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Abstract When phosphatidylcholine (PtdCho) is acted

upon by the enzyme phospholipase D (PLD) in the pres-

ence of glycerol and water, at least two products can arise:

phosphatidic acid (PtdOH) from hydrolysis and PtdGly

from transphosphatidylation. Commercial PLD prepara-

tions from Streptomyces chromofuscus, Streptomyces sp.,

and cabbage were examined for their ability to selectively

promote PtdGly formation in a two phase aqueous-organic

solvent system. Factors examined were enzyme amount,

pH, glycerol concentration, and the type of organic solvent.

The reaction of PtdCho to give products such as PtdGly

was followed by HPLC using a stationary phase consisting

of a polymerized poly (vinyl alcohol) on silica gel with

ELSD. The identities of all products were confirmed by

retention times and HPLC-MS analyses. Under all tested

conditions PLD from S. chromofuscus gave at most a 15%

yield of PtdGly. Higher amounts of added glycerol inhib-

ited this PLD. Nearly quantitative conversion to PtdGly

was obtained with cabbage PLD when the mol ratio of

glycerol to PtdCho was at least 64 (mol water/glyc-

erol = 105). With PLD from Streptomyces sp. a nearly

quantitative yield of PtdGly was obtained when the mol

ratio of glycerol to PtdCho was at least 5.3 (mol water/

glycerol = 1,266), demonstrating that this PLD had a

higher selectivity for glycerol than cabbage PLD. When the

glycerol concentration was very low, the level of PtdOH

increased, and cardiolipin (diphosphatidylglycerol) was

generated. The highest mol ratio PtdGly to PtdOH

was observed when the solvents isopropyl ether or

dichloromethane were used.
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Introduction

Phospholipase D (PLD) catalyzes phosphate ester hydro-

lysis of phosphatidylcholine (PtdCho) to give choline and

phosphatidic acid (PtdOH). Generation of PtdOH has re-

ceived much attention, as it is known to stimulate a number

of physiological events [1]. However, PLD can also cata-

lyze a transphosphatidylation reaction with primary alco-

hols to generate new phospholipids (PL); ethanol and

1-butanol are preferentially used over water as the nucle-

ophile by 1,000-fold or more [2]. A diagram of the

hydrolysis and transphosphatidylation reactions is shown in

Scheme 1 where PtdCho (RCO2, fatty ester) is converted to

PtdOH (lower pathway) with water and to a new phos-

pholipid with a primary alcohol (R¢OH) (upper pathway).

Glycerol has been used in the transphosphatidylation

reaction to convert the readily available neutral PtdCho to

acidic phosphatidylglycerol (PtdGly) [3, 4]. As glycerol

has recently become available in large amounts due to

increasing biodiesel production, research on the synthesis

of PtdGly is warranted as a means of finding an additional

use for excess glycerol [5]. Although PtdGly is a naturally
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occurring PL, it is normally found in only small amounts,

and yet it is known to have unique surfactant/lubricant

properties, particularly when mixed with appropriate pro-

teins. For example PtdGly is found in relatively large

amounts in mammalian lung compared to other mamma-

lian membranes [6]. The development and production of

surfactant preparations for therapeutic practices for relief

of a variety of diseases such as neonatal respiratory distress

syndrome is currently an area of intense research, and ac-

cess to an additional source of PtdGly would be helpful.

As noted above PLD has been used to make synthetic

PtdGly. However, the commercially available PLD en-

zymes are expensive and relatively unstable. New rapid

assays for PtdGly formation that simultaneously measure

the formation of the hydrolysis product PtdOH and other

unwanted byproducts would be very helpful for the dis-

covery of new PLD enzymes or for testing modifications of

existing PLD enzymes. Here we describe the development

of an HPLC/ELSD and HPLC/MS assay that can be used to

conveniently assay PLD. We have demonstrated the utility

of the assay using three commercially available PLD

enzymes.

