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Abstract: Resistance to sodium carbonate extraction is regarded as a canonical way to distinguish inte-
gral membrane proteins (MPs) from other membrane-associated proteins. However, it has been observed

that carbonate extraction releases some mitochondrial integral MPs. Here, by analyzing both artificially

designed and native mitochondrial inner MPs containing transmembrane domains (TMDs) of different
hydrophobicities, we show that carbonate treatment can release moderately hydrophobic TMDs from the

mitochondrial inner membrane. These results suggest that resistance and sensitivity to carbonate extrac-

tion may be interpreted with caution when analyzing the nature of mitochondrial inner MPs.
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Introduction

Membrane proteins (MPs) are ubiquitous in both

eukaryotic and prokaryotic cells, making up �20–30%

of the total proteins.1 They are not only abundant but

carry out diverse and essential functions, for example,

in regulating the transport of molecules and the flow

of information across the cell membranes.

MPs can be either peripheral or integral. Periph-

eral MPs crowd the surface of the membrane through

electrostatic, hydrogen-bonding or hydrophobic inter-

actions with lipid head groups or other integral MPs

and can be detached from the membrane by rela-

tively mild treatments such as changing the ionic

strength or pH in the buffer. However, some proteins

at the surface that are bound to the membrane via

modification with fatty acids (e.g., GPI-anchored and

lipid-linked proteins) can be released from the mem-

brane by treatment with lipases. Integral MPs are

firmly embedded in the lipid bilayer by hydrophobic

interactions between the hydrocarbon chains of lipids

and the hydrophobic domains of proteins, and can

only be removed by solubilization with detergents.

Sodium carbonate extraction was first intro-

duced as a way to isolate intracellular/organellar

membranes.2 By suspending purified fractions of rat

liver endoplasmic reticulum (ER), peroxisomes or

mitochondria in sodium carbonate buffer, the

Grant sponsor: Basic Research Grant from the National Science
Foundation of Korea; Grant number: 0409-20150035; Grant
sponsor: SNU Brain Fusion Program of the Seoul National
University.

Salom�e Calado Botelho’s current address is Department of
Molecular and Cellular Physiology, 265 Campus Drive Stanford
University School of Medicine, Stanford, CA 94305-5453, U.S.A
Kwangjin Park’s current address is Department of Molecular Biol-
ogy and Biochemistry and Centre for Cell Biology, Development
and Disease, Simon Fraser University, Burnaby, British Columbia,
V5A 1S6, Canada
*Correspondence to: Hyun Kim, Department of Biological Scien-
ces, Seoul National University, Seoul 08826, South Korea. E-
mail: joy@snu.ac.kr

Published by Wiley-Blackwell. VC 2015 The Protein Society PROTEIN SCIENCE 2015 VOL 24:2063—2069 2063



membranes were converted to membrane sheets

retaining only integral MPs and lipid-anchored pro-

teins. The efficiency of this method relies on the

alkaline pH that decreases noncovalent protein-

protein interactions, releasing loosely attached

peripheral MPs without disrupting the integrity of

the membranes.2–4 Since then, sodium carbonate has

been widely accepted as the method to distinguish

peripheral MPs from integral MPs.

The mitochondrial inner membrane (IM) is

densely packed with proteins with �75:25 protein:lipid

ratio.5 Previous reports on the insertion of proteins

into the mitochondrial IM revealed that mitochondrial

IM proteins are less hydrophobic than the bacterial or

ER MPs.6 Membrane insertion of mitochondrial IM

proteins via the TIM23 complex using model trans-

membrane domains (TMDs) showed that the hydro-

phobicity of the TMDs is not the only determinant for

membrane insertion, but that charged flanking resi-

dues can strongly influence on membrane insertion.7

The unique protein-lipid environment of the mito-

chondrial IM may therefore condition the effect of

sodium carbonate extraction on separating peripheral

from integral mitochondrial IM proteins. Indeed, mito-

chondrial single-spanning IM proteins with a moder-

ately hydrophobic TMD, such as Dld1p and Mgm1p,

were shown to be sensitive to carbonate extraction

and released from the membrane.8–11

With the aim of exploring the physico-chemical

properties of mitochondrial IM proteins, in this study,

we have systematically analyzed the susceptibility of

both artificial and natural mitochondrial IM TMDs to

sodium carbonate extraction. Our results show a corre-

lation between the hydrophobicity of the TMD and the

susceptibility to carbonate extraction, indicating that

mitochondrial IM proteins harboring moderately hydro-

phobic TMDs can be released by carbonate extraction.

