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ABSTRACT. Phosphatidylinositol transfer protein (PITP) is a ubiquitous eukaryotic protein that preferentially
binds either phosphatidylinositol or phosphatidylcholine and catalyzes the exchange of these lipids between
membranes. Mammalian cytosolic PITPs include the ubiquitously expressed BIWOPPITE isoforms
(269270 residues). The crystal structure of rat P¥Tédmplexed to dioleoylphosphatidylcholine was
determined to 2.18 A resolution with molecular replacement using rat®(TP% sequence identify) as

the phasing model. A structure comparison oféh@nd/3 isoforms reveals minimal differences in protein
conformation, differences in acyl conformation in the two isoforms, and remarkable conservation of solvent
structure around the bound lipid. A comparison of transfer activity by human and rat PITPs, using small
unilamellar vesicles with carefully controlled phospholipid composition, indicates thgt theforms

have minimal differences in transfer preference between Ptdins and PtdCho when donor vesicles contain
predominantly PtdCho. When PtdCho and PtdIns are present in equivalent concentrations in donor vesicles,
Ptdins transfer occurs at approximately 3-fold the rate of PtdCho. The rapR$dRIrm clearly has the

most diminished transfer rate of the four proteins studied. With the two rat isoforms, site-directed mutations
of two locations within the lipid binding cavity that possess differing biochemical properties were
characterized: 184/F833 and F225/L.2245. The 225/224 locus is more critical in determining substrate
specificity. Following the mutation of this locus to the other amino acid, the PtdCho transfer specific
activity became PIT® (F225L) ~ PITP3 and PITEB (L224F) ~ PITPo.. The 22%/2243 locus plays a
modest role in the specificity of both isoforms toward B&ho.

Phosphatidylinositol transfer proteins (PITRJe eukary- as well as yeast Secl4d?) and human PCTP1Q).
otic proteins with the ability to bind and transfer either Although rat PITR is a functional homologue to Sec14p in
phosphatidylinositol (PtdIins) or phosphatidylcholine (Ptd- yeast, the two proteins do not share common folds. Unlike
Cho) between intracellular membrands-@). They have Secl4p, the phospholipid binding site in P& completely
been implicated in numerous signal transduction and ve- buried in the interior of the protein. PIBPshares a similar
sicular trafficking pathways4(=7). Two isoforms, PITR fold to the steroidogenic acute regulatory protein-related lipid
and PITH, are expressed in all studied mammalian species transfer (START) domain first observed in human MLN64
(2, 8 and sequence homologues detected in all known (9, 14). PCTP is classified as a START domain protein based
metazoans. Phospholipid transfer in eukaryotic cells is alsoon both primary and tertiary structure conservation.

mediated by Secl4p (a yeast PITP) and phosphatidylcholine  pCTP and PITP exhibit significantly different conforma-
transfer protein (PCTP). Crystal structures of ¢hisoform  tions of their bound phospholipid. The bound PtdCho in
of rat (9), mouse (0), and humanX1) have been reported, PCTP has a C-shaped conformation of the acyl chdifs (
- : whereas the acyl chains in Pl&Rire more extended. In the
! Supported by National Institutes of Health Grant GM59162. structure of mouse PITPin the absence of phospholipid
* Atomic coordinates and structure factors have been deposited at h | | in th . .
the Protein Data Bank, accession code 2A1L. (3, 10) there are two molecules in the asymmetric unit,
* Corresponding author. Phone: 816-235-1986. Fax: 816-235-1503. forming a dimer. In addition, the loop containing helix B
E'?S”i_ Yodterl\/lf%umkc-?dkl- cit has a different conformation from the holo form of PP
niversity o Issourt-Kansas City. H PR .
I University of Kansas Medical Center. This loop has been ter_med the lipid exchan_ge loop, with the
OCurrent address: Department of Biomedical Sciences, Tufts OP€N structure a putative membrane-associated form and the