Materials and Methods

Materials

PLD (E.C. 3.1.4.4) preparations from Streptomyces chro-

mofuscus (lyophilized powder, ‡2,000 units/mg solid),

Streptomyces sp. (lyophilized powder ‡1,300 units/ mg

solid) and cabbage (lyophilized powder ‡100 units/mg

solid) were purchased from Sigma (St Louis, MO). One

unit will liberate 1.0 lmol of choline from L-a-phospha-

tidyl choline per hr at pH 5.6 at 30�C. Anhydrous glycerol

(99.5%) was purchased from Fluka Biochemika (Buchs,

Switzerland). Phosphatidylcholine, phosphatidic acid, and

other phospholipids were 1,2 dioleoyl derivatives and were

purchased from Sigma. All other reagents were of the

highest purity available.

Activity Assays

Activity assays were conducted as follows except as noted in

the text. To each vial (1.8 mL) was added PtdCho (1.7 mg)

containing two acyl oleates (PtdCho-diO) (2.16 lmol) in

860 ll CH2Cl2, 10 ll glycerol (0.137 mmol), and various

amounts of PLD in 260 ll 0.2 M sodium acetate buffer, pH

5.5, containing 0.05 M CaCl2. Samples were mixed at 20 �C

on a laboratory rotator (36 cm diameter) at 20 rev/min. After

24 h samples were partitioned between 8 mL CHCl3/

CH3OH (2:1, v/v) and 8 mL aqueous 5% Na2SO4. The

aqueous fraction was extracted with 5 mL CHCl3/CH3OH.

The combined CHCl3/CH3OH extracts were taken to dryness

under a stream of nitrogen. The solid was dissolved in 5 mL

CHCl3/CH3OH. The solution was filtered through a 0.45 lm

PVDF membrane and taken to dryness under a nitrogen

stream. The samples were dissolved in 0.5 mL CHCl3/

CH3OH and analyzed by HPLC.

Separation and Quantitation of Products

Products of PLD action (PdtOH and other phospholipids)

were separated from each other and unreacted PtdCho at

22 �C on a YMC PVA-Sil S-5 120-Å column (250 H

2.0 mm) (Waters, Milford, MA). Products and unreacted

PdtCho were detected with a Varex MK III evaporative

light-scattering detector (ELSD) (Alltech, Deerfield, IL)

operated at 60 �C, with N2 as the nebulizing gas at a flow

rate of 1.5 L/min. Mobile phase composition was eluent A:

hexane/t-methylbutyl ether (98:2 v/v) containing 5 mM

acetic acid and 5 mM triethylamine; eluent B: isopropanol/

acetonitrile/chloroform/acetic acid (84:8:8:0.025 v/v); elu-

ent C: isopropanol/water (1:1 v/v) containing 1 mM acetic

acid and 1 mM triethylamine. The solvent gradient system

was 0–30 min A/B (80/20 v/v) to A/B/C (42/52/6 v/v); 30–

44 min A/B/C (42/52/6 v/v) to A/B/C (32/52/16 v/v); 44–

50 min A/B/C (32/52/16 v/v); 50–56 min A/B/C (32/52/16

v/v) to A/B (80/20 v/v) at a flow rate of 0.5 mL/min.

Detector response was converted to mass using calibration

curves prepared from PtdCho, PtdOH, and PtdGly. The

ranges of concentrations used were 5–50 lg, 4–40 lg, and

4–40 lg per10-lL injection, respectively. Response curves

were computer fitted with second order quadratic equations.

Product Characterization

Starting phospholipid (PtdCho), PtdOH, PtdGly, and other

phospholipids were characterized by HPLC-MS. Products

were detected with atmospheric pressure chemical ioniza-

tion (APCI) and electrospray ionization (ESI) (Micromass

ZMD, Waters, Milford, MA) using the above HPLC

conditions. The APCI detector was set to scan over the

mass range of m/z 500–2,000 at 400 amu per s. The corona,

Scheme 1 Pathway of the action of phospholipase D (PLD) on

phosphatidylcholine (PtdCho) with displacement of choline by

alcohol (R¢OH, transphosphatidylation) or water (hydrolysis)
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cone, and extractor voltages were 2,500, 32, and 4 V,

respectively. The source and APCI heater temperatures

were 110 and 500�C, respectively. The ESI detector was

set to scan over the mass range of m/z 400–2,500 at 300

amu per s. The capillary, cone, and extractor voltages

were 2,480, 42, and 1 V, respectively. The source and

desolvation heater temperatures were 145 and 154 �C,

respectively.