Results

Experimental setup and calculation of m-ratio

Mgm1p is a dynamin-like GTPase that is involved in

mitochondrial IM fusion in yeast. It undergoes a

unique topogenesis that generates two isoforms; mem-

brane anchored l-Mgm1p and soluble s-Mgm1p.12 In

our previous study, we replaced the first hydrophobic

segment of Mgm1 by a series of 19-residue model seg-

ment (H-segment) composed of n Leu and 19-n Ala resi-

dues, and determined membrane insertion efficiency of

the H-segment into the mitochondrial IM by measuring

the relative amounts of l-Mgm1p compared with s-

Mgm1p.7 We verified that, for the H-segment to be

anchored in the IM, the segment should be either be

sufficiently hydrophobic (n> 6) or contain charged

flanking residues. The hydrophobicity of the first TMD

of Mgm1p influences the balance between the two iso-

forms, that is, higher n (lower DGapp) leads to formation

of more l-Mgm1p; the number of Leu residues required

for 50% retention of the H-segment in the IM was

found to be n 5 5-6. Additionally, the Mgm1p carrying

the H-segment of low hydrophobicity (n 5 1–3) could

still produce mostly l-Mgm1p when the charged flank-

ing residues (N-terminal KKPK and/or the C-terminal

KPKK or DPDD) are present. Hence, charged flanking

residues may play a more important role in anchoring

the TMD presumably via interaction between lipid

head groups and/or membrane potential.

We therefore tested the effect of sodium carbonate

extraction on Mgm1p variants containing different H-

segments that mainly generate the l-Mgm1p. [Fig.

1(A,B)]. Since the m-AAA protease in the IM recog-

nizes Mgm1p with the modified H-segment and dislo-

cates it from the IM,13 we transformed various Mgm1p

constructs into the Dyta10 strain where Yta10p, a com-

ponent of m-AAA is missing. Mitochondria from yeast

cells carrying each Mgm1p variant were isolated and

subjected to carbonate extraction [Fig. 1(C)]. Samples

in the pellet and supernatant fractions were separated

on the SDS-gel and Western blotting was followed to

detect Mgm1p. The band intensities of the l-Mgm1p

isoforms from the pellet and supernatant fractions

were measured and accounted as 100% total.

To develop an unbiased analysis, we calculated

the ratio of the l-Mgm1p band intensity of the pellet

and supernatant samples, denoted as membrane ratio

(m-ratio). The band intensity of l-Mgm1p in the pellet

was divided by that of the supernatant. The m-ratio

near 1 indicates that �50% of l-Mgm1p molecules are

released from the membrane by carbonate extraction

and thus, m-ratio over 1 marks more l-Mgm1p mole-

cules found in the pellet whereas m-ratio below 1

means more l-Mgm1p molecules in the supernatant.

Effects of carbonate extraction of Mgm1p with

the H-segment of varying hydrophobicity

We wondered whether the l-Mgm1p isoforms resulted

from Mgm1p variants carrying considerably low

hydrophobic H-segments (n 5 1–3) flanked by charged

residues (K—D, D—G) are more sensitive to carbonate

extraction than those carrying sufficiently hydrophobic

H-segments (n 5 6–11). Purified yeast mitochondria

expressing these Mgm1p constructs were treated with

0.1M sodium carbonate at pH 11.0. l-Mgm1p isoforms

from less hydrophobic Mgm1p variants (n 5 1–6) were

mostly found in supernatant while those of hydropho-

bic constructs (n 5 8–11) were found in pellet fractions

[Fig. 1(C)]. Interestingly the 6Leu/13Ala segment was

mostly found in the supernatant, which corresponds to

the number of Leu residues required for 50% retention

in the IM in the wild type.7

The m-ratio in this case is the relative l-Mgm1p

band intensity from the pellet and supernatant sam-

ples. An m-ratio over 2 was determined for 8L and

11L constructs whereas it was below 1 for 1L-6L

constructs, indicating that l-Mgm1p was mainly

released in supernatant by carbonate treatment for
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Figure 1. Carbonate extraction of Mgm1p variants. A: Schematic drawing of Mgm1p variant. The first TMD of Mgm1p (TM1) was

replaced by an H-segment containing 19 amino acid residues. DGapp for membrane insertion of each construct is present as calculated

in Hessa et al.19 Hydrophobicity increases as DGapp decreases. B: Expression of Mgm1p variants. Mitochondria expressing Mgm1p var-

iants in Dyta10 strain were isolated and subjected to Western blot analysis. All constructs express a long Mgm1p isoform (l-Mgm1p) as a

major form. C: Western blot analysis of Mgm1p variants with different hydrophobicity (DGapp). Mitochondria expressing Mgm1p variants

in Dyta10 strain were isolated and subjected to 0.1M sodium carbonate, pH 11.0 treatment for 30 min. Each protein was detected by

anti-HA antibody and its m-ratio was calculated by dividing the l-Mgm1p band intensity in the pellet fraction by that of the supernatant.