University Cummings School of Veterinary Medicine, North Grafton, closed form being the lipid-loaded, cytoplasmic form.
MA 01536-1895. . . . . .
1 Abbreviations: CéPCho, sphingomyelin; ER, endoplasmic reticu- PITPois primarily found in the cytosol and nucleus, while

lum; LacPtdEtnN-lactosyl-1,2-dioleoylphosphatidylethanolamine; PCTP, PITPS is found associated with the Golgi complebb( 16).
phosphatidylcholine transfer protein; PITP, phosphatidylinositol transfer [ ocalization of PITIB to the Golgi complex requires the

protein; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanola- in i - ; .
mine; PtdIns, phosphatidylinositol; PtdOH, phosphatidic acid; rmsd, protein kinase C-dependent phosphorylation of Ser262; yet

root mean square deviation; START, steroidogenic acute regulatory Phosphorylation had no effect on phospholipid transfer
protein-related lipid transfer. activities (L7). This Ser residue is conserved in all known
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mammalian PITP proteins but is a proline residue in
mammalian PITB sequences. Overexpression of PdTiR
NIH3T3 cells, but not PITR, activates phospholipase, A
and shortens the bhase of the cell cyclel@). In contrast,
overexpression of PITPresults in decreased growth rate
and exhibits effects indicating an involvement in maintaining
CerPCho steady-state levelg§9). It has been proposed that
PITP3 may be involved in diacylglycerol productio2@).

In mice, a mutation in the PITd® gene results in the
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(PtdOH), bovine liver Ptding\-lactosyl-1,2-dioleoyl-PtdEtn
(LacPtdEtn), porcine brain Ce€ho, and cholesterol were
purchased from Avanti Polar Lipids (Alabaster, AL). Cho-
lesteryl oleate was obtained from Sigma (St. Louis, MO).
All lipids were >95% pure on analysis by thin-layer
chromatography. Radiolabeled lipids acquired from com-
mercial sources included bovine bralMnethyt4C-choling-
CePCho (2.1 Gbgmmol™), Amersham Biosciences (Pis-
cataway, NJ), and [9,18H]oleic acid (310 Gbemmol™?),

vibrator phenotype which causes a 5-fold reduction in protein [1-*‘C-oleoyl-1-palmitoyl-2-oleoyl-PtdCho (1.9 Ghmol™),
levels and results in progressive action tremors, degeneratiorl2-°H-inositoPtdIns (407 Gbegmmol™), and [1#‘C-oleoyl-

of brain stem and spinal cord neurons, and juvenile death.

Interestingly, PITP does not compensate for the loss of
PITPo (21). Using PITR- and PITEB-deficient embryonic
stem cells from mice, Alb et al2@) conclude that PITP

cholesteryl oleate (2.1 Ghgmol), NEN Life Sciences
(Boston, MA). Cholesteryl [9,18H]oleate was synthesized
according to published procedur@8). Poly(ethylene glycol)

400 was purchased from Sigma, and Paratone was manu-

has an essential housekeeping role where deficiency is lethafactured by Exxon Chemicals.

early in embryonic development. In contrast, PifFéeficient

Full-length cDNAs encoding rat and human P&l ®ere

embryonic stem cells are compromised neither in growth nor prepared in our laboratory8(23); those encoding rat and

in bulk phospholipid metabolism. PIBPis, however,
required for neonatal survival. An unexpected role for RITP

human PITB were generously donated by K. Hosaka
(Maebashi, Japan). Restriction endonucleases were supplied

was suggested in regulating phospholipid transport in the by Promega (Madison, WI), New England Biolabs (Beverly,

endoplasmic reticulum (ER), endocrine pancreas function,

MA), or Fisher BioReagents (Fair Lawn, NJ). T4 ligase and

and glycogen metabolism due to numerous compromised Taq DNA polymerase were products of Promega or Fisher;
lipid absorption and homeostatic problems and severe Geneclean was obtained from Bio101 (Vista, CA). Oligo-

hypoglycemia. These observations suggest roles for ®ITP
in signaling pathways that interface trafficking of lipid cargo
from the ER and glucose homeostasis in mamm2®s.

