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Abstract: A new and unnatural type of phospholipids with the head group attached to the 2-position of the
glycerol backbone has been synthesized and shown to be a good substrate for secretory phospholipase
Az (sPLA,). To investigate the unexpected sPLA; activity, we have compared three different phospholipids
by using fluorescence techniques and HPLC, namely: (R)-1,2-dipalmitoyl-glycero-3-phosphocholine
(hereafter referred to as 1R), (R)-1-O-hexadecyl-2-palmitoyl-glycero-3-phoshocholine (2R), and (S)-1-O-
hexadecyl-3-palmitoyl-glycero-2-phosphocholine (3S). Furthermore, to understand the underlying mech-
anisms for the observed differences, we have performed molecular dynamics simulations to clarify on a
structural level the substrate specificity of SPLA, toward phospholipid analogues with their head groups in
the 2-position of the glycerol backbone. We have studied the lipids above 1R, 2R, and 3S as well as their
enantiomers 1S, 2S, and 3R. In the simulations of SPLA,—1S and sPLA,—3R, structural distortion in the
binding cleft induced by the phospholipids showed that these are not substrates for sSPLA.. In the case of
the phospholipids 1R, 2R, and 3S, our simulations revealed that the difference observed experimentally in
sPLA; activity might be caused by reduced access of water molecules to the active site. We have monitored
the number of water molecules that enter the active site region for the different sPLA,—phospholipid
complexes and found that the probability of a water molecule reaching the correct position such that
hydrolysis can occur is reduced for the unnatural lipids. The relative water count follows 1R > 2R > 3S.
This is in good agreement with experimental data that indicate the same trend for sPLA; activity: 1R > 2R
> 3S.

Introduction Phospholipase Aenzymes (PLAs) are responsible for the
Cell membrane organization plays a prominent role in cell remodeling of cellular phospholipids and the generation of

) oS e 16 i
regulation, and the earlier picture of a cell membrane being a Ntracellular messenget$.1® PLA;s are a diverse class of

homogeneous mixture of lipids and proteins as suggested bylYdrolytic enzymes that cleave the ester-linkage in she
the Singer and Nicholson model is now significantly reviéd. position of aggregated glycerolphospholipids, yielding free fatty

A more complex picture involving membrane domains of gcids and  lyso-phospholipids.2® The PLA superfamily

different compositions and regions of varying curvatures has ncludes the calcium-independent P4.Ahe high molecular
emerged that is believed to play important regulatory roles in  (6) Kusumi, A.; Sako, YCurr. Opin. Cell Biol. 1996 8, 566-574.
for instance membrane trafficking, protein sorting, and formation () WVishiewska, A.; Draus, J.; Subczynski, W. &ell Mol. Biol. Lett. 2003

of nanotubuled* Lipid rafts, hydrophobic mismatch, mem- (8) Rieman, D.; Hansen, G. H.; Niels-Christiansen, L.-L.; Thorsen, E.;

e f . . Immerdahl, L.; Santos, A. N.; Kehlen, A.; Langner, J.; Danielsen, E. M.
brane phospholipid asymmetry, domain formation in mem- Biochem. J2001 354, 47-55.

branes, and enzymatic restructuring of the membrane are a few (9) C.asilli, A.; Mazzinghi, B.; Camici, G.; Manao, G.; Ramponi,Bichem.
examples of specific mechanisms by which membranes can take; o) S, L Lin o Lo M L Soloron. K. R.; Freeman, M. Gancer

part in signal transduction ever#g:13 Res.2002 62, 2227-2231.
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'Csi . . (13) Simons, K.; Ikonen, ENature 1997, 387, 569-572.
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weight cytosolic PLA, and the low molecular weight secretory
PLA; (sPLAp).1721 Further classifications are based on their
source, subcellular location, calcium requirements, amino acid
similarity, and number of disulfide bridgé%2°The activity of
sPLA; depends strongly on the physical state and microstructure
of the membrane surfadel62226 and it has been recognized
that differential binding of mammalian sPLAo membranes

of different phospholipid compositions has physiological sig-
nificance?’28 For instance, human tear fluid contains a high
concentration of human sPLAIA as a protection against
bacterial infectior??-3°Human sPLA-IIA does not degrade the
outer plasma membrane of a number of mammalian cells, which
are rich in zwitterionic lipids (phosphocholines; P&)32 but

the enzyme is able to degrade cell membranes of Gram-positive
bacteria that contain high levels of anionic lipids* The
observed increased activity in the presence of anionic lipids is
a general feature of sPL&33537 and might be governed by
electrostatic interactions between charged residues located at
the binding surface of the enzyme and charged head groups of
the phospholipidg®38 However, many sPL#s, like Asp49
secretory phospholipase;Arom the snake venom a@fgkistro-

don pisciorus pisciborus®® can also degrade zwitterionic
lipids.2® This has been explained by the presence of one or more
aromatic residues located on the protein binding surface that
penetrate the interfacial membrane region, thereby enhancing
the binding affinity to zwitterionic membrane surfad@©ther
examples include the human secretory phospholipastype

V and X Clearly, enzyme adsorption of several sRlspecies

are driven by the interplay between the sRlbnding surface

(18) White, S. P.; Scott, D. L.; Otwinowski, Z.; Gelb, M. H.; Sigler, P Rience
1990, 250, 1560-1563.
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250, 1563-1566.
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human sPLA,-IIA

snake venom sPLA, from
Agkistrodon piscivorus piscivorus

Figure 1. View onto the binding surface (i-face) of human sRLM

(top) and snakeXgkistrodon pisaiorus piscivorus) venom sPLA (bottom).
Coloring of the surface corresponds to the properties of the residues:
positively charged (blue), negatively charged (red), polar (green), and
aromatic/hydrophobic (gray). Residues that are drawn in stick modus have
the right orientation such that they might be involved in contact with the
membrane surfac¥:3840.86The substratelR) is shown in stick modus and
colored yellow.

and lipid interface properti€®8:#04243As shown in Figure 1,
phospholipase AlIA has a more positively charged binding
surface than snake venom sPland thereby prefers negatively
charged membrane surfacég?

