcholine (PECPC), 1-palmitoyl-2-
(5,6)- epoxyisoprostane E2-sn-glycero-3-phosphocholine (PEIPC). These results were validated
using high resolution mass spectrometric analysis. Time course analysis revealed that the reduced
products reached significant levels for ions at m/z 594/596 (POVPC/PHVPC), 810/812 (PECPC/
2H-PECPC) and 828/830 (PEIPC/2H-PEIPC) in the oxPAPC + Kvβ2 mixture (p < 0.01). These
results suggest that Kvβ could serve as a sensor of lipid oxidation via its catalytic activity and
thereby alter Kv currents under conditions of oxidative stress.
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1. Introduction
β-subunits of the voltage gated potassium channel belong to the aldo-keto reductase (AKR)
superfamily 6 (AKR6). The function of voltage-gated potassium channel (Kv) is essential
for several physiological processes, including muscle contraction, neuronal excitation, and
secretion. Despite extensive investigation, the exact biological role of Kvβ-subunit remains
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unclear. Identification of Kvβ substrates is important for understanding the biological role of
Kv channels, how they are regulated, and how the activity of these channels could be
therapeutically altered to treat diseases such as hypertension, epilepsy, and arrhythmias. Our
previous studies have shown that Kvβ subunits bind to pyridine nucleotides with high
affinity [1,2]. Sequence analysis of Kvβs shows that the proteins belong to the AKR
superfamily [3], however, their catalytic properties and substrate specificities remain poorly
understood. Recent work by Weng et al. shows that these proteins display weak catalytic
activity with model chemical substrates such as 4-cyanobenzaldehyde and 4-
carboxybenzaldehyde [4]. In addition, investigations in our laboratory have shown that Kvβ
can reduce both aldehydes and ketones, and that naturally occurring compounds such as
POVPC (1-palmitoyl-2-oxovaleroyl-3-phosphatidylcholine), and PGJ2 have highest specific
activity with Kvβ2 [5].

Products of lipid peroxidation, such as POVPC, however, are seldom generated in isolation.
Lipid peroxidation generates several structurally similar aldehydes and ketones, several of
which could also be potential Kvβ substrates. Hence, to identify which products of lipid
peroxidation are reduced by Kvβ, we examined the activity of this protein with oxidized 1-
palmitoyl-2-arachidonoyl-3-phosphotidyl choline (oxPAPC). The oxPAPC is a major
component of minimally modified LDL (mmLDL) [6]. It has been detected in the
atherosclerotic lesions of animals and humans [7,8]. Oxidation of PAPC generates several
highly reactive carbonyl compounds. Structurally, a typical oxidation product of PAPC
contains a glycerol backbone with a palmitoyl group esterified at the sn1 position, an
oxidized fatty acyl group at the sn2 position, and a phosphatidyl choline head group at the
sn3 position (Fig. 1A). In a previous study, we have shown that aldose reductase (AKR1B1),
and other members of AKR superfamily have high catalytic activity for products of oxPAPC
that contain aldehyde groups [9].

To determine which of the oxidation products of PAPC are reduced by Kvβ, we preformed
electrospray ionization mass spectrometric (ESI-MS) analysis of oxPAPC incubated with
Kvβ2. Our results show that Kvβ2 efficiently reduces both aldehydes and ketones in
oxidized phospholipids and therefore might play a regulatory role in sensing the carbonyl
products that are generated during lipid oxidation.

2. Materials and methods
2.1. Kvβ2 expression and purification

The C-terminal domain of rat Kvβ2 (amino acids 39–367) with a His tag at its N-terminus
was expressed in the BL-21 strain of Escherichia coli, as described earlier [1]. The His-
tagged protein was purified using Profinia Protein Purification System (Bio-Rad) with a 1
ml Bio-Scale Mini Profinity IMAC cartridge (Bio-Rad) according to manufacturer’s
instructions. The purified protein was suspended in 0.2 M potassium phosphate buffer (pH
7.4) immediately after the purification using a 10 ml Bio-Gel P-6 Desalting cartridge (Bio-
Rad). The concentration of the purified protein was measured using Bradford’s assay [10].