Using site-directed mutagenesis of human RiTénhd
monitoring both the occupancy of the lipid binding cavity
and the intermembrane lipid transfer, Tilley et all)
identified two residues that were indispensable for the
interaction of Ptdins with the protein. Mutants K61A and
N9OF/L lost virtually all activity toward PtdIns but retained

full activity toward PtdCho. Indeed, these amino acids most

likely participate in noncovalent interactions with the inositol

ring system but do not contact the choline quaternary b 425-27). By th iteria of ; o
¢ been reported25—27). By the criteria of protein staining

ammonium moiety. While the above-mentioned analyses o
phospholipid specificity for human or rat Pl&Phave

provided important information on critical residues within
the lipid binding cavity, particularly those residues that make
contact through their van der Waals radii with the polar

headgroup, they do not address substrate differences betwee

nucleotides were synthesized commercially (Integrated DNA
Technologies, Coralville, IA; MWG Biotech, Charlotte, NC).
Bidirectional DNA sequence analyses were carried out by
the University of Kansas Medical Center Biotechnology
Support Facility. The galactose-specific agglutinin, RCA-
120, was purified from locally available castor beans to
electrophoretic homogeneity according to a published pro-
tocol (24). Other chemicals were of reagent grade and of
the highest purity available.

Expression and Purification of Recombinant Proteins.
Methods to express and purify PITPs from cell-free lysates
of Escherichia coliand to determine their concentration have

of electrophoretically resolved polyacrylamide gels and
immunologic detection of nitrocellulose blots, all proteins
appeared homogeneous and intact. Rabbit IgG fractions were
generated to &KDPVKGMTADD?"* of rat PITRx and
R*'KELETMRKKGSVR?® of rat PITR3. Proteins were

the two predominant PITP isoforms expressed in higher @sayed with their endogenously bound phospholipids, typi-

eukaryotic cells.

The current investigation was undertaken to determine

structural differences between Pi@Rand PITEB and to
elucidate the effects of mutations affecting amino acid
residues proposed to play a role in differential isoform

phospholipid transfer capabilities. The structural studies

revealed very subtle differences in protein conformation,
differences in acyl conformation in the two isoforms, and

remarkable conservation of solvent structure around the

bound lipid. Site-directed mutations of two locations mani-
festing amino acids of differing biochemical properties
provide insight into differences in phospholipid transfer rates
between the isoforms.

EXPERIMENTAL PROCEDURES

ReagentsChicken egg yolk PtdCho, bovine liver phos-
phatidylethanolamine (PtdEtn), 1,2-dioleoylphosphatidic acid

cally phosphatidylglycerols of bacterial origin.
Oligonucleotide-Directed MutagenesiBecause the human
PITPa and PITEB cDNAs were in pBluescript and pCMV5
plasmids, respectively, primers were constructed to permit
their PCR amplification as well as introduce Hdd site at
the B-terminus of the open reading frame anBarH| site
13 bp downstream of the'-8erminus. The coding regions
were excised, purified using Geneclean, and ligated into the
pPET-11c vector (Novagen, Madison, WI). Site-directed
mutagenesis was carried using the QuikChange (Stratagene,
La Jolla, CA) polymerase chain reaction protocol and
reagents. Pairs of complementary primers<3®@ bases in
length) were designed to introduce the following mutations,
singly or doubly: 184F and F225L into wild-type rat PId&P
and F83I and L224F into wild-type rat PI'BPFollowing
transformation intoE. coli strain XL1-Blue (Stratagene),
plasmid DNA was purified (Qiagen, Valencia, CA) and
characterized spectroscopically and structurally. Comparison
of results obtained from sequencing of the open reading
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frames in bOth_d'reCt'onS confirmed that the desired mutants Table 1: Crystal Parameters and X-ray Data Collection Statistics
had been engineered.

Crystal Parameters

Intgrmembrane Lipid Tran_sfer Actty. Lipi_d transfer cell dimensions, b, ¢(&) 65.948, 65.948, 133.513

activity of PITPs was determined by measuring the rate of  ynit cell volume (&) 5.8x 10F
radiolabeled phospholipid from donor to acceptor vesicles, Vu (A3Da™) o 2.31
as described2). Small unilamellar vesicles were prepared g::;%fjgg;gﬁ{gﬁgﬂf (‘;/(’)1)“ 16 3
by rapld_lnjectlon of ethano!/d|methyl sulfoxide (80:_20 \_/ol diffraction limit (A) 20
%) solutions, followed by brief exposure to bath sonication. . -
Prior to use, vesicles were passed through a polyvinylidene Data Collection Statistics

