
SUPPLEMENTAL MATERIAL 

SUPPLEMENTAL METHODS 
Voltage protocols in patch-clamp experiments 
K+ currents were measured in the whole-cell patch-clamp at 37±0.1°C. 

Voltage-gated K+ currents (Ito, IK,slow and ISS) were activated using 4.5 s long depolarizing pulses 
ranging from −40 mV to +60 mV arising from a holding potential of −80 mV and repeated in every 10 s. 
Ito and IK,slow were separated using biexponential fitting (R2>0.9 in each case) and low-dose 
4-aminopyiridne treatment (50 μM), which selectively inhibits IK,slow [2, 14]. IK,slow was present only in 
mouse but not in rat and rabbit ventricular myocytes. ISS was separated from Ito and IK,slow using high-dose 
(3 mM) 4-aminopyridine treatment. ISS magnitude was measured at the end of the 4.5 s long depolarizing 
pulse. Ito inactivation was assessed following low-dose (50 μM) 4-aminopyridine treatment. Time course 
of Ito recovery from inactivation was studied using a twin-pulse protocol. Two 500 ms long 
depolarizations to +40 mV were separated by interpulse intervals (with a holding potential of −80 mV) 
having variable durations. Peak Ito amplitude (peak−pedestal at the end of the 500-ms pulse) measured by 
the second pulse was normalized to that measured by the first pulse, and their ratio (I2/I1) was plotted 
against the interpulse interval. 

IK1 was measured as Ba2+-sensitive steady-state current at the end of the 500-ms long test pulses 
between −140 mV and −40 mV in 10 mV steps. 

IKr was activated by 3 s long depolarizing pulses to +40 mV arising from the holding potential of 
−80 mV. IKr was assessed as the E-4031-sensitive tail current amplitudes recorded following 
repolarization to −40 mV. 
 
Drug treatments 
The effect of acute treatment with high glucose (30 mM) was assessed following 6 min perfusion in the 
same cell in self-controlled experiments. Details on drug treatments, doses and supporting references are 
provided below. 

K+ currents were separated using 4-aminopyridine to selectively inhibit IK,slow in low-dose 
(50 μM) and both Ito and IK,slow in high-dose (3 mM) [2, 14], E-4031 (1 µM) to selectively inhibit IKr [8, 
13], and BaCl2 (300 µM) to inhibit IK1 [1, 9]. 

To examine specific signaling pathways, cell pretreatments with selective inhibitors started 15-
30 min before the experiments and the drugs were also added to both the perfusion and the pipette 
solutions. 

To assess the contribution of O-GlcNAcylation in K+ channel regulation during hyperglycemia, 
the following inhibitors were used: 6-diazo-5-oxo-L-norleucine (DON, 50 μM) to inhibit a broad 
spectrum of amidotransferases, including the glutamine-fructose-6-phosphate amidotransferase which is 
the first and rate-limiting enzyme in the hexosamine biosynthetic pathway [5], OSMI-1 (50 μM) to 
selectively inhibit O-GlcNAc transferase [7], and Thiamet-G (Thm-G, 100 nM) to selectively inhibit 
O-GlcNAcase [15]. 

To assess the contribution of protein kinases in K+ channel regulation during hyperglycemia, the 
following inhibitors were used: autocamtide-2-related inhibitory peptide (AIP, 1 μM) to selectively 
inhibit CaMKII [4], protein kinase inhibitor peptide (PKI, 1 μM) to selectively inhibit PKA [12], and 
bisindolylmaleimide II (BIM-II, 100 nM) and Go 6976 (100 nM) to selectively inhibit PKC [6, 10]. In the 
extracellular solution, the cell-permeable myristoylated forms of PKI and AIP were used. As a negative 
control for PKC inhibitors, bisindolylmaleimide V (BIM-V, 100 nM) was used. 

To assess the contribution of ROS in K+ channel regulation during hyperglycemia, a combination 
of ROS scavengers was used: reduced glutathione (GSH, 10 mM) [11] and N-acetylcysteine (NAC, 
10 mM) [3]. 



Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), if not specified otherwise. 
Tetrodotoxin and Go 6976 were from Calbiochem (Burlington, MA, USA), E-4031 was from Tocris 
(Bristol, UK), and BIM-V was from Santa Cruz Biotechnology (Dallas, TX, USA). 