Increasing attention has been given to the human secretory
phospholipase Atype IIA (sPLAx-IIA), a calcium-dependent,
~14 kDa, disulfide-rich enzyme, since it has been implicated
in a large variety of physiological process€sPLA-IIA is
highly expressed in inflammatory tissues, where it hydrolyzes
phospholipids to release arachidonic acid that further down-
stream in the signaling cascade is processed by cyclooxygenases
or lipoxygenase to form proinflammatory lipid mediators known
as eicosanoid®4647 sPLA, has also been shown to be up-

(42) Lin, Y.; Nielsen, R.; Murray, D.; Hubbell, W. L.; Mailer, C.; Robinson, B.
H.; Gelb, M. H.Sciencel998 279 1925-1929.

(43) Ball, A.; Nielsen, R.; Gelb, M. H.; Robinson, B. Rroc. Natl. Acad. Sci.
U.S.A.1999 96, 6637-6642.

(44) Canaan, S.; Nielsen, R.; Ghomashchi, F.; Robinson, B. H.; Gelb, NL. H.
Biol. Chem.2002 277, 30984-30990.

(45) Fuentes, L.; Hernandez, M.; Nieto, M. L.; Crespo, MFEBS Lett2002
531, 7-11.
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regulated in a variety of cancer tygé4°including prostaté?51
colon?253preast* and pancreatic cancer¢ It has been sug-
gested that the sPLAIA overexpression in cancerous tissue

may be triggered by the carcinoma cells and hepatocytes and/

or inflammatory cells (e.g., macrophages) by stimulation of
inflammatory cytokineg®>7The observation that many tumors
have elevated sPLAevels highlights that sPLAplays a central
role in tumor development and demonstrates that sPkAa
potential target for therapeutic interventiei?® Indeed, it has
been demonstrated that elevated concentrations of sHLA

cancer cells can be used as a suitable tumor-specific triggering

mechanism for liposome-based anticancer drug cafie?s.

Liposomes comprised of natural phospholipids or anticancer

lipid-based prodrugs are hydrolyzed by sRLresulting in a
controlled release of the cytotoxic drugs into the tumor
tissue®2.63 This approach results in increased circulation life
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Figure 2. Chemical structures of the three enatiomeric pairs (six phos-
pholipids) that have been investigated by molecular dynamics simulations.
(1R) (R)-1,2-dipalmitoyl-glycero-3-phosphocholin€,g) (9-1,2-dipalmi-

time, enhanced deposition to the malignant tissue, and protectionfoy!-glycero-3-phosphocholine,2R) (R)-1-O-hexadecyl-2-palmitoysn

from the drug metabolic degradatiéhThe usage of natural

glycero-3-phoshocholine2§) (9-1-O-hexadecyl-2-palmitoysn-glycero-
3-phoshocholine, 39 (9-1-O-hexadecyl-3-palmitoyl-glycero-2-

lipids has a further advantage in that these systems arephosphocholine, and 3R) (R)-1-O-hexadecyl-3-palmitoyl-giycero-2-
biodegradable, are weakly immunogenic, possess limited in- phosphocholine. The compounds with the correct stereochemistry for,sPLA

trinsic toxicity, and produce no antigenic or pyrogenic reac-

tions %566 These liposome-based drug carries can be optimized

with respect to, e.g., circulation lifetime, stability (“leakage”
of drugs), or hydrolysis by sPLAby changing lipid composi-
tion, modifying their surface characteristics (e.g., polymer-

grafted liposomes), or using unnatural phospholipid analogues

degradable by sPL#¢86367
We have previously shown, in a rapid rep&rthat unnatural

phospholipid analogues with the head group in the 2-position
not only form stable liposomes with intriguing phase behavior

(46) Kim, Y. J.; Kim, K. P.; Han, S. K.; Munoz, N. M.; Zhu, X.; Sano, H.;
Leff, A. R.; Cho, W.Biol. Chem.2002 277, 36479-36488.
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G. G.; Russell, P. J.; Dong, @ancer Res2004 64, 6934-6940.

(51) Jiang, J.; Neubauer, B. L.; Graff, J. R.; Chedid, M.; Thomas, J. E.; Roehm,

N. W.; Zhang, S.; Eckert, G. J.; Koch, M. O.; Eble, J. N.; ChengAin.
J. Pathology2002,160, 667—671.

(52) lisley, J. N. M.; Nakanishi, M.; Flynn, C.; Belinsky, G. S.; De, Guise, S.;
Adib, J. N.; Dobrowsky, R. T.; Bonventre, J. V.; Rosenberg, D.Gincer
Res.2005 65, 2636-2643.

(53) Edhemovic, I.; Snoj, M.; Kljun, A.; Golouh, FEJS02001, 27, 545-548.

(54) Yamashita, S.; Yamashita, J.; Ogawa,Bd. J. Cancerl994 69, 1166
1170.
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J.; Ohshima, S.; Yamamoto, S.; Shibata, Y.; Ogawalrdern. Congress
Series2003 1255 375-379.

(56) Hanada, K.; Kinoshita, E.; Itoh, M.; Hirata, M.; Kajiyama, G.; Sugiyama,
M. FEBS Lett.1995 373 85—-87.
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(58) Laye, J.; Gill, J. HDrug Discaery Today2003 8, 710-716.
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68—97.
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Delivery 2005 2, 353-362.
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(62) Aridresen, T. L.; Davidsen, J.; Begtrup, M.; Mouritsen, O. G.; Jgrgensen,

K. J. Med. Chem2004 47, 1694-1703.
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hydrolysis, 1R, 2R, and3Shave been synthesized, and liposomes constituted
of these phospholipids have been investigated experimentally.

but also are efficiently degraded by sPLAAlthough sPLA
shows lower activity toward the unnatural phospholipid ana-
logues, it is intriguing that sPLAcan also hydrolyze lipids with
head groups located in the 2-position. To provide further insight
on a molecular level and to explain the altered sPBativity,

we report here molecular dynamics simulations of six different
sPLA—phospholipid substrate complexes (Figure 2) and com-
pare the results with experiments. The simulations revealed that
the unnatural lipids are positioned in the sRlbAnding pocket

in such a way that the lipids interfere with an incoming water
molecule that participates in the hydrolysis. The probability of
a water molecule reaching the correct position such that
hydrolysis can occur is reduced for the unnatural lipids. This
in part could explain the experimentally observed reduced sPLA
activity profile toward the unnatural phospholipid analogues.