. >t ! J'| ! wavelength (A) 1.0000
fluoride filter (0.45 um pore; Millex, Millipore, Fisher temperature (K) 100
Scientific, Pittsburgh, PA). Bulk membrane lipids were either ~ spacegroup P452,2
egg yolk PtdCho or liver PtdEtn; a small amount of anionic  esolution range (A) 50:62.18 (2.18-2.267
phospholipid (PtdOH or PtdIns) was present in quantities as 28: 8; Sgﬁ]eljgﬁgﬁgztions 2553?1281)
indicated in Tables 6 and 7. Transferable substrates in donor  muttiplicity 19.5 (6.5)
vesicles included radiolabeled Ptdins, PtdCho, oPCéo. completeness overall (%) 97.4 (80.6)
Donor vesicles always contained 10 mol % LacPtdEtn to _ Removerall (%) 8.3 (27.5)
provide interaction with the RCA-120 agglutinin. Acceptor  2Numbers in parentheses relate to the highest resolution 8ifRgJk,
vesicles were prepared with a trace amoun®.6 mol %) =2 (II — W31

of either cholesteryl3H]oleate or cholesteryl{Cloleate as

an internal standard in the double-isotope analysis of vesiclecoordinates were resubmitted as 1T27. Missing portions of
recovery and extent of phospholipid transfer. Vesicle con- the model were manually built into electron density maps
centration was based upon ||p|d phOSphOfUS determinationiteraﬂve|y using the Computer graphics program 32)(
following chloroform/methanol (50:50 vol %) extraction of  alternated with refinement cycles. Refinement was done with
suitable aliquots. The buffer employed in vesicle preparation CNS v1.1 83) using all of the diffraction data minus 10%
and transfer assays was 10 mM HEPES-Na, 50 mM NaCl, reserved foRy. validation 34). One PtdCho and the solvent
and 1 mM NaEDTA (pH 7.4); in some cases the NaCl molecules were added after all observed amino acid residues
concentration was varied. Assays were performed €037  were modeled. Water peaks were assigned fiym- F.

for 30 min; controls were carried out in the absence of PITP. electron density maps using the default protocol as imple-
Separation of vesicle populations was achieved by agglutina-mented in CNS and manually verified in O. The final refined
tion and precipitation of LacPtdEtn-containing donor mem- model consists of protein residues-285, 187-270, one
branes in the presence of RCA-120 agglutir@8)(Acceptor  molecule of dioleoyl-PtdCho, and 157 water molecules. No
vesicle recovery was 8%5%; contamination by donor  residues are in disallowed regions of a Ramachandran plot
vesicles was<10%. Care was taken to ensure that assays as defined by PROCHECK3F). The coordinates and

were performed under conditions in which the rate of transfer structure factors are deposited in the PDB, accession code
was directly proportional to the amount of transfer protein 24|,

added. B Generation of Electrostatic Surfaces and Lipid (@5

Crystallization.Purified rat PITP was prepared, and the  gjectrostatic charge distribution was calculated by GRASP
phospholipids were exchanged for dioleoyl-PtdCho following (36 Regions of negative and positive potential were colored
similar procedures for the preparation of rat PéFPtdCho to an approximate range ef25 (red) and+25 (blue)ksT,
(29). The protein was crystallized by vapor diffusion in 6 \yherekg is the Boltzman constant ariflis temperature.
uL hanging drops (3L of protein at 11.64 mg/mL plus 1 wplecular and electrostatic surface files were exported from
uL of reservoir solution) equilibrated against 1 mL of Gragp, displayed in DeepVievB(), and rendered using
reservoir solution [49% wiv poly(ethylene glycol) 400, 0.1 poyvRAY (www.povray.org). The lipid cavity depicted in
M NaCl, 0.1 M sodium-potassium phosphate buffer, pH Figure 4 was calculated by VOIDOGB®) using a probe

6.2] in 24-well VDX plates (Hampton Research). Bipyra- adius of 1.0 A, a grid spacing of 1.0 A, and a van der Waals
midal-shaped crystals grew to maximum dimensions of 0.4 growth factor of 1.10 A.

x 0.3 x 0.2 mm in 2 weeks. Crystals were cryoprotected

by passage through paratone and frozen by rapid submersiolRESULTS

in liquid nitrogen. Crystal and X-ray data collection informa-

tion is summarized in Table 1. PITPS-PtdCho Crystal StructureThe structure of thg
Data Collection and Structure Determinatiod:ray data  isoform was determined by molecular replacement using the

were collected on a cryocooled crystal at beamline 22-ID at rat PITRx lipid binding core as a search model (PDB code

the Advanced Photon Source (Chicago, IL) using a MAR220 1T27; residues 1633, 39-45, 58-117, and 193251).