Tim44p is a control for soluble protein (detected only in supernatant) and Tom70p and Tim23p are for membrane-bound proteins

(detected mostly in pellet). S, supernatant; P, pellet. Constructs are shown in the order of the number of Leu residues in the H-segment:

hydrophobicity increases as DGapp decreases from K1LD to 11L. Percentages of l-Mgm1p isoform in the pellet and supernantant are

presented. D: The m-ratio of each variant is shown in bar graph. The average of results from two independent experiments is shown with

standard deviations.
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these latter constructs [Fig. 1(D)]. More s-Mgm1p

isoforms were found in the samples from isolated

mitochondria compared to whole cell lysates, which

we suspect that some l-Mgm1p isoforms were con-

verted to s-Mgm1p during the mitochondria prepara-

tion [Fig. 1(C)].

Figure 2.
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Mitochondrial IM proteins with moderately

hydrophobic TMD are more sensitive to

carbonate extraction
To verify whether the sensitivity of mitochondrial

single-spanning MPs carrying the moderately hydro-

phobic TMDs to carbonate extraction is a general phe-

nomenon, various mitochondrial IM protein-Mgm1p

fusions (MFPs) obtained in a previous study [Fig.

2(A)] (Table I)14 were subjected to carbonate extrac-

tion. This set of fusion proteins were expressed in

yeast and the membrane insertion of the TMDs was

verified by the formation of membrane anchored

Mgm1-fusion protein (L-MFP). Mitochondria were

purified and subjected to sodium carbonate treatment.

The m-ratio was calculated by measuring the ratio of

the band intensity present in the pellet versus the

one in the supernatant.

We plotted the m-ratio of MFPs in function of the

hydrophobicties of their TMDs (Table I) [Fig. 2(B)].

MFPs with TMDs with lower DGapp (<20.7) showed

m-ratio over 1 whereas those with higher DGapp

showed m-ratio below 1. Interestingly, Sco1 MFP and

Sco2 MFP showed a higher m-ratio even though their

hydrophobicities were relatively low. Sco1p and Sco2p

are known to aid the incorporation of COX subunits I

and II.15 We speculate that Sco1 and Sco2 may be asso-

ciated with their partner proteins in the process of

complex formation, which may prevent their mem-

brane release by carbonate extraction.

In case the C-terminal domain of Mgm1p might

influence the sensitivity to carbonate extraction, we

prepared full-length Yme2p, Tim50p, and Dld1p

without the C-terminal domain of Mgm1p. Isolated

mitochondria expressing these proteins were treated

with sodium carbonate and the m-ratio of each pro-

tein was calculated [Fig. 2(C,D)]. For Tim50p and

Yme2p, the majority were detected in the pellet frac-

tion with the calculated m-ratio of 3.00 and 6.20,

respectively. Dld1p, which has a less hydrophobic

TMD, was found almost equally in both supernatant

and pellet (m-ratio of 1.22) [Fig. 2(C)].

The calculated m-ratios of corresponding fusion

proteins are 8.99 for Yme2 MFP and 0.39 for both

Dld1 MFP and Tim50 MFP. Although the order of

m-ratio value was slightly different between the full-

length proteins (Yme2p>Tim50p>Dld1p) and the

MFPs (Yme2p>Tim50p 5 Dld1p), the decreasing

trend was maintained [Fig. 2(D)]. In fact, it verifies

the earlier results that Dld1p and Mgm1p are sensi-

tive to carbonate extraction and are released from

the membrane.8–11

Overall, these results show that single-spanning

MPs carrying moderately hydrophobic TMD can be

released when subjected to sodium carbonate

extraction.

Discussion
The sodium carbonate extraction has been widely

used as a canonical method to separate integral

from peripheral MPs. However, it has been observed

that some mitochondrial integral MPs are released

under alkaline condition provided by sodium carbon-

ate.8 In this report, by analyzing a set of mitochon-

drial inner MPs with controlled hydrophobicity, we

show that carbonate extraction releases inner MPs

with moderately hydrophobic TMDs.

