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Abstract 

The structure of the variety of phospholipids that make up cellular membranes allows for 

a great deal of control over cellular function because cellular membranes control 

compartmentalization and selective permeability, provide structure, and act as work benches for 

cellular functions. The hydrophobic acyl tails of phospholipids can influence membrane protein 

activity either by changing overall membrane fluidity through acyl chain saturation 

(homeoviscous adaptation) or by changing the acyl chains of lipids in protein-lipid complexes 

(the membrane pacemaker theory). The mitochondrial membrane protein cytochrome c oxidase 

(CCO) has been found to tightly bind to cardiolipin (CL), a mitochondrial phospholipid with two 

phosphates and four acyl chains. CCO is involved in energy production and so is highly involved 

in seasonal acclimatization. Species must acclimatize to seasonal changes in order to maintain 

homeostasis. Winter active ectotherms require higher energy production, so seasonal changes in 

CCO activity are important; an increase in CCO activity during the winter has been shown in 

trout and newts. Studies on changes in CL species as a response to seasonal acclimatization have 

been done in the skeletal muscle of winter active ectotherms such as trout; however, no studies 

have been completed to determine ifCL species change in response to seasonal acclimatization 

in winter active amphibians, such as the Eastern red spotted newt (Notopthalmus viridescens 

viridescens). Small skeletal muscle sample sizes and low mitochondrial content in the skeletal 

muscle of Eastern red spotted newt make CL purification and characterization particularly 

difficult. This paper addresses the problem by proposing a sensitive method for CL purification 

and characterization in addition to presenting preliminary data on CL species between field

collected winter and summer newts. Preliminary data show that CL species do vary between 

summer and winter-collected newts. Summer animals showed three unique CL species, whereas 
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winter animals only showed one dominant CL species. Winter CL species were more saturated 

than summer CL species. The difference in CL species between winter and summer acclimatized 

newts suggests that CL plays a role in seasonal acclimatization in winter active amphibians. 

Introduction 

Plasma membrane and organelle membranes are involved in a variety of functions within 

eukaryotic cells. Membranes allow for cellular compartmentalization and selective permeability, 

provide structure and act as a work bench for cellular functions through membrane protein 

localization. Membranes are composed ofmany classes of phospholipids and other lipid 

components (such as cholesterol). Phospholipids have a polarlhydrophilic head (consisting ofa 

phosphate and a variable group, such as choline) and two nonpolarlhydrophobic tails, which in 

solution act to spontaneously form a lipid bilayer. The nonpolar tails experience stabilizing van 

der Waals interactions and the hydrophobic effect, allowing them to form tight aggregates, 

contributing to the lipid bilayer construction. These interactions allow phospholipids to 

contribute to membrane fluidity control by changing their nonpolar tails (other factors involved 

in membrane fluidity include cholesterol content and temperature). Long, saturated fatty acyl

chains can pack closer together in the bilayer forming a gel-like membrane; shorter fatty acyl

chains experience fewer van der Waals interactions and less hydrophobic effect and cis

unsaturated fatty acyl-chains disrupt packing thus both shorter and cis-unsaturated fatty acyl

chains lead to a more fluid membrane (Lodish et al., 2008). 

The ratios of different acyl groups in a membrane are very important as the phospholipid 

species present can contribute to protein activity control. Changing membrane fluidity changes 

the kinetic energy transferred to nearby proteins; polyunsaturated lipids move more freely 

allowing for a higher frequency of acyl chain collisions. This leads to a higher amount of 

transferred energy, thus increasing protein activity. This process is called homeoviscous 

adaptation (HVA) (Hazel, 1995). It is not just the change in saturation that can lead to modified 

membrane-protein activity. The location of the double bond in the acyl chain has been found to 

influence protein activity as well. When experimental membranes had similar levels of saturated 

and monounsaturated acyl groups Na+-K+-ATPase was found to have greater activity in 

membranes with higher levels of omega-3 polyunsaturated fatty acids, which have their first 

double bond on the third carbon from the omega end, than in membranes with higher levels of 

omega-6 polyunsaturated fatty acids, which have their first double bond on the sixth carbon from 

the omega end (Wu et al., 2004). Control ofprotein activity by specific acyl species is called the 

membrane pacemaker theory. Phospholipid species often vary throughout the membrane. 

Frequently lipid rafts will form, creating separate microdomains with properties different from 

the surrounding membrane. It is believed that these microdomains are enriched for a subset of 

membrane proteins to permit lipid-protein complexes to facilitate cellular functioning (Lodish et 

al., 2008). It appears lipids with different acyl groups interact with proteins differently, leading to 

a change in protein function or activity, presumably by altering protein structure by changing the 

membrane environment (Schalme et aI., 2005). 

Given the influence of acyl groups on membrane fluidity and protein function some 

phospholipid species ratios are, as one would expect, highly regulated and tightly controlled. 