CCD detector. The crystal to detector distance was 225 mm.There was little difficulty in tracing the remaining loop

The oscillation range was®Iper frame with an exposure regions, the exception being Asp186 in a solvent-exposed

time of 5 s per frame. Diffraction images were indexed and regulatory loop region. This residue is presumed to be

scaled with HKL200030). The three-dimensional structure  disordered and is not included in the model. The refinement

was determined by molecular replacement using the AMoRe statistics are summarized in Table 2.

package implemented in CCP4&1) using portions of PDB The prominent structural features of PITP include a large

code 1T27 as the search model. During the course of thisconcaves-sheet and several long helices (Figure 1). Strands

study, the PtdCho molecule of PI&HPtdCho of PDB code 2 and 7 define the edges of tiesheet. The three functional

1FVZ was corrected for improper stereochemistry, and the regions first identified in PITR-PtdCho are present in the
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isoform structures is chemically identical, dioleoyl-PtdCho.

Table 2: Refinement Summary . . .
The orientation of the choline headgroup, the glycerol

E?;’;‘;‘f;%ange A 2%%232'18 backbone, and the phosphate group is similar in the two
Reree (%) 25.1 structures, with a rmsd of 1.38%Ahetween all nonacyl chain
protein atoms 2199 atoms. The torsion angles between atoms of the headgroup
Uf’;g?;g’lgqcsul os i‘éG (0u—a) and glycerol backbone(—8.) in the rat PITPs and
rmsd bond lengths (&) 0.006 the human PITR-PtdIns structures are tabulated in Table
rmsd bond angles (d€y) 1.2 3. This set of torsion angles is very similar in the rat
B-factor (A7) structures; the most notable exceptions are torsion angles
;vgaacgﬁam 56?';1 as and o of the PtdCho-complexed structures, which
side chains 59.62 describe the torsion angles of the ethylene group between
lipid atoms 69.05 the phosphorus and nitrogen of the choline headgroup. The
water molecules 65.03 electron density in this area in both rat PETRNnd rat PITB,
2 Non-hydrogen protein atoms inserted into the mobi&oot mean although clear, is tubular shaped and lacks a clear definition
square deviation from ideal values. of carbon orientations. The observed differences in these

torsion angles may reflect some flexibility of these atoms
p isoform. The lipid binding core is composed of strands within the binding site.
1-6 and 8 and helices A and F. The regulatory 100p begins - pjterences in the acyl chains of the same phospholipid
at the C-terminus of strand 6 and ends at the N-terminus of;

48 The C nal ion beai ith helix G ¥ in the two PITP isoforms as well as differences in the same
strand 8. The C-terminal region begins with helix G. Helix s pyt different phospholipids are observed (Figure 2).

B is a putative lipid exchange loop proposed by Schouten etThe human PITR-PtdIns structure has a bound PtdIns that

al. (10) and is present in a closed conformation in rat TP . . o i
PtdCho, as expected for the phospholipid-loaded form of the likely has heterogeneous acyl chal_n composition, anc_i there
protein fore acyl carbons beyond carbon 9 in #rel andsn-2 chains
s are not visible. Thesn-L andsn2 acyl chains of PIT&-
Comparison of PITR and PITES StructuresThe structure bound PtdIns lay in the opposite acyl channels from what is

of rat PITHS—PtdCho Is very similar to rat PIT(PPtd_ChO observed in the two PtdCho-bound structures. This is due to
(9), a predictable outcome because the two polypeptides share