Results and Discussion

HPLC Analysis of Phospholipids

In prior research, the conversion of PtdCho to PtdGly was

frequently followed by TLC using either TLC/FID [7] or

radiolabel [8, 9] for detection. While HPLC has also been

used to separate products of PLD action, it has not been

used for following PtdGly synthesis [10]. HPLC-based

separations on a silica gel stationary phase generally lacked

sufficient resolving power to separate PtdGly and PtdOH,

and the need to add water to the silica gel requires a long

reconditioning time. Also irreversible adsorption of solutes

can give poor separation performance with repeated use

[11]. More recently, polar-bonded phases have been

developed for PL separations. A report by Christie and

Urwin demonstrated lipid class analysis on a commercially

available column containing a stationary phase consisting

of a polymerized poly (vinyl alcohol) on silica gel (PVA-

Sil�) [12]. The phospholipids from potato tubers were

generally well resolved. Subsequent research in several

laboratories has documented the utility of this stationary

phase [11, 13–16]. Peak shapes are nearly symmetrical, and

this stationary phase is compatible with solvents ranging

from hexane to water. As noted most of the HPLC methods

developed to date do not separate PtdOH and PtdGly [17],

and this issue has not been addressed in the PVA-Sil work

[11–16].

Different gradient systems were examined for their

ability to separate the PLs discussed above on PVA-Sil. A

ternary gradient system for following PtdGly production

was developed for the PVA-Sil HPLC column and is

described in ‘‘Materials and Methods’’. This system is

compatible with detection by ELSD and by APCI- and

ESI-MS. Using the developed gradient system, several

commonly encountered glycerol-based phospholipid

standards were injected onto the PVA-Sil column. Each

of the standard phospholipids contained one or two ol-

eates as acyl groups. These are indicated by the desig-

nation ‘‘monoO’’ and ‘‘diO’’ only when necessary to

clarify the discussion. The phospholipids were detected

using ELSD or MS. The chromatographic and MS char-

acteristics of these standards are summarized in Table 1.

The phospholipids that are of major interest here contain

choline (PtdCho) or glycerol (PtdGly) as head groups or

have no head group (PtdOH) as a result of hydrolysis. It

can be seen that these phospholipids have substantially

different retention times and are well separated from each

other during the chromatographic procedure. For com-

parison Table 1 also shows the properties of the phos-

pholipids containing the ethanolamine (PtdEtn) and serine

(PtdSer) head groups. The retention time of PtdEtn is

substantially different than that of PtdCho. However

PtdSer elutes closely to PtdCho.

The chromatographic characteristics of the lyso deriva-

tive of phosphatidyl choline (PtdCho-monoO) are shown in

the last entry of Table 1. These would be of potential

interest if an impure source of PLD were being assayed

because the lyso derivative is a product of the action of

lipase or phospholipase A on PtdCho-diO. As noted in the

table, PtdCho-monoO elutes about 12 min after PtdCho-

diO, and therefore the detection of potential fatty acyl

hydrolysis is readily made by the HPLC method.

When using MS as the detector, PLD activity can be

followed by observing the change in the base peaks of

phospholipids even if only poor separation of the

phospholipids is obtained. Base peaks obtained with

atmospheric pressure chemical ionization (APCI) and

electrospray ionization (ESI) are shown in Table 1 in the

three columns on the right. Positive and negative ions were

observed with APCI, and negative ions with ESI. The base

peaks obtained are of two types. One type is m/z plus or

minus a proton depending on whether positive or negative

ion detection is used. The other type is m/z plus or minus

a charged adduct such as NH(CH2CH3)3
+ (M + 101) or

CH3COO– (M + 59) also depending on whether positive or

negative ions are being detected. The base peak for the PL

derivatives obtained as m/z = [M + 1] + or as m/z = [M –

1]– are shown in bold print. Previous research using ESI to

detect PL found similar patterns in base peak detection,

although the most prominent (nonproton) adduct obtained

depends upon the composition of the eluent [18].