Both temperature (seasonal acclimatization) and dietary challenges, however, have been found to 

change fatty acyl composition in phospholipids with some phospholipids being more resistant to 

these challenges than others. Dietary changes in trout have been shown to change overall 

mitochondrial phospholipid acyl groups, though the level of lipid saturation in the diet did not 
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always correspond to the level of saturation of the acyl groups found in the mitochondria 

(Guderley et aI., 2008). Thermal acclimation of trout has also shown changes in acyl groups 

with a decrease in saturated fatty acids and an increase in monounsaturated fatty acids during 

warm acclimation (Kraffe et al., 2007). Not all types of phospholipids respond to dietary and 

temperature challenges equally. Some types ofphospholipids are more resistant to challenges 

than others due to their high acyl chain specificity (Hoch, 1992). This is not to say that these 

lipids cannot be manipulated, but rather they must face greater challenges (Berger et al., 1992). 

One of these phospholipids is cardiolipin. 

Cardiolipin (CL) is a minor phospholipid found in the plasma membrane ofprokaryotes 

and only in the inner mitochondrial membrane of eukaryotes; it has two negative charges and 

four acyl groups. This structure is essentially a double phospholipid with the two halves linked 

by a glycerol molecule. The four acyl groups allow for a high degree ofvariability to create 

many CL species (Figure 1) (Hoch, 1992). Despite this possible variability, in vivo the acyl 

groups are highly specific; in mammalian hearts the acyl groups are almost always 18-carbon 

chains, with linoleic acid (18:2) being the most abundant species (Valianpour et al., 2002). The 

in vivo CL acyl groups are also highly resistant to dietary challenges created in an attempt to 

change their composition (Schlame et aI., 2000). CL acyl specificity is such that diets low in 18:2, 

the fatty acid most commonly found in eukaryotic CL, will still result in normal 18:2 abundance 

in CL with less 18:2 found elsewhere in the membrane, indicating a homeostatic control of acyl 

species in CL (Hoch, 1992). CL acyl chains have successfully been altered by dietary challenge 

through maternal diet. Before and during pregnancy female mice were fed diets enriched with 

fatty acyl groups not normally found in mouse CL and depleted in those normally found, 

challenging the normal CL acyl group composition. For example, mice fed diets enriched with 

olive oil (high in 18:1n-9) resulted in a substantial replacement of 18:2n-6 by 18:1n-9 with a 

50% decrease of 18:2n-6. Therefore, maternal diet can influence CL species both through 

placental transfer and breast milk (Berger et aI., 1992). 

Despite tight control of CL species within animal species broad analysis of CL present in 

several different organisms and tissues showed that there is no common dominant CL between 

organisms nor between tissues in a particular organism (though 18:2 is the most common acyl 

group in eukaryotes) (Hoch, 1992). However, 22:6n-3 has been found to be the most common 

fatty acid in cardiolipin in trout red muscle and in bivalves (Kraffe et aI., 2007; Kraffe et al, 2002; 

Kraffe et al., 2005). The only commonality in dominant CL species across organisms is that the 

dominant CL species contained only one to two different fatty acid chains and that the fatty acid 

chains corresponded to the dominant fatty acid chains found in the total phospholipids (Schlame 

et al., 2005; Hoch, 1992). This suggests differing lipid synthesis and protein regulation between 

animal species. Strong parallels between bivalve phylogeny and the predominant fatty acids 

found in their CL have been found, suggesting that the different CL species of various animal 

species may be an evolutionary adaptation to fine tune protein control (Kraffe et al., 2008). 

CL interacts with many proteins in the inner mitochondrial membrane, particularly those 

involved in the oxidative phosphorylation process, such as cytochrome c oxidase (CCO), FoFI

ATPase and adenine nucleotide translocase (ANT) (Hoch, 1992). The interaction of CCO and 

CL is critical for CCO functioning. While CCO activity can be maintained when some CL is 

removed, when all CL is removed from association with CCO the enzyme activity drops 

drastically, suggesting that CL is required for the catalytic activity ofCCO (Robinson, 1993). 

This is supported by a significant decrease in ATP formation in cardiolipin mutant cells and 

CCO inhibition by adriamycin, which strongly binds to CL head groups out-competing CCO for 
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CL binding (Schlame et aI., 2000; Robinson, 1993). Changes in fatty acid composition of CL 

species have also been implicated in changes in CCO activity, suggesting changes in fatty acids 

cause a change in CL interaction with the protein (Kraffe et al., 2007; Schlame et al., 2005). 