77% sequence identity. The two rat PITP isoform structures an dapprt()mmza t;: 18’0r(;tat|on about the glycerol carbon 1
have an € root mean square deviation (rsmd) of 0.785 A and carbon 2 bondjs/6s
between all residues from 2 to 270. The primary differences When PtdCho is bound to each of the two rat PITP
are in the last six residues of the C-terminal loop. This isoforms, subtle differences in orientation of the acyl chains
extended coil in PITB reaches more toward the interior of ~are observed. In both isoforms, the-1 acyl chain is more
the lipid binding core than in the PIBRPPtdCho structure.  extended than then-2 chain and roughly follows the same
The human PITR with bound phosphatidylinositol (PDB  course within the lipid binding cavity. PITPand PITHB
code 1UWS5) is highly conserved to the rat PITPs at both sn-1 chains have a rmsd of 2.67&hen comparing all acyl
the primary and tertiary levelsly). The rat and human chain atoms. An exception to the near identical superposition
PITPo structures are superimposable with a root mean squareof thesn-1 chain is a bulge caused by the side chain at 1le84
deviation (rmsd) of 0.914 Awhile the human PIT® in PITPo. and the corresponding position Phe83 in RITP
structure has a rmsd of 0.934 Aith respect to rat PITP (Figure 3). These residues have different rotamer conforma-
(Figure 1B). tions abouty;. In PITRx 1le84 has a-+sc (+gauche)
Differences in Ligand Structure between P&Rnd conformation while in PITP the Phe83 rotamer is in-asc
PITPS. The phospholipid ligand in both of the rat PITP (—gauche) conformation. Both side chains are in preferred

Ficure 1: Ribbons and superposition of PITP structures. (A) Ribbon diagram of rafsPPTdCho. (B) Stereo image of the superposition
of rat and human PITPs. The green trace depicts rat &|Tfe gold trace is human PI®R and the blue trace is of rat PIBPThe
phospholipids are not shown.
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Table 3: Comparison of Phospholipid Torsion Angles

angle and atom definition  PITPo:PtdCho (deg)  notatidn  PITP3:PtdCho (deg)  notation ~ PITPPtdins (deg)  notation

o C2-C1-03P-P —96.131 —ac —107.199 —ac —167.355 —ac
o C1-03P-P-04P 97.910 +ac 3.302 +sc 153.704 ap
o3 O3P-P—-04P-C4 —61.482 —sc —80.691 —sc 73.133 +sc
oy P—0O4P-C4—-C5 —88.907 —sc —125.390 —ac —71.543 —sc
os 0O4P-C4—C5—-N 84.265 +sc —143.118 —ac NAC

O C4—-C5—-N-C6 —61.817 —sc 179.628 ap NA

01 O3P-C1-C2-C3 —52.505 —ac —60.677 —ac 93.679 +ac
0, O3P-C1-C2-02 58.710 +sc 0.787 +sc —147.818 —ac
03 C1-C2-C3-03 —172.123 ap —179.998 ap —69.343 —sc
04 02—-C2-C3-03 72.963 +sc 64.678 +sc 166.813 ap
o C1-C2-02-C31 91.976 +ac 96.355 +ac —81.561 —sc
p- C2-02-C31-C32 —162.778 ap —153.240 ap —101.785 —ac
P 02—-C31-C32-C33 —90.116 —ac —149.935 —ac —108.688 —ac
Y1 C2-C3-03-C11 100.581 +ac 103.964 +ac —82.944 —sc
Y2 C3-03-C11-C12 171.443 ap —179.606 ap 16.855 sp
Y3 03-C11-C12-C13 143.402 +ac —179.377 ap —139.630 —ac

a Atom names for angle definitions using rat PITP atom nomenclature in PDB files. Torsion angles are defined according tdGVlarsh (
Hauser et al.46). ® Notation refers to conformation with sp, syn-periplanar (cis), sc, syn-clinal (gauche), ac, anti-clinal (eclipsed), and ap, anti-

periplanar (trans): NA = no applicable angle in inositol headgroup.