Gene Protein IK Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

Gapdh GAPDH N/A AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT 

S18 18S rRNA N/A AAAGCAGACATCGACCTCAC GTACTTCCCATCCTTCACATCC  

Camk2d CaMKIIδ N/A GTGACACCTGAAGCCAAAGA CATCATGGAGGCAACAGTAGAG 

Camk2g CaMKIIγ N/A AAGCTGGAGCCTACGATTTC GCGCTTTGCAGGGTTTAT 

Anf ANF N/A CAGGCCATATTGGAGCAAATC GGGCATGACCTCATCTTCTAC 

Myh7 β-MHC N/A AGATGGCTGGTTTGGATGAG TTGGCCTTGGTCAGAGTATTG 

Kcnd2 KV4.2 Ito,fast CGCCACATCCTCAACTTCTA CGGTCCTTGTACTCCTCATAAC 

Kcnd3 KV4.3 Ito,fast GTGGCCATCATGCCCTATTA GAAGATCCTGAAGACACGGAAG 

Kcnip2 KChIP2 Ito,fast TGATAGACTGAACTGGGCTTTC GTAGGTGTACTTGCCCATCAT 

Kcna4 KV1.4 Ito,slow ATCGTGGAGACAGTGTGTATTG  GCCCAGAGTGATGAAGTAAGG 

Kcna5 KV1.5 IK,slow TGAGGATGAGGAGGGAGAAG  CGCAAACCCGAGATGTTTATG 

Kcnb1 KV2.1 IK,slow GGCTTGTATCACGATCCTCTTAG GCACTTGCTGTGGTGTAGAT 

Kcnk2 TREK-1 Iss CTGTTTGGCTGTGTCCTCTT CTGCCACGTAGTCTCCAAATC 

Kcnk3 TASK-1 Iss GGACTTTCTTCCAGGCCTATT GAAGCTGAAGGCCACATACT 

Kcnj2 Kir2.1 IK1 GGTACCTGGCAGACATCTTTAC GAGCAGGGCTATCAACCAAA  

Kcnj12 Kir.2.2 IK1 AAGGGCCTAGACCGTATCTT CTCAAAGTCGTCTGTCTCAAGG 

Kcnh2a hERG1a IKr CCCTCCATCAAGGACAAGTATG GCATGACACAGATGGAGAAGA 

Kcnh2b hERG1b IKr GCTTACTGCCCTCTACTTCATC  CTTTCCAGGACGGGCATATAG 

Kcnq1 KV7.1 IKs CTGGGCTCTGTAGTCTTCATTC CTCGTTCACCGCATCTTTCT 

Kcne1 MinK IKs CCCAATTCCACGACTGTTCT CAGCACCATGAGGATGTAGAG 

Supplemental Table 1.  The sequence of specific primers used in qRT-PCR. 
Examined genes, encoded proteins and related K+ currents (if applicable) with the corresponding forward 
and reverse primers are listed. 



 WT + Vehicle WT + STZ 
 Pre-inj. 4-wk Post-inj. Pre-inj. 4-wk Post-inj. 
 N (animals) 7 5 
 FS (%) 21.3±2.3 20.4±1.0NS 24.6±3.8 24.0±0.8NS 
 LVIDd (mm) 3.90±0.23 4.05±0.13NS 3.82±0.15 4.06±0.13NS 
 LVIDs (mm) 3.11±0.25 3.22±0.10NS 2.90±0.24 3.06±0.08NS 
 LVPWd (mm) 0.88±0.08 0.82±0.03NS 0.82±0.11 0.71±0.03NS 
 LVPWs (mm) 1.24±0.11 1.14±0.08NS 1.15±0.12 0.95±0.05NS 
 IVSd (mm) 0.92±0.06 0.92±0.4NS 0.88±0.08 0.84±0.09NS 
 IVSs (mm) 1.18±0.06 1.25±0.06NS 1.25±0.10 1.21±0.07NS 

Supplemental Table 2.  Echocardiography parameters in diabetic mice. 
Cardiac contractile function was assessed by M-mode echocardiography before and 4 weeks after low-dose 
streptozotocin (STZ) injection (for 5 consecutive days) to induce type 1 diabetes mellitus versus vehicle 
control in wild-type (WT) male mice. Comparisons between pre- and post-injection parameters were made 
using Student’s paired t test, NS indicates non-significance. 
(FS, fractional shortening, calculated as FS=(LVIDd-LVIDs)/LVIDd x 100; LVIDd and LVIDs, left 
ventricular end-diastolic and end-systolic diameters, respectively; LVPWd and LVPWs, left ventricular 
posterior wall thicknesses at diastole and at systole, respectively; IVSd and IVSs are intraventricular septal 
thicknesses at diastole and at systole, respectively.) 