2.2. Preparation of air oxidized PAPC (oxPAPC)
Air oxidation of synthetic 1-palmitoyl-2-arachidonoyl-3-phosphotidyl choline (PAPC) was
preformed as described before [9]. Briefly, 100 μg of PAPC in chloroform (Avanti Polar
Lipids) was dried under N2 on the bottom of a 4 ml glass vial (National Scientific). The dry
lipid was exposed to air for 72 h in dark at room temperature. The extent of the oxidation
was determined using ESI-MS. The oxidation product was stored in −80 °C until use.
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2.3. Reduction of oxPAPC using Kvβ2 and NADPH
Reduction of carbonyl groups of lipid oxidation products in oxPAPC to their corresponding
alcohols by Kvβ2 was followed by using ESI-MS analysis as described earlier [5] with some
modifications. The 250 μl reaction mixtures containing purified Kvβ2 protein (20 μM),
NADPH (150 μM), and oxPAPC (88 μg/ml) in 0.2 M potassium phosphate buffer (pH7.4),
were incubated in a Teflon tube (Upchurch Scientific) at 37 °C. Additional NADPH was
added to the reaction mixture after 3 h, 6 h, and 12 h of incubation, and additional Kvβ2 was
added into the reaction mixture after 6 h of incubation. The reaction was stopped by freezing
the reaction mixture at −80 °C at 3 h, 6 h, 12 h, or 22 h, respectively. The samples were
stored at −80 °C until extraction and ESI-MS analysis.

2.4. Analysis of the reduced product using ESI-MS
Identification and quantification of carbonyl substrates and alcohol products were performed
as described earlier with minor modification [5,9]. The reduced product was extracted using
the Bligh and Dryer procedure [11]. The chloroform extract was dried under N2, and
dissolved in 10 mM NH4OAc in methanol–chloroform (2:1, v/v). The solution was injected
into a MicroMass ZMD 2000 mass spectrophotometer (Waters-Micromass, Milford, MA)
using a Harvard syringe pump (Harvard Apparatus) at a flow rate of 10 μl per min. Positive
ion spectra were acquired over the mass range of 20–1000 atomic mass with following
operating parameters: capillary voltage 4.34 kV, cone voltage 35 V, extractor voltage 9 V,
RF lens voltage 0.9 V, source block 100 °C, desolvation temperatures 200 °C.

2.5. High resolution mass spectrometry analysis
After extraction, the chloroform extract was dried under N2, and dissolved in 7.5 mM
NH4OAc in methanol. High resolution mass spectrometry analysis was performed on a LTQ
Orbitrap XL Mass Spectrometer (Thermo) equipped with a TriVersa NanoMate ion source
(Advion BioSciences) and an electrospray chip (nozzle inner diameter 5.5 μm). TriVersa
NanoMate was operated in positive mode at gas pressure 0.05 psi and ionization voltage of
1.2 kV. MS scans were acquired in positive ion mode with a mass range from 100 to 1500
and resolution at 100,000.

2.6. Data analysis
High-accuracy m/z values were obtained from LTQ-Orbitrap spectra averaged over 5 min
using Qual Browser Xcalibur 2.0. Peak intensity values were acquired from ESI-MS spectra
averaged over 3.5 min using Masslynx 3.2. Formation of alcohol products were calculated
based on the intensities of [M] and [M + 2] peaks and reported as a percent conversion. One-
way ANOVA analyses were performed using SigmaStat 3, and time course figures were
prepared using Sigmaplot 10. Data was collected from 3 or more experiments for each time
point.

3. Results
3.1. Air oxidation of PAPC and generation of lipid-carbonyls

As shown in Fig. 1, air oxidation of PAPC for 72 h resulted in the formation of oxPAPC
containing several compounds with higher and lower m/z values than the parent compound
(m/z 782). As previously reported, the major ion at m/z 594 was ascribed to POVPC (1-
palmitoyl-2-oxo-valaroyl-3-phosphotidyl choline) compound 1 [9], whereas the ions at m/z
810 and 828 were epoxy isoprostane compounds 2 and 3: 1-palmitoyl-2-(5,6)-
epoxyisoprostane E2-sn-glycero-3-phosphocholine (PEIPC) and 1-palmitoyl-2-
(epoxycyclopentenone)-sn-glycero-3-phosphorylcholine (PECPC) respectively (Fig. 1A).
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All the three molecules contain reactive carbonyl groups and POVPC has been previously
reported to be reduced by aldose reductase [9].