Experimental Section

Materials and Liposome Preparation.1,2-Dipalmitoylsn-glycero-
3-phosphocholine (DPPQR) was purchased from Avanti Polar Lipids,
Birmingham, AL. All other lipids were synthesized. All other chemicals
were purchased from Sigma-Aldrich. One-component multilamellar
liposomes were prepared by hydrating the lipids in a Hepes buffer
solution fa 1 h 10-15 °C above the main phase transition of the
multilamellar liposomes. The lipid suspension was vortexed every 15
min. Unilamellar liposomes of narrow size distribution were made by
extrusion of the multilamellar liposome suspension 10 times through
two stacked 100 nm polycarbonate filters. The Hepes buffer used was
composed of the following: 0.15 M KCI, 1 mM NaN0.03 mM Cadj,

0.01 mM EDTA, 0.01 M Hepes (pH: 7.5).

Differential Scanning Calorimetry. Differential scanning calorim-
etry (DSC) of 5 mM multilamellar liposomes was performed using a
Microcal MC-2 (Northhampton, MA) ultrasensitive power-compensat-
ing scanning calorimeter equipped with a nanovoltmeter. The scans
were performed in the upscan mode at a scan rate ofCZ0. An

: appropriate baseline has been subtracted from the calorimetric curves.

Phospholipase A Activity Measurements. The employed sPLA
(Agkistrodon piscioros piscvoros) was isolated and purified from
snake venonf® This enzyme is structurally similar to mammalian
sPLAy, indicating a similar catalytic hydrolysis mechanism for phos-
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pholipid substrate®. Assay conditions for the sPLAag-time measure-

Synthesis of R)-1-O-Hexadecyl-3-lyso-glycero-2-phosphocholine

ments were 0.15 mM unilamellar liposomes in a Hepes buffer (150 (8). To a solution of7 (253 mg, 0.442 mmol) in EtOAc/MeOH (20

nM sPLA;, 0.15 M KCI, 1 mM NaN, 0.03 mM CadJ, 0.01 mM
EDTA, and 0.01 M Hepes (pH= 7.5)). The catalytic reaction was
initiated by adding 8.9L of a 42uM sPLA; stock solution to 2.5 mL

mL, 1:1) under N at room temperature Pd/C 10% (33 mg) was added.
The reaction mixture was placed undes With vigorous stirring for
1.5 h, after which TLC (CECI/MeOH/H,O 65:25:4) showed no

of a thermostated liposome suspension equilibrated 20 min prior to remaining starting material. The solution was filtered through a glass

addition of the enzyme. The time elapsed between addition of sPLA

filter, which was washed successively with @H,. Concentrating in

and a sudden increase in the intrinsic fluorescence emission fromysPLA vacuo gave 213 mg (quantitative) 8fas a white solid, which was

(tryptophan emission), due to a burst in the sRlaAtivity, is defined

dried at 0.1 mmHg fol h and used without further purification in the

as the characteristic lag time of the enzyme. The emission takes placenext stepRs = 0.13 (CHCl/MeOH/H,0 65:25:4)*H NMR (300 MHz,

at 340 nm after excitation at 285 nm. The total amount of hydrolyzed
lipid 1000 s after the sPLAburst was determined by HPLC.

HPLC Quantification. HPLC analysis was performed using a 5
uL diol column, a mobile phase composed of CEHEleOH/H,O (730:

CDCL/CD;OD 9:1): 6 4.20-4.10 (m, 3H), 3.653.25 (m, 8H), 3.26
3.08 (m, 9H), 1.59 (m, 2H), 1.26 (br.s, 26H), 0.88 (t, 3HC NMR
(75 MHz, CDCK/CD;0D 9:1): ¢ 76.1 (d,J = 7.4 Hz), 71.8, 71.1 (d,
J=5.1Hz), 66.4 (d) = 6.1 Hz), 63.9 (d,J) = 4.8 Hz), 59.5 (dJ =

230:25, v/v), and an evaporative light scattering detector. Sample (1004.7 Hz), 54.4, 32.1, 29.9, 29.8, 29.6, 29.4, 26.3, 25.2, 22.9, 14.3.

uL) was withdrawn from a 0.15 mM liposome suspension, which was
rapidly mixed with 1 mL of CHGJmethanol/acetic acid (2:4:1) in order

Synthesis of §)-1-O-Hexadecyl-3-palmitoyl-glycero-2-phospho-
choline (3S). (236 mg, 0.49 mmol) was dissolved in dry &, (25

to quench the enzymatic reaction. The solution was washed with 1 mL mL) to which EgN (0.17 mL, 1.22 mmol), DMAP (24 mg, 0.20 mmol),

of water, and 2QuL of the organic phase were used for HPLC.
Synthesis of R)-1-O-Hexadecylsn-glycero-3-phosphocholine (2R)
from (R)-O-Benzyl Glycidol (4R). Carried out as earlier described by
Andresen and co-workefs.
Synthesis of §)-1-O-Hexadecyl-30-benzyl-glycerol (6). To a
flame-dried flask containing washed NaH (0.23 g, 9.6 mmol) under
N at 0°C cetylalcohol (1.94 g, 8.02 mmol) in dry THF (20 mL) was

and palmitoyl chloride (0.37 mL, 1.22 mmol) were added. The yellow
reaction mixture was stirred overnight at room temperature, after which
TLC (CH.Cl/MeOH/H,0 65:25:4) indicated that the reaction had gone
to completion. The reaction mixture was concentrated and purified by
flash chromatogaphy (Gi€l./MeOH/H,O 65:25:1— CH,Cl,/MeOH/