 WT + Sham WT + TAC 
 Pre-op 8-wk Post-op Pre-op 8-wk Post-op 
 N (animals) 3 4 
 FS (%) 22.4±2.0    22.4±0.8NS 20.5±2.1    11.4±1.2P=0.01 
 LVIDd (mm)   3.86±0.19      4.34±0.33NS   4.02±0.14    4.66±0.12P=0.02 
 LVIDs (mm)   2.99±0.16      3.37±0.29NS   3.20±0.17    4.13±0.14P=0.01 
 Heart weight (mg) N/A   0.24±0.01 N/A    0.40±0.03P=0.01 
 Body weight (mg) N/A 31.6±1.5 N/A    32.0±2.2NS 
 HW / BW (%) N/A   0.76±0.07 N/A    1.29±0.17P=0.05 
Cell capacitance (pF) N/A    148.8±1.8 N/A 246.2±8.1P<0.001 

Supplemental Table 3.  Echocardiography and morphometic parameters in heart failure mice. 
Cardiac contractile function was assessed by M-mode echocardiography before and 8 weeks after transverse 
aortic constriction (TAC) surgery to induce heart failure (HF) versus sham control in wild-type (WT) male 
mice. Enlarged left ventricular dimensions and significantly reduced fraction shortening measured in M-
mode echocardiography demonstrate ventricular dilation and functional impairment in HF. Increased heart 
weight, HW/BW and cell capacitance demonstrate significant myocardial hypertrophy in HF. Student’s t 
test, paired (echocardiography) or unpaired (morphometry). NS indicates non-significance. N/A indicates 
not applicable. 
(FS, fractional shortening, calculated as FS=(LVIDd-LVIDs)/LVIDd x 100; LVIDd and LVIDs, left 
ventricular end-diastolic and end-systolic diameters, respectively; HW/BW, heart weight to body weight 
ratio.) 



 
Supplemental Figure 1. Acute hyperglycemia and K+ currents in mouse ventricular myocytes. 
a Acute hyperglycemia (30 mM glucose, 6 min) significantly reduced the transient outward K+ current (Ito) 
and increased the inward rectifier K+ current (IK1). Paired data are shown in individual cells. 
b Representative rapid delayed rectifier K+ current (IKr) traces and averaged data. IKr tail current density 
and deactivation time constant (τdeactivation) were unchanged in acute hyperglycemia. 
Student’s two-tailed, paired t-test; NS, non-significant; ***p<0.001. 



 
Supplemental Figure 2. mRNA expression of CaMKII and K+ channel genes. 
mRNA expression of Camk2d, Camk2g, hypertrophic markers (Anf, Myh7), and K+ channel genes assessed 
by qRT-PCR in WT control, CaMKIIδ-knockout (KO), overexpression (OE) and O-GlcNAc-resistant 
S280A knock-in mouse hearts. ANOVA; *p<0.05, **p<0.01, ***p<0.001. 



 
Supplemental Figure 3. Blood glucose levels, cellular hypertrophy, and K+ current kinetics in 
diabetes. 
a Elevated blood glucose levels in streptozotocin (STZ)-treated type 1 diabetes mellitus (vs. vehicle 
control), in high-fat diet (HFD)-induced type 2 diabetes mellitus (vs. low-fat diet, LFD) and in db/db, a 
genetic model for type 2 diabetes mellitus (vs. wild-type C57BLKS/J). b Cardiomyocyte hypertrophy in 
diabetic mouse models. c Inactivation kinetics of the transient outward K+ current (Ito) were unchanged in 
all diabetic models. d, e Ito recovery from inactivation kinetics. Hyperglycemia decreased the time constants 
for both the fast (d) and the slow (e) components of Ito recovery in STZ (and all controls), but not in HFD 
or db/db. ANOVA; *p<0.05, **p<0.01, ***p<0.001 vs. normoglycemia; †p<0.05 vs. control. 
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