3.2. Reduction of carbonyl groups in oxPAPC mixture
To identify which of the carbonyl groups generated in oxPAPC are reduced by Kvβ, and to
determine the substrate preference of Kvβ2, we incubated oxPAPC with recombinant Kvβ2.
Because enzymatic reduction leads to the formation of alcohols from aldehydes or ketones,
we expected that the reduction products generated in the reaction mixture would show an
increase in their m/z value by 2 atomic mass units over the un-reduced substrates. Hence, we
monitored the ratio between intensities of [M] and [M + 2] peaks to identify reduction
products.

Incubation with Kvβ2 resulted in the appearance of several new phospholipid species (Fig.
2A). For example, we found an increase in the ratio of 596.3 (1-palmitoyl-2-
hydroxyvaleroyl phosphatidylcholine, PHVPC) to 594.3 (POVPC), Fig. 2A and B. This is
consistent with our previous report that NADPH was consumed in presence of Kvβ2 and
purified reagent POVPC [5]. Similarly, two dalton increments were observed for ions with
m/z 812 and 830 which indicated the formation of 2H-PEIPC and 2H-PECPC derived from
reduction of PEIPC and PECPC, respectively (Fig. 2C and D). These data clearly
demonstrate that Kvβ2 converts aldehydes and ketones in the oxPAPC to their
corresponding alcohols, and that Kvβ2 has a broad substrate activity required to reduce
several oxidized phospholipids containing carbonyl groups.

3.3. High resolution mass spectrometry analysis
The relative peak intensity of [M + 2] was used to monitor the progress of reduction.
However, the ESI-MS analysis cannot distinguish the [M + 2] peak which arises from
reduction (e.g. M + 2H) or the isotopic peak (e.g. M with 2 13C) which naturally occurs even
if the reduction does not occur. Fortunately, oxPAPC compounds only contain C, H, O, and
N, and their [M + 2] isotopic peaks are relatively small. So the lack of mass resolution of
ESI-MS analysis is not a serious problem if a large amount of the reduction products is
present. However, at the beginning of the reaction, when the amount of reduction products is
small, the contribution of isotopic peak to [M + 2] cannot be ignored. Therefore, we used
high resolution MS analysis to overcome this problem.

For high resolution mass analysis, oxPAPC was incubated with Kvβ2 for 0, 3, and 6 h. After
extraction, the reaction products were applied on LTQ-Orbitrap MS for high resolution mass
spectrometry analysis. As shown in Fig. 3, when enzyme was absent, there was no PHVPC
peak (theoretical m/z: 596.39220). Instead, a peak with m/z at 596.38256 was found, which
was identified as POVPC 13C isotopic peak (theoretical m/z: 596.38325). This peak did not
increase with Kvβ2 incubation at 3 and 6 h. In contrast to this, the PHVPC peak (observed
m/z 596.39139) was seen to be progressively increased upon incubation with Kvβ2 at 3 and
6 h. This result clearly validates the ESI-MS (Fig. 2) data, and demonstrates the reduction of
the aldehydes (POVPC) to an alcohol (PHVPC).

3.4. Time course effects on product formation
To quantify the product formation over the time of incubation, we monitored the major ion
pairs at m/z 594/596, 810/812 and 828/830 at different time points of reaction. As shown in
Fig. 4A, a progressive increase in the conversion of POVPC (594 m/z) to PHVPC (596 m/z)
was observed. Indeed, the conversion could be detected as early as 3 h. At 6 h, the
differences between the reaction mixture and no enzyme control were highly significant (p <
0.01). Similar results were observed for the ion at m/z 828, which represents the reduction of
PIEPC to 2H-PIEPC (m/z 830). The reaction mixture containing enzyme was significantly
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different at the 6 h and 22 h time point compared with control (no enzyme). The relative
increase in the ion intensity at m/z 821, which indicates the conversion of PECPC to its
corresponding alcohol 2H-PECPC, was also found to be higher in the sample incubated with
the enzyme than in the absence of the enzyme. However, the reaction had a delayed start
because the overall conversion did not alter even at 6 h time point. For this reaction, the
conversion was highest at the 22 h time point and was statistically significant compared with
the no-enzyme control group. These data demonstrate that the carbonyl groups in the
oxPAPC mixture are catalytically reduced to their corresponding alcohols by Kvβ2, and that
POVPC and PEIPC are preferred over PECPC.