PLD from Streptomyces chromofuscus

Reactions of PLD from Streptomyces chromofuscus were

conducted with PtdCho-diO in the presence of glycerol

as described above. The amount of PLD added to each

reaction was varied between 0.1 and 995.2 units, and the

amount of added glycerol from 0.137 mmol to 2.29 mmol.

Reactions were analyzed by HPLC with detection by

ELSD as described above. When one unit or more PLD

was added, complete reaction of PtdCho was noted, and the

major reaction product was PtdOH. PtdGly was at most

only 15% of the product. When the amount of glycerol was

increased in an attempt to increase the PtdGly, the activity
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of PLD was inhibited. Thus it is concluded that it is not

possible to produce high levels of PtdGly using PLD from

S. chromofuscus.

Cabbage PLD

Tests of cabbage PLD showed conversion of PtdCho to

PtdGly. Assays were conducted as described above with

0.137 mmol glycerol added. At various times reactions

were extracted and subjected to HPLC analysis with

detection by ELSD. The results from one time course

experiment are shown in Fig. 1. Here it is seen that con-

version to PtdGly is achieved with little by-product for-

mation. Reactions conducted with higher levels of PLD or

over longer time spans gave nearly quantitative formation

of PtdGly. When the amount of glycerol was reduced, the

amount of PtdGly was decreased, and PtdOH was increased.

For example, when the glycerol was decreased by a factor

of four (34.2 lmol) about one-half of the product was

PtdOH. Therefore these results show that to achieve high

formation of PtdGly with minimal by-product contamina-

tion, it is necessary to conduct reactions with a relatively

high amount of glycerol. Procedures to recover the glycerol

would be required for efficient PtdGly production.

PLD from Streptomyces sp.

Tests of another PLD from Streptomyces sp. were made

using identical reaction conditions, but with varying

amounts of glycerol. It was found that much lower levels of

glycerol were required by this PLD. This is shown graphi-

cally in Fig. 2. Here HPLC traces with detection with ELSD

are shown at four levels of added glycerol. The top trace

shows the results of an assay containing only 11.4 lmol

glycerol, and it can be seen that most of the product is PtdGly

with only a small amount of PtdOH and an unidentified by-

product at retention time (RT): 20.5 min. The amount of

PtdOH tended to increase as the amount of glycerol was

Table 1 Retention times on HPLC and base peaks observed with several MS detection methods

Compound name Formula Formula

weight

Isotopic

dist.

Retention time

(min)a
Base peak (m/z)b

APCI+ APCI- ESI-

PtdCho-diO (1,2-dioleoyl-sn-glycero-

3-phosphocholine)

C44H84NO8P 786.11 785 (59.3%) 30.5 786c 820d 845e

786 (30.2%)

787 (8.5%)

PtdEta-diO (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine)

C41H78NO8P 744.03 743 (61.4%) 18.6 845f 742g 742g

744 (29.1%)

745 (7.7%)

PtdGly-diO (1,2-dioleoyl-sn-glycero-3-

phospho-rac-(1-glycerol))

C42H79O10P 775.06 774 (60.6%) 15.3 876f 773g 773g

775 (29.3%)

776 (8.1%)

PtdSer-diO (1,2-dioleoyl-sn-glycero-3-

phospho-L-serine)

C42H78NO10P 788.06 787 (60.4%) 30.1 888f 786g 786g

788 (29.4%)

789 (8.2%)

PtdOH-diO (1,2-dioleoyl-sn-glycerol-3-

phosphate

C39H73O8P 700.97 700 (63.0%) 18.0 802f 699g 699g

701 (28.2%)

702 (7.2%)

PtdCho-monoO (1-oleoy-sn-glycero-3-

phosphocholine)

C26H52NO7P 521.67 521 (72.9%) 42.2 522c 580e 506h

522 (22.1%)

523 (4.3%)

a PVA-Sil S-5 column used according to the procedure in ‘‘Materials and Methods’’
b m/z rounded to whole number. The lowest m/z of the isotopic group is reported. m/z values in bold font are either +1 or –1 from isotopic

formula weight
c [M + H]+

d [M + Cl]–

e [M + CH3COO]–

f [M + NH(CH2CH3)3]+

g [M–H]–

h [M-CH3]–
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decrease further (lower traces). Nevertheless the amount of

glycerol needed for high PtdGly formation was about 12-fold

lower with PLD from Streptomyces sp. than with PLD from

cabbage, a significant improvement. However when PtdGly

formation is high compared to PtdOH, the amount of glyc-

erol required (11.4 lmol) is still approximately fivefold

higher than the amount of PtdCho (2.16 lmol).