Mitochondrial MPs tend to have less hydropho-

bic TMDs compared with the MPs targeted to the

secretory pathway through the ER.6,16 Earlier works

have shown that these moderately hydrophobic

mitochondrial MPs can be anchored in the IM via

the charged residues flanking the TMD, presumably

by interacting with lipid head groups and/or mem-

brane potential.17 In turn, this set of MPs may be

more susceptible to carbonate extraction compared

to those carrying more hydrophobic TMDs. Thus,

our results suggest that although sodium carbonate

extraction is useful to determine hydrophobic inte-

gral MPs, when analyzing moderately hydrophobic

mitochondrial MPs, the data should be interpreted

with caution.

Materials and Methods

Plasmid construction and yeast transformation
pHP84MGM1HA H-segments, Mgm1p fusion protein

plasmids were obtained from the previous stud-

ies.7,14 Genes encoding mitochondrial protein,

Yme2p, Tim50p, and Dld1p were amplified by PCR

Figure 2. Carbonate extraction of mitochondrial inner MPs with moderately hydrophobic TMD. A: Schematic drawing of Mgm1-

fusion protein (MFP). The C-terminus of Mgm1p starts from the Ser residue at position 117. B: Relationship between TMD hydro-

phobicity and m-ratio of MFPs. Mitochondria expressing MFPs in the W303-1a were isolated and subjected to 0.1M sodium car-

bonate treatment for 30 min. Each m-ratio was calculated by dividing membrane anchored Mgm1-fusion protein band intensity

of pellet by that of supernatant. C: Western blot analysis of three integral MPs Dld1p, Tim50p, and Yme2p with different hydro-

phobicity (DGapp). Mitochondria expressing inner MPs were isolated and subjected to 0.1M sodium carbonate, pH 11.0 treatment

for 30 min, followed by ultracentrifugation and SDS-PAGE. Each protein was detected by anti-HA antibody and its m-ratio was

calculated by dividing the band intensity of Dld1p, Tim50, or Yme2p in the pellet by that of supernatant. Tim44 is a control for

soluble protein (detected only in supernatant) and Tim23 is for membrane-bound protein (detected only in pellet). T, total mem-

brane; S, supernatant; P, pellet. Percentages of each protein in the pellet and supernatant are presented. D: The m-ratio of full-

length proteins (blue circless) and corresponding Mgm1-fusion versions (red circles) were plotted with respect to their corre-

sponding TMD hydrophobicity (DGapp). The average of data obtained from two independent experiments are shown with stand-

ard deviations.
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using genomic yeast DNA prepared from W303-1a

(MAT a, ade2, can1, his3, leu2, trp1, and ura3) and

cloned into pHP84HA vector. All plasmids were pre-

pared by homologous recombination in yeast as pre-

viously described in Kim et al.18 Mgm1p variants

were expressed in Dyta10 strain (MAT a, ade2-1,

his3-11,15, yta10::HIS3MX6, trp1-1, leu2,112, and

ura3-52), where the Yta10p subunit of the m-AAA

protease is deleted. MFP and Yme2HA, Tim50HA,

and Dld1HA constructs were transformed into

W303-1a.

Isolation of yeast mitochondria and sodium

carbonate extraction and Western blot analysis

Yeast transformants carrying each test gene were

grown in 1 L of –Leu medium containing glucose

(2% w/v) at 308C up to OD600 1-2. Yeast mitochon-

dria were isolated as previously described.14 40 lg of

mitochondria were resuspended and incubated in

100 lL of cold 0.1 M Na2CO3 (pH 11.0) for 30 min

on ice. The suspensions were ultracentrifuged at 48C

for 30 min at 90,000 g in Beckman polycarbonate

tubes in a TLA 110 rotor. Supernatants and pellets

were incubated in 500 lL of 12.5% TCA for at least

15 min on ice, followed by centrifugation for 15 min

at 28,000 g at 48C. The samples were washed with

500 lL of 100% acetone, subsequently dried for 5

min in the room temperature. The dried pellet

obtained from acetone wash was incubated in 35 lL

of 13 SDS-PAGE sample buffer for 3 min at 958C

and loaded onto the 6.5 and 12.5% SDS-gels. Pro-

teins of interest were detected by anti-HA antibod-

ies. Tim44p was used as a marker for peripheral

(supernatant) MP whereas Tim23p or Tom70p were

used as integral (pellet) MP controls, detected with

anti-Tim44, Tim23, and Tom70 antibodies, respec-

tively, kindly provided by Professor Toshiya Endo

(Kyoto Sangyo University, Kyoto, Japan).
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