4. Discussion
This study demonstrates that Kvβ2 catalyzes the reduction of several structurally similar
compounds in oxPAPC mixture, which suggests that Kvβ2 subunits can play a regulatory
role in sensing the carbonyl products that are generated during lipid oxidation. Sequence
homology studies indicate that Kvβ subunits belong to the AKR superfamily of proteins.
The β-subunits of shaker potassium channel have β/α8 barrel structure with tight NADPH
binding and have 20–25% homology to other AKRs [12]. Kvβ 1 and 3 consist of the long N-
terminus which acts as a ball and inactivates the channel by plugging the pore of the Kv
channel, whereas in Kvβ2 the N-terminus is absent and therefore it can only accelerate the
self inactivating Kv channels [13].

The Kvβ subunits bind to the cytosolic domain of Kv channels and modulate their gating
properties. We have shown previously that pyridine nucleotides can differentially regulate
the Kv channel inactivation in which oxidized pyridine nucleotides NAD(P)+ abolish
inactivation and reduced pyridine nucleotides NAD(P)H restore inactivation [2,14]. We
have also examined the catalytic activity of Kvβ2 and have identified that the protein
displays higher activity with naturally occurring compounds, such as PGJ2 and POVPC,
whereas modest reduction was monitored with 12-oxo-ETE and steroid containing
compounds.

In comparison with other AKRs such as aldose reductase (AKR1B), Kvβ2 is a much slower
enzyme. In our previous publications we reported catalytic activity for Kvβ2 with kcat for
POVPC and PGJ2 of 0.078 and 0.088 min−1, respectively [5], whereas kcat of aldose
reductase with POVPC is 36.2 min−1 [9]. Based on these measurements using POVPC as
substrate, aldose reductase is estimated to be 464 times more active than Kvβ2. Therefore, it
is likely that Kvβ2 is not a detoxification enzyme like some other AKRs. However, the
unique property of Kvβ subunits is that it is the only known AKR that binds to ion channels
(Kv channels) and modulates channel gating and trafficking [15]. Therefore, the catalytic
activity of Kvβ2 with the products of lipid oxidation may serve as a sensor of oxidative
changes in the cell membrane, which will allow the regulation of potassium currents in
response to the metabolic/redox status of the cell.

Our findings are in agreement with previous reports, which show that oxidation of PAPC
results in generation of several classes of carbonyl compounds [6]. Among them, one of the
most reactive phospholipid aldehyde generated is POVPC and it has been suggested that the
generation of POVPC within the vessel wall could contribute to atherosclerotic lesion
formation and progression [7,16,17]. In general, oxidized phospholipids have been
implicated in the pathogenesis of several chronic inflammatory diseases such as arthritis,
inflammatory bowel disease, and multiple sclerosis. Nevertheless, the ability to modulate
ion channels or their subsidiary sub-units has not been examined.
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The present study shows that Kvβ2 reduces several carbonyl products generated from the
oxidation of membrane lipids. We observed significant catalytic activity of Kvβ with
POVPC, PEIPC, as well as PECPC. These findings attest to the possibility that Kvβ2
subunit can sense metabolic changes in the cell and play a regulatory role in ion channel
modulation. Although we used Kvβ2 for our studies, because of high sequence homology
among different Kvβ subunits, it is likely that other Kvβ subunits, i.e., Kvβ1 and Kvβ3, can
also catalyze the reduction of oxidized phospholipids, however, future experiments are
required to determine the catalytic properties of other β-subunits and how they are different
from Kvβ2 [2,12]. Further work is also required to understand how individual species
generated within oxidized lipids regulate electrical activity by regulating Kvβ catalysis and
thereby the inactivation of Kv currents.