CCO is highly involved in the seasonal acclimatization process of several ectothermic 

animals. Seasonal acclimatization is physiological changes that an organism makes to adjust to 

the temperature changes between summer and winter temperatures. Increased CCO activity has 

been found in both newt skeletal muscle and trout red muscle when acclimatized to winter 

temperatures (Berner and Bessay, 2006; Kraffe et al., 2007). The fatty acids of trout CL are 

modified during acclimatization and this modification accompanies changes in CCO activity; 

specifically the abundance of palmitic acid (16:0) and oleic acid (18:1) halved while 18:2n-6 

increased by 20% (Kraffe et al., 2007). Similar changes were noted in carp red muscle CL fatty 

acids, though the actual CL species were different (Kraffe et al., 2007, Hoch, 1992). There was 

neither a significant change in fatty acid species in total phospholipids of the mitochondria in the 

muscle nor a significant change in concentration ofmajor metabolic enzymes in the 

mitochondria in trout; however, the cardiolipin fatty acids did show a significant change 

suggesting that changes in fatty acid species of the minor lipids of the muscle mitochondrial 

membrane are responsible for the increase of CCO activity in the winter rather than a change in 

membrane fluidity or protein concentration (Kraffe et al., 2007). 

The Eastern red spotted newt (Notopthalmus viridescens viridescens), unlike many other 

amphibians, is capable of remaining active over the winter. Newts, like other ectothermic 

animals, acclimatize to seasonal changes in order to remain active by changing their metabolic 

rate (Berner and Puckett, 2010). To this author's knowledge no studies have been completed on 

the CL species ofwinter-active amphibians, possibly due to the difficulty in isolating CL in such 

small samples in which mitochondria, the sole location for CL, are not very abundant 

(unpublished data). Under normal circumstances, due to the complexity ofphospholipid samples, 

isolation and characterization ofcardiolipin is a difficult task (Valianpour et al., 2002). 

In contrast to many other studies reviewing cardiolipin species only lipid extraction, high 

performance liquid chromatography (HPLC) and liquid chromatography-tandem mass 

spectrometry (LC-MSIMS) were used in this study. Other methodologies such as gas 

chromatography (GC) analysis of fatty acid methyl esters (FAME), solid phase extraction (SPE) 

or thin layer chromatography (TLC) were avoided despite their use in other lipid studies (Kraffe 

et aI., 2007; Barcel6-Coblijn & Murphy, 2008; Berger et aI., 1992; Wu et aI., 2004; Guderley et 

al., 2008). Given the size of the tissue samples used in this study (approximately 0.1-0.2g of 

skeletal muscle isolated per individual) samples were far too small to isolate mitochondria 

(generally 5 g skeletal muscle is needed for SPE and TLC ) before converting the fatty acids to 

FAME. CL fatty acid species would be indistinguishable, as using GC analysis of FAME is best 

for a global fatty acid analysis because it cannot target from which lipid the FAME were 

removed. TLC has been used with success to isolate CL before converting the fatty acyl chains 

to FAMEs for GC analysis but it exposes the fatty acids to the air which could allow substantial 

fatty acid oxidation and result in varying resolution depending on humidity (BarceI6-Coblijn and 

Murphy, 2008). SPE was used in this study's preliminary CL-isolation attempts but given the 

"stickiness" of CL and the small sample size and low mitochondrial content in the samples it is 

believed that all present CL may have adhered to the silicic columns (Phenomenex). Attempts to 

analyze CL species in a crude lipid extract only using MS were unsuccessful due to the 

complexity ofthe sample. Use ofHPLC allowed for fairly successful purification ofCL from the 
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crude lipid extract permitting successful identification of CL species using MS and successful 

subsequent identification of the corresponding fatty acids using MSIMS. 

Thus, this paper addresses the question of acclimation of CL species in the skeletal 

muscle of the Eastern red spotted newt using an improved method for cardiolipin isolation and 

characterization for small samples containing small numbers ofmitochondria Field acquired 

summer and winter Eastern red spotted newts were compared to determine if a change in 

cardiolipin species between seasons could contribute to increased CCO activity and continued 

overall activity of newts throughout the winter months. This paper presents a preliminary 

analysis of these data. 

Materials and Methods 

Samples 

Eastern red spotted newts (Notopthalmus viridescens viridescens) were collected from 

Lake Cheston, Sewanee, TN; summer animals were collected 6 July, 2009 and winter animals 

were collected 1 January, 2009. Newts were euthanized immediately upon arrival at the 

laboratory and frozen at -80°C. The care and use of newts was approved by the Sewanee: The 

University of the South IACUC (protocol number Berner-5/2008). 

Sample preparation and lipid extraction 

An organic lipid extraction was performed according to Hulbert et al. (2006). For CL-

isolation method optimization a beef heart was obtained from a local butcher (Mac's 

Slaughtering and Processing, Winchester, IN). Samples of up to 0.2 g of fresh beef heart muscle 

or frozen newt skeletal muscle were obtained and homogenized in chloroform:methanol (2: 1 v/v). 

Samples were rotated to gently mix overnight at 4°C to ensure full lipid extraction. A phase 

separation of lipids and remaining cell components was performed using 1.0 M sulfuric acid. The 

crude lipid extract was stored in the chloroform:methanol at -20°C under nitrogen. All solvents 

contained 0.01 % butylated hydroxytoluene (BHT), an antioxidant. 