H,0 65:25:4) to give 294 mg (83%) &S R = 0.28 (CHCl,/MeOH/

H,O 65:25:4).'H NMR (300 MHz, CDC}): d 4.45-4.18 (m, 5H),

added. The NaH was washed by a continuous extraction of the NaH 3.80 (m, 2H) 3.57 (m, 2H), 3.453.23 (m, 11H), 2.30 () = 6.7 Hz,
dispersion (60% mineral oil) with dry hexane. The reaction was heated 2H), 1.59 (m, 2H), 1.51 (m, 2H), 1.26 (br.s, 50H), 0.88 (t, 6HL

to 80°C for 1 h. §-O-Benzyl glycidol 4S) (1.05 g, 6.1 mmol) was
added followed by DMF (10 mL). The reaction was stirred overnight

NMR (75 MHz, CDCE): 6 173.8, 76.9 (d), 71.8, 70.4 (d), 66.2 (d),
63.8 (d), 59.4 (d), 54.5, 35.5, 32.1, 29.9, 29.8, 29.6, 29.4, 26.3, 25.2,

at 80°C. The reaction was cooled to room temperature and stirred 20 22.9, 14.3.

min after the addition of water (2 mL). Removal of solvent in vacuo

Molecular Dynamics Simulations. The crystal structures of (i)

gave a brown residue, which was redissolved in ether (40 mL), washed European Honeybee\pis Melliferg-venom phospholipase »Acom-

with brine (5x 10 mL), and dried over N&Q,. Purification by flash
chromatography (CkCl./ether 100:1) gave 1.86 g (71%) 6f R =

0.11 (CHCl,/ether 100:1)!H NMR (300 MHz, CDC}): ¢ 7.32 (m,
5H), 4.56 (s, 2H), 4.00 (m, 1H), 3.68.30 (m, 6H), 1.59 (m, 2H),
1.26 (br.s, 26H) 0.88 (t, 3H}*C NMR (75 MHz, CDC}): ¢ 138.3,

plexed with the transition-state analogueé)-bctyl-2-heptylphosphonyl-
snglycero-3-phosphoethanolamine (g2Ph)PE), resolved to 2.0'A
and (ii) Human sPLA—IIA complexed with 6-phenyl-&)-(7-phenyl-
heptanoylamino)-hexanoic acid resolved to 272 Were obtained from
the Protein Data Barik (entry codes: 1poc and 1kqu, respectively).

128.6, 127.9, 73.6, 72.1, 71.9, 71.7, 69.7, 32.2, 30.0, 29.9, 29.9, 29.9, The initial modeling step involved placing di@Ph)PE into the binding

29.8, 29.7, 26.4, 23.0, 14.4.

Synthesis of §)-1-O-Hexadecyl-30-benzyl-glycero-2-phospho-
choline (7).To a solution of POGI(79.8uL, 0.856 mmol) in dry CH-
Cl, (0.5 mL) under N at 0°C a solution of6 (272.2 mg, 0.679 mmol)
and EsN (0.13 mL, 0.910 mmol) in CkCl, (2 mL) was added dropwise
over 15 min. The reaction mixture was stirred foh under N at room
temperature, after which pyridine (0.44 mL, 5.43 mmol) and choline
tosylate (374 mg, 1.36 mmol) were added &0 After 2 h, the orange

cleft of sPLA-IIA, which was done by (i) deleting the inhibitor in
1kqu (keeping calcium ions and water molecules in the structure), (i)
deleting calcium ions and water molecules in 1poc, (iii) aligning 1poc
with 1kqu, and (iii) finally deleting the bee-venom phospholipase A
structure. The structures of the six phospholipids (Figure 1) were built
from diCg(2Ph)PE using SPARTAN version 1.0.2 (Wavefunction Inc.,
Irvine, California). Missing distance, angle, and torsion parameters were
obtained from the CHARMM27 parameter set describing similar atom

reaction mixture was allowed to warm to room temperature and was types. The structures were solvated using the program SOLVATE.

left stirring overnight. After 24 h of stirring, TLC (C¥l./MeOH/

To neutralize the systems, 18 water molecules were randomly replaced

H,0 65:25:4) indicated that the reaction had gone to completion. Water With chloride ions. The final systems contained900 water molecules,

(0.2 mL) was added, and the reaction mixture was stirred.fbo and
concentrated to a white solid by azeotropic distillation with toluene.
The residue was dissolved in THR®I 9:1 and slowly passed through

and the simulation cell dimensions wexé3 x 52 x 67 A3. For the
simulations, the molecular dynamics (MD) program NAK®as used
with the Charmm27 all hydrogens parameter set and with the TIP3

an MB-3 column (2 cm), and the solvent was removed by azeotropic Water modef Each complex was simulated at least three times (Table
distillation with ethanol and toluene in vacuo. The crude product was 1) starting from different initial conditions, which were obtained by

purified by column chromatography (GEI/MeOH/H,O 65:25:1) giv-
ing 7 in 253 mg (65%) R = 0.17 (CHCl,/MeOH/H,0 65:25:1).*H
NMR (300 MHz, CDC}): 6 7.32 (m, 5H), 4.54 (s, 2H), 4.40 (m, 1H),
4.20 (m, 2H), 3.783.45 (m, 6H), 3.40 () = 6.1 Hz, 2H), 3.08 (s,
9H), 1.59 (m, 2H), 1.26 (br.s, 26H), 0.89 (t, 3HJC NMR (75 MHz,
CDCl): 6 138.3, 128.6, 127.9, 73.5, 73.2 (= 7.3 Hz), 71.7, 71.6
(d, J = 4.9 Hz), 70.9 (dJ = 4.8 Hz), 66.3 (dJ = 5.3 Hz), 59.2 (d,

J=4.8Hz), 54.4,32.1, 29.9, 29.8, 29.6, 29.4, 26.3, 25.2, 22.9, 14.3.