In summary, our studies show that several oxidized phospholipid generated by the oxidation
of PAPC are reduced by Kvβ2. These results were validated using high resolution mass
spectrometry. We report that major carbonyl compounds with m/z 594, 810 and 828 are
reduced by Kvβ2. High resolution mass spectrometry evidence was used to validate the
reduction of POVPC at different time points, and the time-course of the reduction for the
three major species was monitored to demonstrate the reduction process in oxPAPC mixture.
Taken together, these data demonstrate that Kvβ2 catalyzes the reduction of several oxidized
phospholipids. Based on these findings, we speculate that oxidized phospholipid generated
during oxidative stress might be able to decrease the inactivation of Kv currents by
oxidizing NADPH bound to Kvβ-subunit and that changes in Kv conductance via Kvβ may
be one mechanism by which cells respond to oxidative stress.
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Fig. 1.
Structural representation of air oxidation products of PAPC and its reduction by Kvβ2. (A)
The chemical structure of the parent compound PAPC is depicted with the non-substitutable
group R represented in dotted box. Air oxidation of PAPC leads to the formation of reactive
carbonyl groups at the sn2 position, and reduction of these carbonyl groups by Kvβ2 in the
presence of NADPH leads to the formation of corresponding alcohols. Compound 1
(POVPC), sn2 group: oxo-valeroyl group can be reduced by Kvβ2 to form PHVPC (596.4
m/z). Compound 2 (PECPC), sn2 group: epoxy-isoprostaonic group, can be reduced to 2H-
PECPC (812.5 m/z) by Kvβ2. Compound 3 (PEIPC), sn2 group: hydroxyl-
epoxyisoprostanoic, can be reduced by Kvβ2 to its corresponding 2H-PEIPC (830.5 m/z).
(B) ESI-MS spectra of PAPC before air oxidation shows a well resolved positive ion at m/z
782.6 as indicated, which was air oxidized for 72 h to generate carbonyl containing
compounds: POVPC (m/z 594.3), PECPC (m/z 810.6), and PEIPC (m/z 828.6).
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Fig. 2.
Kvβ2 catalyzes the reduction of aldehydes generated from air oxidation of PAPC. Aliquots
of oxidized PAPC were incubated without (A) or with Kvβ2 (B) in potassium phosphate
buffer (see Section 2). After the incubation, the phospholipids were extracted in chloroform/
methanol/water and injected in to the electrospray. The oxidized compounds POVPC,
PEIPC and PECPC remain unaltered in the absence of Kvβ2. Incubation with Kvβ2 led to an
increase in the intensity at m/z 596.3, 812.5, 830.5, which represents the formation of the
reduction products of POVPC, PECPC and PEIPC. Panels C and D, represent narrow-range
spectra of the three products without (control; i–iii) or with Kvβ2 (i–iii) respectively.
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Fig. 3.
Identification of products by high resolution mass spectrometry. Aliquots of reaction
mixture containing oxPAPC without or with Kvβ2 were analyzed by Orbitrap high
resolution mass spectrometer at 3 and 6 h time points. (A) In control group without Kvβ2,
no PHVPC product at m/z 596.38 was identified. (B) After 3 or (C) 6 h of incubation with
Kvβ2 a progressive increase in the intensity at m/z 596.39139 was noted. Corresponding
insets i, ii and iii (narrow-range spectra) representing the formation of PHVPC (m/z 596.39)
at 0, 3 and 6 h time points respectively.
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Fig. 4.
Time course of carbonyl reduction by Kvβ2 Reaction mixtures containing Kvβ2 and
oxPAPC were incubated and monitored for the generation of reduced products at different
time points without or with Kvβ2. The reaction was stopped at 0, 3, 6, 12, and 22 h by
freezing at −80 °C. Phospholipids were extracted by chloroform/methanol/water mixture
and analyzed by electrospray. The formation of reduced products is plotted as percentage
conversion. Panel (A) shows the time course of PHVPC (m/z 596) product formation
compared with control. Panel (B) and (C) shows the 2H-PECPC (m/z 812) and 2H-PEIPC
(m/z 830) product respectively. n = 3 separate reactions, *p < 0.01.
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