Cardiolipin purification by HPLC 

The HPLC system consisted of an Agilent 1100 Series with a diode array detector 

(Hewlett Packard). The HPLC method described by Barcel6-Coblijn and Murphy (2008) was 

used. Crude lipid samples from the extraction were dried down and reconstituted in 50-70 ilL of 

mobile phase B. Samples were run on a 250 x 4.6-mm Luna silica column (5 11m particle 

diameter; Phenomenex). Two mobile phases were used in a stepwise gradient for a total HPLC 

run time of 55 minutes (Table 1). Mobile phase A consisted ofn-hexane:2-propanol (3:2 vol:vol) 

and mobile phase B was n-hexane:2-propanol:water (56.7:37.8:5.5 vol:vol). Elutant was 

monitored at 205 nm and peaks were manually collected. Changes in this method included 

constant use of a 4.0 x 3.0-mm silica guard column (Phenomenex), due to the complexity of the 

samples being run and the "stickiness" of CL. This method was tested and optimized prior to 

newt sample runs with the beef heart lipid extraction as they contain higher CL concentration. 

Beef heart CL fractions were collected for later MSIMS testing. It was determined that the guard 

column should be changed after every run. To obtain newt cardiolipin in a purified state the 

summer animal samples' cardiolipin peaks were collected with a two second delay; for winter 

animals cardiolipin peaks were collected as soon as they appeared on the monitor until ten 

seconds after they were finished to ensure complete cardiolipin collection as preliminary analysis 

of summer samples showed cardiolipin appearing in the closely following peak. It was decided 
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that incidental collection of other phospholipids with cardiolipin by such a lengthy delay in 

collection termination was worth the chance of collecting any late-eluting cardiolipin due to the 

very low cardiolipin concentration. 

Table 1: HPLC method; Mobile Phase A was n-hexane:2-propanol (3:2 vol:vol); Mobile Phase B 
was n-hexane:2-propanol:water (56.7:37.8:5.5 vol:vol) 

% 
Mobile % Mobile Flow 

Time phase A phase B (mL/min) 

0:00 95 5 1.5 

5:00 95 5 1.5 

5:lO 90 10 1.5 

10:00 90 lO 1.5 

10:10 85 15 1.5 

20:00 85 15 1.5 

20:50 0 100 1.5 

50:00 0 100 1.5 

50:50 95 5 1.5 

55:00 95 5 1.5 

55:10 95 5 1.5 

LC-MSIMS 

Lipid samples collected from the HPLC were subject to targeted lipidomics, performed at 

Vanderbilt University with permission from and under the supervision ofDr. David Hachey, 

Director ofProteomics and Mass Spectrometry in the Department ofPharmacology, 

Biochemistry and Chemistry. 

A Synapt high resolution quadrupole/orthangonal access time-of-flight mass spectrometer 

(Q-oaTOF MS) was used with negative electro spray ionization (ESI) in V-mode (Waters 

Corporation, Milford, MA). The capillary voltage was 2.0 kV. The desolvation gas was nitrogen 

at a temperature of 350°C at 800 LIH. The trap gas was argon with a flow rate of 1.5 mL/min. 

Full scan collision energy was 6 kV and MSIMS collision energy was 50 kV. The source 

temperature was at room temperature and the optimal cone-voltage energy was 40 kV. CHAPS 

(molecular weight of 659) was used as the locked mass. The instrument was tuned and optimized 

using 5 J.lL of beef heart cardiolipin standard diluted 100x in isopropanol (A vanti Polar Lipids, 

Alabaster, AL, USA). 

In mass spectrometry a sample is injected into the instrument and the molecules present 

are ionized. These ions are sent through the instrument and during this flight they separate out by 

mass and charge, with smaller, higher charged molecules moving faster than larger, less charged 

molecules. A detector at the end of the flight path detects the molecular collision occurrences and 

using the time of flight of the molecule and its charge the detector can assign the molecule a 

mass to charge ratio (mlz). This mlz generally corresponds to the molecular weight of a molecule, 

except in the cases of doubly charged molecules. Cardiolipin has the capacity to be a doubly 

charged molecule, which would make the mlz half the actual molecular weight. However, only 

singly charged molecules were examined in this study, as doubly charged molecules appear in 

the two-chained phospholipid mlz range. In tandem MS (MSIMS), a particular mlz can be 

selected. Any molecule in the sample with the selected mlz is referred to as the "parent ion" and 

is broken apart by an electrical current Any resulting fragments are referred to as "daughter 

fragments." Fragmentation is fairly predictable as certain bonds in molecules are more likely to 

break than others. The mlz of the daughter fragments is determined at the detector, and this 

information can be used to re-construct the parent ion's molecular structure. In this study, 

suspected CL peaks were subject to MSIMS. The fragmentation patterns of the CL show that 

fatty acids are likely to break off from the rest of the molecule; this permits the determination of 

the particular fatty acids present for on the suspected parent ion CL. 