Since PLD from Streptomyces sp. was the best enzyme

tested regarding relatively limited glycerol use, two more

experiments designed to optimize reaction conditions were

performed. In the first experiment reactions were per-

formed with aqueous buffer at different pH values using

CH2Cl2 as the organic phase. A high amount of glycerol

(0.137 mmol) was used to suppress formation of PtdOH.

The results of these experiments are shown in Fig. 3. Here

it is seen that optimal conversion of PtdCho to PtdGly was

achieved in the pH range of 5.2–6.2.

Experiments were performed at low levels of glycerol in

order to determine the partitioning of PtdCho into PtdGly

and PtdOH. When the level of glycerol was lowered, the

Fig. 1 Time course of cabbage PLD action on PtdCho at a relatively

high glycerol concentration. An HPLC trace with detection by ELSD

is shown for each assay conducted for different lengths of time. Each

assay was conducted as described in ‘‘Materials and Methods’’ with

3.0 units PLD in a mixture of aqueous buffer and CH2Cl2 with

0.137 mmol glycerol and 2.16 lmol PtdCho. HPLC traces are shown

from top to bottom for reaction times of 1, 2.5, 4.5 and 6.5 h,

respectively. Traces show that PtdCho, retention time (RT): 30.5 min,

is converted progressively and almost exclusively to phosphatidyl-

glycerol (PtdGly; RT: 15.3 min)

Fig. 2 Influence of the amount of glycerol on Streptomyces sp. PLD

action on PtdCho. An HPLC trace with detection by ELSD is shown

for each assay containing variable amounts of glycerol. Each assay

was conducted as described in ‘‘ Materials and Methods’’ for 24 h

using 1.0 unit PLD in a mixture of aqueous buffer and CH2Cl2 with

2.16 lmol PtdCho. HPLC traces are shown from top to bottom for

11.4, 5.72, 3.81 and 1.91 lmol glycerol, respectively. Traces show

complete or nearly complete reaction of PtdCho (RT: 30.5 min) and

conversion to primarily PtdGly (RT: 15.3) at glycerol 11.4 lmol (top

trace), and as the amount of glycerol is reduced progressively more

PtdOH (RT: 18 min) is formed (bottom trace). A small amount of an

unidentified by-product at RT: 20.5 min is also formed
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unidentified product at RT 20.2 increased, particularly

when solvents ethyl acetate and ethyl ether were used. An

example is shown in Fig. 4 where an ELSD trace of

reaction products is displayed. This reaction was conducted

in ethyl ether with 1.91 lmol glycerol added.

The unknown material was analyzed more extensively

to determine its chemical structure. Analysis of the

material by HPLC-MS conclusively showed that the

material was formed from double phosphatidylation of

phosphodiglyceride on glycerol to give cardiolipin

(diphosphatidylglycerol, Ptd2Gly). As shown in Fig. 5, the
material gave a strong [M–H]–1 fragment (m/z = 1,455)

using ESI with negative ion detection. An identical

fragmentation pattern was observed using negative ion

APCI. In positive ion APCI a base peak from the addition

of triethylamine was observed: [M + NH(CH2CH3)3]+ (m/

z = 1,558).

The transphosphatidylation reaction was conducted in a

variety of solvents with a low amount of glycerol

(1.91 lmol) to determine which solvents promoted the

highest PLD activity and to determine if a particular sol-

vent was better able to direct PtdCho into PtdGly rather

than PtdOH. The results of these experiments are displayed

in Table 2. The solvents listed at the top of the table sup-

ported PLD reaction on PtdCho while solvents listed at the

bottom did not. The solvents t-butylmethyl ether, ethyl

acetate, and ethyl ether supported the greatest conversion

of PtdCho to products during the 24 h reaction period.