(68) Maraganore, J. M.; Merutka, G.; Cho, W.; Welches, W.; Kezdy, F. J.;
Heinrikson, R. L.J. Biol. Chem1984 259, 13839-13843.

(69) Vance, D. E.; Vance, J. BBiochemistry of Lipids, Lipoproteins and
MembranesElsevier: Amsterdam, 1991.
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varying the number of steps used in energy minimization of the systems.

(70) Hansford, K. A.; Reid, R. C.; Clark, C. I.; Tyndall, J. D. A.; Whitehouse,
M. W.; Guthrie, T.; McGeary, R. P.; Schafer, K.; Martin, J. L.; Fairlie, D.
P. ChemBioChen2003 4, 181-185.

(71) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J.; Meyer, E. E.; Brice, M.
D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; TasumiJ.Nilol. Biol.
1977, 112 535-542.

(72) Grubniller, H. Solvate: a program to create atomic solvent models.
Electronic publication: http://www.mpibpc.gwdg.de/abteilungen/071/sol-
vate/docu.html.

(73) Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, X.Comput.
Phys.1999 151, 283-312.

(74) Jorgensen, W. L.; Chandrasekhar, J.; Medura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.
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Table 1. Summary of the Simulations Carried Out?

root-mean-square

length of displacement
short number of simulations mean + SD°
name name’ simulations (ns) A
(R)-1,2-dipalmitoytglycero-3 1R 6 each 10 1.30.1
phosphocholine
(9-1,2-dipalmitoytglycero-3 1S 4 each 10 1501
phosphocholine
(R)-1-O-hexadecyl-2-palmitoyl- 2R 3 each 10 1401
sn-glycero-3-phoshocholine
(9-1-0O-hexadecyl-2-palmitoyl- 2S 3 each 10 1.50.1
sn-glycero-3-phoshocholine
(R)-1-O-hexadecyl-3-palmitoyl- 3R 3 each 10 1401
glycero-2-phosphocholine
(9-1-0O-hexadecyl-3-palmitoyl- 3S 3 each 10 1.30.1

glycero-2-phosphocholine

aThe last column lists the average root-mean-square displacemeatatb@s with respect to the protein structure obtained after minimization. Averages
and standard deviations (SDs) are based on a series of simulations of a particular cémplaeviation used in the text.SD = standard deviation

calculated as follows: SB= /¥, (%—%)%(N—1).

Scheme 1
MOBH C16H33O/§/\OBn i, C16H330/§/\0\ ,O\/\ﬁ/
) 70% C15H31\n/0 7% C15H31\n/0 szp\o |
4R o 5 O 2R
C16H33O OBn C16H33O OBn
c'>>/\OBn 71% ;?/\ 65% /?/; |
G e
as 6 7 o Pg M
(0]
h PN
C16H330/Y\OH vwns C16H330/Y\0 CisH31
quant. o, o | 83% O\P,O |
“ pe _ -
-O/P\O/\/N\ o \ONN\
8 3s

The first energy minimization of the systems involved 250 steps. For sPLA-IIA activity, and at the same time, both lipid species
each subsequent simulation of a certain complex, the number of stepsgre hydrolyzed by sPLAIIA. 23 This observation supports the
for energy minimization was increased by 250 steps; i.e., 250, 500, vijew that in the case of snake venom sPlakd human sPLA

and 750 steps were used for simulations of a complex that was repeateq|A, the activity of these enzymes is determined mainly by the
threg times. The minimization procedurg Was_followed by 1_00 ps of physical properties of the membrane surf&®.0ur primary

for 10  bonttant umber of atoms, ressure, and empersre (1M in he presentstudy is o investigate by molecular dynarnics
ensemble). Periodic boundary conditions were applied, iy, and simulations the. binding mode of'phosphol!pld analoguesl ?nd
zdirections. A time step of 1 fs was used throughout all simulations. 0 understand in molecular detail the basis for the modified

An isotropic constant ambient pressure of 1 atm was imposed using SPLAp activity toward phospholipid analogues with head groups

the Langevin piston meth&twith a damping coefficient of 5 p3, a located in the 2-position when compared to its natural substrate.
piston period of 200 fs, and a decay of 500 fs. The Particle Mesh Ewald As summarized in Table 1, we have studied six different
method was used for computation of the electrostatic folt€sThe phospholipids (Figure 2) in complex with human sBEHRA. 70

grid spacing applied was approximately 1.0 A, and a fourth order spline 1R s the natural substrate for SPLALS has been included as
was used for the interpolation. The long-range part of the electrostatic 5 reference, since, due to the stereospecific enzyme reaction,
forces was evaluated every fourth femtosecond. The van der Wadlsis phospholipid should not be hydrolyzed by SRL2R and
interactions were cut off a using a switehing tunction starting at -5 ¢ontain an ether bond in the 1-position of the glycerol
10 A. The analyses of the trajectories were performed using the backb instead of th tural est Thi | t
graphical program Visualization Molecular Dynamics (VMI3). ackbone Instead ot the natural ester group. This replacemen
_ _ was done for practical purposes, to avoid uncontrolled hydrolysis
Results and Discussion by the enzyme when moving the head group to the 2-position.
We have demonstrated earlier that the presence of phospho3R and3Sare the two phospholipid enantiomers with the head
glycerol (PG) in phosphocholine (PC) membranes enhancesgroups located at the 2-position of the glycerol backbone.
Simulation of each enzyme-phospholipid complex was repeated
(75) fggﬂﬁfiﬁf“gv Y.; Pastor, R. W.; Brooks, BJRChem. Physl995 at least three times to increase the statistical significance of our

(76) Darden, T.; York, D.; Pedersen,L.Chem. Physl993 98, 10089-10092.