Fractions of the beef heart CL extracted in the laboratory and purified via HPLC were 

dried down and reconstituted in chloroforrn:methanol. They were subject to MSIMS by direct 
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injection of no greater than 10 J.lL of sample. While this method was used to test the HPLC 

method for CL isolation, MS methodology for newt skeletal muscle was altered due to the lower 

concentration of CL in newt skeletal muscle. 

For newt samples LC-MSIMS was performed to reduce the possibility of phospholipid 

contamination of the sample as phospholipids can form gas-phase dimers in the MS, forming 

products with very similar molecular weights to cardiolipin and similar fragments as cardiolipin 

after MSIMS (Acquity UPLC, Waters, Milford, MA). Five samples (two summer samples and 

three winter samples) were dried down and put in 100% isopropanol; 20 J!L ofnewt cardiolipin 

sample were injected. A C18 column was used with mobile phase A acetonitrile:water (2:3 v/v) 

with 0.1 % ammonia and a mobile phase B of acetonitrile:isopropanol:methyl-t-butyl-ether:water 

(4:3:2:1 v/v). A step-wise gradient for a total run time of 10 minutes was used (Table 2). Mass 

spectra were obtained over a mass to charge (mlz) range of200-2000. Both parent ions and 

daughter fragments were identified in their singly charged ions rather than doubly charged ions 

to remove interference by possible phospholipid contamination. Mass measurement accuracy 

was less than 5 ppm. 

Table 2: Mobile phase A was acetonitrile:water (2:3 v/v) with 0.1 % ammonia; mobile phase B 
was acetonitrile:isopropanol:methyl-t-butyl-ether:water (4:3 :2: 1 v/v) 

Time Flow Rate 
(min) (mL/min) % A / % B 

0 0.2 100/0 
1 0.2 100 / 0 
2 0.2 o / 100 

2.5 0.5 o / 100 
8 0.5 o / 100 

9 0.2 100/0 
10 0.2 100/0 

Results 

HPLC spectra showed a high degree of variation and error when the guard cartridge was 

not changed before each run; a change in guard cartridge prior to every run resulted in 

consistently replicable spectra (Figure 2A). Despite consistently replicable spectra only seven of 

the fifteen samples that showed replicable HPLC spectra contained a cardiolipin peak. To 

explain this, sample weight (extracted skeletal muscle tissue), gender, body size and total body 

weight of collected animals were compared via student T -test to the presence of a CL peak 

(Table 3). No sample under 0.1176 g contained a cardiolipin peak and while the average sample 

weight of no-peak samples was less than that of the CL-peak samples the difference was not 

significant (p=0.42). The average snout-to-vent length, snout-to-tail length and total body weight 

were larger in no-peak samples than those with CL peaks, but the differences were not 

significant (p=0.99, 0.19, 0.34 respectively). Gender was approximately fifty percent males and 

females for both no-peak and CL-peak animals (Table 3). Cardiolipin peaks were slightly 

variable in the time they eluted off the column with apparent CL peaks starting between 24.6-27 

minutes; peaks were also variable in how distinct they were from the neighboring phospholipid 

peak (Figure 2B, 2C). This CL elution is several minutes earlier than the Barcelo-Coblijn and 

Murphy (2008) method showed (Figure 2D) 

Table 3: Pre-sacrifice animal parameters and sample information cannot be used to predict CL 
detection by HPLC; mean ± standard deviation 

Parameter CL peak No CL peak P-value 
Body weight 2.07 ± 0.35 2.38 ± 0.75 0.349 

Sample weight 0.17 ± 0.04 0.16 ± 0.06 0.844 
Snout-to-vent length 39.8 ± 3.3 cm 39.9 ± 3.8 cm 0.991 

Total length 84.3 ± 5.2 cm 90.6 ± 10.2 cm 0.190 
Gender 50% female 42% female 
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Laboratory extracted beef heart lipid MS spectra showed a drastic decrease in 

phospholipid contamination ofcardiolipin fraction indicating successful collection of CL using 

the HPLC method previously delineated with manual fraction collection (Figure 3). The 

predominant peak ofthe beefheart samples was 1447.96 mlz. MSIMS performed on the beef 

heart samples showed a major peak at 279.26 mlz and two equal, lesser peaks at 281.24 mlz and 

277.27 mlz (Figure 4). 

The predominant peak in the cardiolipin range for winter animals was at 1449.99 mlz. 

MS-MS was performed on this peak and the resultant predominant peaks in the fatty acid range 

were at 279.25 mlz and 281.27 mlz with the peak at 281.27 mlz approximately one-third the size 

of the 279.25 mlz peak in all three winter samples (Figure 5). The predominant peak in the 

cardiolipin range for summer animals was 1447.97 mlz. MS-MS was performed on this peak and 

the resultant predominant peak in the fatty acid range was at 279.25 mlz with lesser peaks at 

277.24 m/z, 281.26 mlz, 303.25 mlz and 255.25 mlz (Figure 6). 