However, the highest ratio of PtdGly to PtdOH was given

by the solvents that gave slower reaction, dichloromethane

and isopropyl ether. The situation was complicated how-

Fig. 3 Influence of the buffer pH on the synthesis of PtdGly from

PtdCho using Streptomyces sp. PLD. The percent yield of PtdGly was

determined by HPLC using ELSD. Calibration curves were prepared

with standard PtdCho and PtdGly. These were used to convert the

ELSD response to mass. The buffer contained 100 mM Hepes buffer

(N-[2-hydroxyethyl]piperazine-N¢-[2-ethanesulfonic acid]), 100 mM

Mes buffer (2-[N-morpholino]ethanesulfonic acid), 100 mM acetic

acid, and 50 mM CaCl2A2H2O. Each assay was conducted as

described in ‘‘Materials and Methods’’ for 24 h using 0.05 unit of

PLD in a mixture of aqueous buffer and CH2Cl2 with 0.137 mmol

glycerol and 2.16 lmol PtdCho. The data are the mean ± SE for three

repetitions

Fig. 4 An HPLC trace with detection by ELSD of the reaction

products from PtdCho in ethyl ether. Each assay was conducted as

described in ‘‘Materials and Methods’’ for 24 h using 0.75 unit of

PLD in a mixture of aqueous buffer and ethyl ether with 1.91 lmol

glycerol and 2.16 lmol PtdCho. The products and their HPLC

retention times are cardiolipin (diphosphatidylglycerol, Ptd2Gly),

20.2 min; PtdOH, 17.0 min; and PtdGly, 15.3 min

Fig. 5 HPLC/MS/ESI with negative ion detection of cardiolipin

(diphosphatidylglycerol, Ptd2Gly) eluting at approximately 20 min

showing base peak at m/z 1,455 corresponding to M – 1. The

chemical structure of Ptd2Gly is shown in the figure
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ever by the production of the dimer Ptd2Gly. Nevertheless

the highest ratio of PtdGly and its dimer relative to PtdOH

was still given by dichloromethane and isopropyl ether.

Thus, it was shown that products generated by PLD en-

zymes can be efficiently identified and quantified by HPLC/

ELSD. Under the aqueous/organic reaction conditions used

in this study the commercial preparation of PLD from

Streptomyces sp. had the highest selectivity for glycerol, and

nearly quantitative yields of PtdGly were obtained even

when the mol ratio of water to glycerol was in excess of

1,000. However, because Streptomyces sp. has a high affinity

for alcohol compared to water, lowering the glycerol con-

centration too much resulted in cardiolipin formation as well

as PtdOH formation. The developed HPLC method makes

product measurements efficiently compared to older assay

methods that rely on TLC, and using MS as the detection

method allows for rapid product identification in those cases

where identification by retention time is insufficient. Using

MS as the detector would allow PLD assays to be made using

phospholipids with much fatty acyl heterogeneity and will

help in the preparation of ‘‘industrial grades’’ of PtdGly.
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Table 2 Influence of solvent on PLD action on PtdCho

Solvent Remaining

PtdChoa (%)

PtdGly/

PtdOH

PtdGly +

Ptd2Glyb)/PtdOH

Dichloromethane 46.3 ± 7.6c 0.97 ± 0.14 1.56 ± 0.22

t-butylmethyl ether 8.8 ± 0.7 0.23 ± 0.03 0.46 ± 0.05

Isopropyl ether 75.0 ± 4.3 0.95 ± 0.05 1.92 ± 0.09

Ethyl acetate 10.9 ± 1.2 0.21 ± 0.02 0.63 ± 0.05

Ethyl ether 12.4 ± 3.0 0.45 ± 0.13 0.66 ± 0.08

Hexane 100

Tetrahydrofuran 100

Trimethyl pentane 100

Dimethylsulfoxide 100

a Each assay was conducted as described in ‘‘Materials and Meth-

ods’’ for 24 h using 0.75 unit of PLD in a mixture of aqueous buffer

and solvent with 1.91 lmol glycerol and 2.16 lmol PtdCho
b Cardiolipin (diphosphatidylglycerol); see Fig. 5 for chemical

structure
c Standard error of the mean for seven repetitions
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