(77) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, (79) Pan, Y. H.; Yu, B.-Z.; Berg, O. G.; Jain, M. K.; Bahnson, BBibchemistry
L. G. J. Chem. Phys1995 103 8577-8593. 2002 41, 14790-14800.

(78) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graph.1996 14, 33—38. (80) Bahnson, B. JArch. Biochem. Biophy005 433 96—106.
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Figure 3. (A) Differential scanning heat capacity curves obtained at a scan rate W/20for 5 mM multilammelar liposomes composedidt, 2R, and
3S (B) Characteristic sPLA(Agkistrodon pisaiorus pisciorus) activity time course profiles toward unilamellar liposomes. The sPadiivity is monitored
by intrinsic fluorescence (solid line) from the enzyme and b l8ght scattering (dashed line) from the lipid suspension.
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Figure 4. Secretory PLAlag times forlR, 2R, and3Sobtained at the main phase transition temperature (gray bars). Total hydrolysis of the three phospholipids

measured by HPLC 1000 s after the burst has occurred (white bars).

results. As outlined in the Experimental Section, each simulation
for a particular sPLA—phospholipid complex was started from
different initial conditions by varying the steps used for the
initially performed energy minimization.

Synthesis and Biophysical InvestigationsTo compare the
results from our molecular dynamics simulations with experi-
ments, we have synthesiz&R and 3S (Figure 2) that both,
together with the commercially availabl&k (DPPC), have the
right stereochemistry for sPLAydrolysis.2R was synthesized
from (R)-O-benzyl glycidol (Scheme 1) in four steps as
described in detail by our group in an earlier arttd&S was
synthesized starting fromS(-O-benzyl glycidol 4S). The
epoxidedSwas opened regioselectively by reaction with sodium
cetyl alkoholate using THF/DMF (2:1) givingin 71% yield.

5456 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007

It should be noted that the use of THF afforded considerably
reduced dimerization compared to using DMF alone. Phospho-
rylation using phosphorus oxychloride in DCM garé 65%
yield. Hydrogenation with Pd/C as catalyst followed by acylation
using palmitoyl chloride gave the target compow®lin 83%
yield. One can equally well use palmitic acid and DCC as
coupling reagents under standard conditions.

Multilamellar liposomes were prepared from each lipi,
2R, and3S and heat capacity(,) curves were obtained using
differential scanning calorimetry (Figure 3A). Ti& curves
show that all three lipids form liposomes willR, 2R, and3S
having a main phase transition peak at 40.5, 42.6, and°4@).1
respectively, reflecting the gel-to-fluid phase transition. Interest-
ingly, the pretransition that usually characterizes the phase
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Tyr-81 pholipids and fatty acids are formed. Figure 4 shows the lag
N time for lipids 1R, 2R, and 3S at the main phase transition,
where the enzyme is known to have the highest act®ify.
S The naturallR (DPPC) has the shortest lag time indicating that
His.47 this is the best substrate for sPLAL is also seen that the
.., (OD1) == introduction of an ether bond in the 1-positid?R) results in
) a longer lag time; however, the change is relatively small. A
o 0P aspo o larger change is observed when moving the phospholipid head
OH) oh """ (0D2) 2 HHN) o) group to the 2-position3S). For 3S, the lag time is increased
AN __(oDp1) considerably when compared with the other two phospholipids.
= (%122\)0 _____ ca Asp-48 Figure 4 also shows the total amount of hydrolysis 1000 s after
a the accelerated hydrolysis (burst) has occurred. All three
>/'"’° \p/(%;) (0D2) phospholipids are hydrolyzed to a high extent after the burst
Z has occurred, and hence, all three lipids are good substrates for
/ SPLA,.
X Simulations - Enzyme Stability. The stability of the simula-
Figure 5. Schematic representation of the catalytic mephan_ism of sPLA tions of the different SPLA—phOSphOIipid complexes were
?Qfgrpfgt;:gpe?nhgg&gggff?g':qge2?;‘{3;2: Atom types given in parentheses checked by computing the time evolution of the root mean
displacement (rmsd) of theoaCatoms with respect to the protein
behavior of natural phospholipid®!®such as DPPCLR, seen structure obtained after minimization. A representative time
at 31.9°C), is abolished for the unnatural phospholigigwith evolution of rmsd calculated from an sPLALR simulation is
the head group in the 2-position. This may be due to the provided as Supporting Information (Figure S1). Means and
symmetry in the lipid that is introduced by moving the head standard deviations of the rmsd data calculated for the different
group from the 3- to the 2-positidif. Furthermore, the ther-  systems are summarized in Table 1. The relatively low rmsd
mograms revealed that the introduction of an ether bond in the values reflect the rigid structure of sPEMA that is caused
1-position does not change the phase behavior drastically (Figureby eight sulfur bridges. The protein structures complexed with
3A). the different phospholipids are stable resulting in an overall rmsd
Unilamelar liposomes for sPLAactivity measurements were  of (1.4=+ 0.1) A, calculated from the rmsd of each simulation.
prepared by extrusion through 100 nm polycarbonate filters. A To further evaluate our simulations, we compared the time-
typical sPLA (Agkistrodon piseiorus piscvorus) fluorescence averaged fluctuations of the residues with the B-factor given
activity profile can be seen in Figure 3B. After addition of as part of the X-ray structur@,and overall, good agreement
sPLA,, there is a lag time period that reflects a relatively low was observed between the B-factor and the simulation results
sPLA, activity, which suddenly changes in a burst of activity (representative results are provided as Supporting Information;
as a consequence of accelerated hydrolysis. The fluorescencé&igure S2). In some regions, larger rmsd values are seen in the
is measured as intrinsic fluorescence from the enzyme. Simul- simulations than in the B-factor. Particularly, protein segments
taneously with the sudden increase in fluorescence, a decreasghat are located in the vicinity of the substrate (close to the head
in the 90 static light scattering is observed indicating changes group and the end of the acyl chains) and in two loop regions
in suspension morphology as non-bilayer forming lyso-phos- are more flexible in the simulations than deduced from the
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Figure 6. Time evolution of selected distances involving the cofactor calcium. Atom types correspond to the Protein Data Bank nomenclature. The distances
were extracted from an sPLA1R complex simulation and are representative for all simulations.
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Figure 7. Time evolution of selected distances that involve Asp91 or His47. S and atom types refer to substrate and Protein Data Bank nomenclature,
respectively. The distances were extracted from an sPILR simulation and are representative for all simulations.