Discussion and ConclusIOn . 	 . 

The predominant peak of the sample beef heart cardiolipins agreed with the beef heart 

standard. MSIMS identified the fatty acid peaks as oleic acid (18:1), linoleic acid (18:2) and 

• 

I 

linolenic acid (18:3) (with 18:2 being the highest and 18:1 and 18:3 being approximately equal in. 

height). Thus, the predominant cardiolipins in beef heart are (18:2)4-CL and (18:1)2(18:3)2-CL, 

both of which result in a parent ion of 1447.96 mlz (Table 4). The success in isolating and 

identifying cardiolipin from such a small tissue sample (0.2 g or less) shows that small amounts 

oftissue can be used to isolate CL, despite not using mitochondrial isolation. This success was I 

translated to moderate success in CL isolation from small amounts ofnewt skeletal muscle tissue. 

with low mitochondrial content. Seven of the fifteen samples contained CL. It remains unknown 

why eight of these fifteen contained no visible CL peak using HPLC as animal size, weight, 

gender and isolated muscle mass were not found to be significantly correlated to the presence or 

absence of a CL peak. Samples that showed no CL peak by the HPLC had no detectable CL on 

the MS. 

The different predominant peaks between the summer and winter newts suggest that they 

have different predominant cardiolipins in their skeletal muscle. The 1449.99 mlz peak from the 

winter animals corresponds to the predicted (18:2)3(18:1)-CL. This determination is supported by 

the MS-MS data. The peaks at 279.25 mlz and 281.27 mlz correspond to 18:2 and 18:1, 

respectively. The relative heights of the two peaks suggest that there is roughly a 3:1 relationship 

between 18:2 and 18:1, supporting the (18:2)3(18:1)-CL. 

The 1447.97 peak of the summer animals corresponded to the predicted (18:2)4-CL, 

(16:0)2(20:4)2-CL, (16:1)2(20:3)2-CL and/or the (18:1)2(18:3)2-CL. The presence of 

(16:1)2(20:3)2-CL was immediately ruled out based on the MS-MS results; there were no peaks 

suggesting the presence of either palmitoleic acid (16: 1; molecular weight 253.22) or 

eicosatrienoic acid (20:3; molecular weight 305.25). In one summer samples palmitic acid (16:0) 

• 	 and arachidonic acid (20:4) peaks were present as minor species at 255.25 and 303.25 mlz 

respectively. In a second summer sample these two peaks were not present at a significant 

• 	 amount (data not shown). The (16:0)2(20:4)2-CL species was found in a higher relative 

• 	 abundance in one sample than the other (peaks of5 and 20% ofthe predominant 18:2 peak), 

• 	 though the heights of the two peaks were roughly equal within each sample which is expected for 

the (16:0)2(20:4)2-CL which suggests a low presence of (16:0)2(20:4)2-CL species in summer 

animals. Both 18:1 and 18:3 were present in the samples after MS-MS; while the CL species to 

-~-""------'~"""-' 	 • ~'"'~.~.-'''''''*'¢ [!II!II "."..,....,.,.._." 

'. 



15 
14 


Laboratory extracted beef heart lipid MS spectra showed a drastic decrease in 

phospholipid contamination ofcardiolipin fraction indicating successful collection of CL using 

the HPLC method previously delineated with manual fraction collection (Figure 3). The 

predominant peak of the beefheart samples was 1447.96 mlz. MSIMS performed on the beef 

heart samples showed a major peak at 279.26 mlz and two equal, lesser peaks at 281.24 mlz and 

277.27 mlz (Figure 4). 

The predominant peak in the cardiolipin range for winter animals was at 1449.99 mlz. 

MS-MS was performed on this peak and the resultant predominant peaks in the fatty acid range 

were at 279.25 mlz and 281.27 mlz with the peak at 281.27 m/z approximately one-third the size 

of the 279.25 m/z peak in all three winter samples (Figure 5). The predominant peak in the 

cardiolipin range for summer animals was 1447.97 m/z. MS-MS was performed on this peak and 

the resultant predominant peak in the fatty acid range was at 279.25 mlz with lesser peaks at 

277.24 mlz, 281.26 mlz, 303.25 mlz and 255.25 mlz (Figure 6). 

DiscussIOn and ConclusIOn. 	 . 

The predominant peak of the sample beef heart cardiolipins agreed with the beef heart 

standard. MSIMS identified the fatty acid peaks as oleic acid (18:1), linoleic acid (18:2) and 

• 

I 

linolenic acid (18:3) (with 18:2 being the highest and 18:1 and 18:3 being approximately equal in. 

height). Thus, the predominant cardiolipins in beef heart are (18:2)4-CL and (18:1)2(18:3)2-CL, 

both of which result in a parent ion of 1447.96 mlz (Table 4). The success in isolating and 

identifying cardiolipin from such a small tissue sample (0.2 g or less) shows that small amounts 

of tissue can be used to isolate CL, despite not using mitochondrial isolation. This success was • 

translated to moderate success in CL isolation from small amounts of newt skeletal muscle tissue. 

with low mitochondrial content. Seven of the fifteen samples contained CL. It remains unknown 

why eight of these fifteen contained no visible CL peak using HPLC as animal size, weight, 

gender and isolated muscle mass were not found to be significantly correlated to the presence or 

absence of a CL peak. Samples that showed no CL peak by the HPLC had no detectable CL on 

the MS. 