5 (A)l I T | T I T | T S (B)l I T | T , | T I T
S (022) - Gly29 (HN) 7 B $(022)-Ca 7
2 i ]
. _
g |
g
e »
1 TH ETR NN N TN B 1 IR I T IR T B
0 2 4 6 8 10 0 2 4 6 8 10
time (ns
5 (C)I T T T T T T 7 (ns)
T s(4)-cat )
24 -
ﬁ L i
R -
2z i
2 il o o -
1 | 1 I 1 | 1

time (ns)
Figure 8. Time evolution of selected distances that involve the substrate (S). See Figure 7 caption for more details.

B-factor. The latter observation is not surprising, since these Simulations - Key DistancesFurther structural information
loop regions are solvent exposed and may be affected by crystalwas extracted from the simulations by calculating distances
packing®® We also calculated the rmsd variation between between selected atoms (residues). We also calculated the
simulations of a particular complex and between all simulations. corresponding interaction energies (data not shown), and as
We determined an average structure for each simulation usingexpected, there is a direct correlation between calculated
the last 5 ns of the trajectory and calculated consequently thejnteraction energies and monitored distariées.the following,

rmsd between the average structures. The rmsd within a serie§ye therefore only report distances. The distances were chosen
of S|mula_1t|or_15 of a particular complex varies between 0.48 and accordingly to their importance in the calcium-dependent
0.65 A yielding (0.57+ 9'07) A. The rmsd calc_;u_lated between enzymatic reactiof® X-ray crystallography revealed that the
average structures of different sPi-Aphospholipid complexes catalytic device of sPLAIs essentially characterized by an Asp-

varies between 0.60 and 0.98 A resulting in (0#2.09) A. . . T )
N . .. _His dyad, a calcium-binding site, and a water molecule, which
Both average rmsd values are the same within the statistical

uncertainties indicating that all simulations converge to similar

structures (82) Peters, G. H.; Iversen, L. F.; Andersen, H. S.; Mgller, N. P. H.; Olsen, O.
: H. Biochemistry2004 43, 18—28.

(83) Scott, D. L.; White, S.; Otwinowski, Z.; Yuan, W.; Gelb, M. H.; Sigler, P.

(81) Peters, G. H.; Bywater, R.B. Mol. Recog2002 15 393-403. B. Sciencel99Q 250, 1541-1546.
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Figure 9. Average distances of His47(ND15(C21) and S(O22)Ca+
extracted from the simulations of the different sREAhospholipid

distances that involve the substrate (hereafter referred to as S)
(S(022)-Gly29(HN), S(022)-C&*, and S(04)-Ca*; Figure

8). Atom types indicated in parentheses refer to the Protein Data
Bank nomenclature, which will be used throughout. The time
evolutions presented in Figures 6 to 8 are representative for all
simulations.

Overall, coordinations of G4 by Asp48 and Gly29 are rather
stable (Figure 6). The increase of the2CaAsp48(0OD1)
distance taking place in concert with the change iffc#&ly29-

(O) and occurring over a relatively short time interval was also
observed in some of the other simulations. In all cases, the
fluctuations occurred only over a short time period and at
different time intervals, and we conclude that there was no
systematic pattern in these fluctuations. As discussed above,

complexes. Averages and standard deviations (SDs) were calculated fromAspgl forms hydrogen bonds with Tyr51, Tyr66, and His47

a series of simulations of a particular complex, where only the last 5 ns of
each simulation were used. The dashed-dotted and the dotted lines indicat

the upper and lower errors of His47(NDi$(C21) and S(022)Ca*"
respectively extracted from the sPEALR simulations. Note IR is the
natural substrate for sPLA

acts as the attacking nucleophife®® Figure 5 displays a

schematic representation of the catalytic mechanism indicating
that the calcium ion is coordinated by two carboxylate oxygen
atoms of Asp48, by a backbone oxygen of Gly29, and two

oxygens of the substraté8 The latter two coordinations
involve a phosphate oxygen and tse2 carbonyl oxygen and

serve as stabilization of the substrate. His47, which abstracts af h
proton from the incoming water molecule, is stabilized by Aspg1 /- Substrate C
that additionally forms hydrogen bonds with Tyr51 and Tyr66.
The oxyanion hole that stabilizes the transition state after

dFigure 7). The Asp91(OD2)Tyr66(OH) distance is stable

throughout the simulations, whereas distances between Asp91
and Tyr51 or His47 show larger fluctuations than those observed
for Asp91-Tyr66. The distance change observed for His47
Asp91l between~1.8 ns and~6.1 ns corresponds to a
reorientation of the histidine (180 degrees flip of the ring
system), and hence, a similar change is observed for His47-
(ND1)—S(C21). After~6.1 ns, the His residue flips back in
the orientation, where His47 can participate in hydrolysis. The
flip-flop of His47 was only observed in a few simulations and
ncountered for shorter time periods than that shown in Figure
distances are stable throughout the simula-
tions (Figure 8), and Ca binds tightly to the phosphate oxygen.
Noticeable, the S(022)Gly29(HN) distance is stable but shows

nucleophilic attack is formed by the backbone HN group of relatively large fluctuations.