The different predominant peaks between the summer and winter newts suggest that they 

have different predominant cardiolipins in their skeletal muscle. The 1449.99 mlz peak from the 

winter animals corresponds to the predicted (18:2)3(18:1)-CL. This determination is supported by 

the MS-MS data. The peaks at 279.25 mlz and 281.27 mlz correspond to 18:2 and 18:1, 

respectively. The relative heights of the two peaks suggest that there is roughly a 3:1 relationship 

between 18:2 and 18:1, supporting the (18:2)3(18:1)-CL. 

The 1447.97 peak of the summer animals corresponded to the predicted (18:2)4-CL, 

(16:0)2(20:4)2-CL, (16:1)2(20:3)2-CL and/or the (18:1)2(18:3)2-CL. The presence of 

(16:1)2(20:3)2-CL was immediately ruled out based on the MS-MS results; there were no peaks 

suggesting the presence of either palmitoleic acid (16: 1; molecular weight 253.22) or 

• 	 eicosatrienoic acid (20:3; molecular weight 305.25). In one summer samples palmitic acid (16:0) 

and arachidonic acid (20:4) peaks were present as minor species at 255.25 and 303.25 mlz 

respectively. In a second summer sample these two peaks were not present at a significant 

• 	 amount (data not shown). The (16:0)2(20:4)2-CL species was found in a higher relative 

• 	 abundance in one sample than the other (peaks of5 and 20% of the predominant 18:2 peak), 

• 	 though the heights of the two peaks were roughly equal within each sample which is expected for 

the (16:0)2(20:4)2-CL which suggests a low presence of (16:0)2(20:4)2-CL species in summer 

animals. Both 18:1 and 18:3 were present in the samples after MS-MS; while the CL species to 

~'-"""~"'I'-"""'~'-"'~-'-~""'~"""'-.-~',",-"'-""""',.~.-~,-,-~.",-~,,-.--.~,~-.'~-"--<.--'"'."',...,.......'-'"-' ,""""";~""-~'~'--'---

" 



17 
16 

which they would pertain would suggest a 1: 1 relationship there was slightly over half the 

amount of 18:3 to 18:1. The high relative abundance of 18:2 suggests a high abundance of the 

(18:2)4-CL species. CL species identification here agrees with previously published 

identification ofhuman two CL-species using MSIMS (Figure 7; Valianpour et aI., 2002). 

Of the three CL-species present in the identified summer peak, all three have 8 total 

double bonds between the four acyl groups. The one possible CL-species present in the identified 

winter peak has seven total double bonds between the four acyl groups, thus winter CL species 

are more saturated than summer species. 

Table 4: List ofpossible CL fatty acids, their numerical abbreviations and molecular weights 
Lipid name Chain length: double Molecular weight 

bonds 
Palmitic acid 16:0 255.23 

PaImitoleic acid 16:1 253.22 
Stearic acid 18:0 283.26 
Oleic acid 18:1 281.25 

Linoleic acid 18:2 279.23 
Linolenic acid 18:3 277.22 

Cis-8, 11, 14-eicosatrienoic acid 20:3 305.25 
Arachadonic acid 20:4 303.23 

Cis-4,7, 10,13,16,19 22:6 327.23 
docosahexaenoic acid 

Questions about "what actually constitutes a CL species" have been raised, as the four 

acyl regions ofCL have four different chemical environments due to the steric relationship 

between the three gylcerols. If the molecule is asymmetrical, three different chiral sites can exist 

(Schlame et aI., 2005). Thus, if cardiolipin were to have ten unique acyl chains, there would be 

410 possible CL species, though generally only two different acyl chains have been found per CL 

species with the exception of three different acyl chains seen only in Barth's Syndrome patients 

(Schlame et al., 2000; Schlame et aI., 2005). This may lead to differential protein binding, thus 

complicating the question posed by this paper (Schlame et aI., 2005). 