Gly29 assisted by the charge of the calcium ion. In view of

Visualization of the time evolution of these distances is an

these interactions, we have monitored distances betwegnh Ca important tool to study the stability of these interactions but

and residues/atoms in sPLAAsp48(0OD1), Asp48(0OD2), and

provides no information of statistical significance. We have

Gly29(0); Figure 6), distances that involve Asp91 or His47 therefore calculated averages over time and configurational

(Asp91(OD1)-Tyr51(0OH), Asp91(OD1)yTyr66(OH), His47-
(HE2)—Asp91(0OD1), and His47(ND1)S(C21); Figure 7), and

space (i.e., simulations) using the last 5 ns of each simulation.
Before calculating the averages, all distances were checked if
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Figure 10. Trajectories of two water molecules (A and B) monitored in an sPL¥R simulation. Distances are calculated with respect to S (C21) (top)

and H47 (bottom).
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(A) Figure 5). If water molecules cannot reach this position, it might
explain the lack of sPLAactivity.
Simulations - Nucleophilic Water Molecule.A prerequisite
R for catalysis is that a water molecule can come in close vicinity
m1s to His47(ND1) and S(C21). We therefore have monitored the
movement of water molecules, and trajectories of two water
molecules taken from a sPLA1R simulation are shown in
Figure 10. In order to quantify the positioning of the potential
catalytic water molecules, we have measured the probability of
water molecules being at a certain distance from both His47-
(ND1) and S(C21), hereafter referredie-S. We counted the
number of water molecules that are within a certain distance
from H—S The diffusion of water molecules is governed mainly
I by thermal motion, and hence, water molecules randomly diffuse
5.5 5.0 4.5 4.0 3.5 3.0 into the catalytic sité? Since this is a random event, relatively
distance (A) large differences are observed between a series of simulations
(B) of the same complex. We have therefore arbitrarily normalized
each result from a particular complex simulation with the water
08 1 count determined at 6.0 A from—Sof the simulation. Average
08 + 1R relative water counts for each series are provided in the
0 2R Supporting Information (Table S2). ComparidgR with 1S
B s (Figure 11A) reveals that the lack of sPLActivity toward1S
is related to positioning of water molecules. Within the time
frame of the simulations olS no water molecule could be
detected withi 4 A of H—S, and the relative water count within
4.5 A'is much less than that found faR (Figure 11A). Also
clear differences are seen f&R, 2R, and 3S (Figure 11B).
Independent of the distance analyzed, the relative water count
follows the patterrlR > 2R > 3S Within 4 A of H—S, the
relative water count decreasesb$0% from1R to 2R and an
o2 0 i g il o0 additional~25% from2R to 3Simplying that the sPLAactivity
distance (A) toward these phospholipids follows the same trefigt > 2R

Figure 11. (A) Average relative water counts extracted from fiie and > 3S This observation is in good agreement with the
1S simulations. (B) Average relative water counts extracted fromlfRe . L 67

2R, and3Ssimulations. Before calculating the averages, the data extracted experimental activity daté:
from each simulation were arbitrarily normalized by the water count at 6 conclusions

A of the simulation.

relative water count

0.7

0.6
0.5 4
0.4 4

0.3 4

relative water count

0.2 4

We have shown that unnatural phospholipid analogues where
they were stable throughout the simulations. Overall, the the head group (normally located at $re3 position) was placed
distances are very stable, and differences in average distancét the 2-position are relatively good substrates for sfP’AVe
between the different complexes are within the statistical therefore decided to carry out molecular dynamics simulations
uncertainties (a summary is provided as Supporting Information; to understand on a molecular level why sPLéan tolerate
Table S1). Relatively large variations are observed for His47- phospholipids with their head group in the 2-position and to
(ND1)—S(C21) and S(0O22)Ca&* distances in the different  explain the different sPLAactivity toward natural and unnatural
complexes (Figure 9). ParticularlgSand3R have on average  phospholipid analogues. In the simulations of sREAS and
a larger His47(ND1)S(C21) distance than that in the complex SPLA—3R, the distance between His47 and the carbonyl carbon
with the natural substratdlR). This could explain the lack of ~ (C21; Figure 5) of the substrate is larger than that observed in
sPLA; activity toward these phospholipids. The phospholipids the simulations of sPLA-1R (natural substrate). The phos-
are not perfectly aligned in the binding cleft of sPL# allow pholipids cannot arrange in the right geometry in the binding
for hydrolysis to occur. Surprisingly, the distances monitored cleft due to the additional space and are therefore not hydrolyzed
in sSPLA,—1Sare (within the statistical uncertainties) the same by sPLA. Although the phospholipid¢R, 2R, and3S align
as those in sPLA-1R (Figure 9, Table S1). The reasoning that perfectly in the binding cleft, these lipids are hydrolyzed by
1S is not a substrate for sPlLA(enzymatic hydrolysis is a  SPLAy with different efficiencies. Our simulations revealed that
stereospecific reaction) must depend on other factors. Asthe difference observed in sPkAactivity is caused by less
discussed above, the enzymatic reaction requires that a wategefficient access of water molecules to the active site. During
molecule acting as a nucleophile is positioned correctly relative the hydrolysis, a water molecule that acts as the nucleophile in
to His 47(ND1) and the carbonyl carbon of the substrate (C21, the reaction is positioned between His47 and C21 (Figure 5).
We have monitored the number of water molecules that enter
(84) ég’r}fggr’]"',\%-é-; \%Fh\/e%?l-?.em\/.\;llgllbt\i)véoAn% 'i (j gg’rfgﬁé; o e W van - the region between His and C21 for the different SREA

Eng 1999 12, 497-503. phospholipid complexes and found that the probability of a water
(85) Sekar, K.; Yu, B-Z.; Rogers, J.; Lutton, J.; Liu, X; Chen, X.; Tsai, M- mglecule reaching the correct position such that hydrolysis can

D.; Jain, M. K.; Sundaralingam, MBiochemistry1997, 36, 3104-3114. X o X
(86) Zhou, F.; Schulten, KProteins1996 25, 12—27. occur is reduced for the unnatural phospholipids. The relative
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water count followslR > 2R > 3S which is in excellent Supporting Information Available: Root-mean displacement
agreement with experimentally determined activity da. as function of simulation time; time-averaged fluctuations of
residues, averaged distances, and averaged relative water count.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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