In conclusion this study has presented preliminary data that definitively support the 

hypothesis for differing CL species between summer and winter acclimatized Eastern red spotted 

newt. There is a larger variety ofCL species found in summer animals, and all CL species 

identified in summer animals had higher degrees of unsaturation than the singular winter CL 

species identified. While the direct influence of these different CL species on CCO activity and 

seasonal acclimatization has not yet been studied in the newt, the tight association between CL 

and CCO suggests that the changes in CL species between seasons contribute to newt seasonal 

acclimatization. This study should be continued with a larger sample size of field-acquired newts 

and with laboratory acclimatized newts to determine if the change in CL species present is 

indeed due to temperature change alone. While CL is more resistant to dietary challenges than 

other phospholipids, it is not fully resistant; dietary challenges should be attempted to determine 

ifa change in CL species present due to dietary challenge could change CCO activity (Berger et 

aI., 1992). 
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Figure 1: Two acyl chains connected to a glycerol and a phosphate form a similar structure to a 
normal phospholipid; the double phospholipid-like structure of cardiolipin shows two connected 
by a central, third glycerol. http://www.benbest.comllifeextJaging.html; accessed 04-19-10. 
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Figure 2: High performance liquid chromatography elution spectra for laboratory extracted beef 
heart lipids (A), newt skeletal muscle lipids (B, C) and mouse heart from methodology reference 
(D). Peak 1 corresponds to cardiolipin while peak 2 is other phospholipids. (A) Beef heart lipid 
extraction was used to optimize HPLC method with CL eluting off at approximately 26 minutes. 
(B) HPLC method was successfully used to isolate newt skeletal muscle CL which eluted off at 
25 minutes, showing time variation in CL elution. (C) CL peaks did not always elute off 
distinctly from the neighboring phospholipid peak. (D) Mouse heart tissue was one tissue used 
by Barcelo-Coblijn and Murphy to create the methodology and showed CL eluting off much 
(approximately 31 minutes) than reported by this paper. (Barcelo-Coblijn and Murphy, 2008). 
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Figure 3: Mass spectra of the (A) HPLC-separated cardiolipin peak and (B) HPLC-separated 
"other phospholipids" peak from laboratory extracted beef heart lipids. HPLC peaks were 
manually collected. Cardiolipins occur in the 1350-1550 mlz range, whereas two-acyl-chained, 
single-phosphate phospholipids occur in the 600-800 mlz range. MSIMS of peaks found in the 
cardiolipin m/z range of the "other phospholipids" HPLC fraction showed that these m/z peaks 
were a result ofphospholipid gas phase dimers. 
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heart lipids (A), newt skeletal muscle lipids (B, C) and mouse heart from methodology reference 
(D). Peak 1 corresponds to cardiolipin while peak 2 is other phospholipids. (A) Beefheart lipid 
extraction was used to optimize HPLC method with CL eluting off at approximately 26 minutes. 
(B) HPLC method was successfully used to isolate newt skeletal muscle CL which eluted off at 
25 minutes, showing time variation in CL elution. (C) CL peaks did not always elute off 

by Barcel6-Coblijn and Murphy to create the methodology and showed CL eluting off much 
(approximately 31 minutes) than reported by this paper. (BarceI6-Coblijn and Murphy, 2008). 
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Figure 3: Mass spectra of the (A) HPLC-separated cardiolipin peak and (B) HPLC-separated 
"other phospholipids" peak from laboratory extracted beef heart lipids. HPLC peaks were 
manually collected. Cardiolipins occur in the 1350-1550 mlz range, whereas two-acyl-chained, 
single-phosphate phospholipids occur in the 600-800 mlz range. MSIMS ofpeaks found in the 
cardiolipin mlz range of the "other phospholipids" HPLC fraction showed that these mlz peaks 
Were a result ofphospholipid gas phase dimers. 
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Figure 4: MS/MS products of the laboratory extracted beef heart CL; parent ion 1447.96 m/z. 
Resulting fragments indicate a the dominant beef heart CL species of (18:2)4-CL (acyl peak at 
279.26 m/z) with a minor presence of (18:1)2(18:3)2-CL (acyl peaks at 281.27 m/z and 277.24 

m/z respectively). 
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Figure 5: Winter-collected newt fatty acid spectra for parent ion 1449.99 m/z; ratio between 
279.25 m/z (corresponding to 18:2 acyl chain) and 281.27 m/z (corresponding to 18:1 acyl) is 
indicative of(18:2)J(18:1)-CL. 
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Figure 7: Published MS/MS oftwo CL species found in human platelets (Valianpour, 2002). 

Fragments present are identical to those of two of the newt CL species presented in this paper. 

Fragment ratios are also similar. These observations verify two of this study's newt CL 

identifications. 
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Figure 6: Summer-collected newt fatty acid spectra for parent ion 1447.96 mlz. The peak at 
279.25 mlz (corresponding to 18:2 acyl chain) is indicative of (18:2)4-CL. The ratio between 
277.24 mlz (corresponding to 18:3 acyl) and 281.27 mlz (corresponding to 18:1 acyl) is 

indicative of(18:3)2(18:1)2-CL. The presence of2SS.2S mlz (indicative of 16:0 acyl) and 303 

(indicative of20:4 acyl) suggests (16:0h(20:4)2-CL presence, though the ratio is only roughly 

equal. 
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Figure 7: Published MSIMS of two CL species found in human platelets (Valianpour, 2002). 

Fragments present are identical to those of two of the newt CL species presented in this paper. 
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