A) e B)
b

224Leu

1"-;{"

Ficure 2: Phospholipid orientation in PITPs. Phospholipids are shown with standard CPK coloring. Top: Amino acids targeted for mutation
during this study are highlighted. Dashed lines indicate interatomic distant¢@sA. Middle: Electrostatic surface representation of the

lipid binding cavity with helix F and the regulatory loop removed for clarity. Bottom: Electrostatic surface rotated approximately 180
about a vertical axis relative to the middle orientatifrstrands 18 were removed for clarity. Key: (A) rat PIPwith 1,2-dioleoyl-

PtdCho (this study); (B) rat PIT®Pwith 1,2-dioleoyl-PtdCho (PDB code 1T27); (C) human PdTWRith bovine liver Ptdins (PDB code

1UWS).

rotamer conformations3@). This difference will be discussed
below.

Most differences in lipid structure are seen in @2
acyl chains of PtdCho. The last five carbons of the lipid
bound to rat PITB and the last three carbons of the lipid
bound to rat PITR are oriented approximately 9@ each
other when superimposed, with a rmsd of 3.00b&tween

all atoms in thesn-2 chain. This appears to be due to small
differences in the lipid binding core and C-terminal loop.
The conservative natural substitution of lle40Val, comparing
rat PITRS and rat PITH, results in the acyl chain in the
isoform bending slightly more toward tifesheet of the lipid
binding core. The acyl chain of thgisoform takes a more
direct path down the lipid binding cavity. When the acyl
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Ficure 3: Electron density around residues of mutagenetic study. Electron density around protein atoms is shown in gold, while that
around phospholipid atoms is in blue. Model atoms are colored by standard CPK coloring. (A) Stereo imageFgf-thE.2mit map
calculated using model phases of the protein only and contoured around the phospholipid. With this véewt, dlogl chain is on the left,

and thesn-2 chain is on the right. (B) 2, — F¢ electron density map around Ile84 of rat P&-PtdCho (PDB code 1T27). (C) — F.

electron density map around Phe83 of rat FAIRRdCho (this study). (D) 2, — F electron density map around Phe225 of rat RITP
PtdCho. (E) E, — F. electron density map around Leu224 of rat PSTdCho.

chains ofsn2 superimpose again, they are two carbons out the side chain of Thr266 in PITP The side chains penetrate
of register, with thes isoform being two carbons longer. to approximately the same depth in both isoforms; therefore,
The sequence differences in the C-terminus of the two the main chain of PIT® extends farther from the lipid
proteins also have an effect on the differen conforma- binding core than in PIT®to accommodate the longer Met
tions. The side chain of Met267 in PI&uperimposes with  side chain relative to Thr. The net effect is that in fhe
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Table 4: Torsion Angles of Acyl Chains of PITPs

PITP3-PtdCho PITR-PtdCho PITR-PtdIns
anglé (i) pic notatior? yid notation Bi notation yi notation pi notation Vi notation
3 —149.935 -—ac —179.377 ap —90.116 —ac —143.402 —ac —108.688 —ac —139.630 -—ac
4 147.395 +ac 107.101 +ac 93.181 +ac —110.517 —ac —154.656 ap 164.560 ap
5 —134.838 —ac —119.634 —ac 152.418 ap 89.370 +sc 41.469 +ac —63.394 —sc
6 89.007 +sc  —121.986 —ac 77.625 +sc  —174.092 ap —147.585 —ac —153.239 ap
7 —161.489 ap 152.587 ap 128.585 +ac —124.715 -—ac 172.588 ap —175.744 ap
8 —177.944 ap 167.130 ap —139.668 —ac 89.280 +sc 164.716 ap —170.254 ap
9 97.160 +ac 80.228 +sc  —170.370 ap 157.183 ap —143.575 —ac —177.709 ap
10 124.124 +ac 140.078 +ac 161.392 ap 136.694 +ac
11 0.030 sp 0.157 sp —0.028 sp 0.128 sp
12 116.927 +ac 129.257 +ac —148.838 —ac —140.027 -—ac
13 171.198 ap —133.303 —ac —169.798 ap  —115.579 -—ac
14 167.411 ap 82.236 +sc 102.728 +ac —172.668 ap
15 —119.631 —ac 121.444 +ac —173.086 ap —97.454 —ac
16 84.162 +sc 117.250 +ac —130.386 —ac —156.223 ap
17 —174.515 ap 179.845 ap 156.919 ap 104.749+ac
18 130.382 +ac 71791 +sc —121.535 -—ac 133.310 +ac

2 Angle numberj, refers to thes; or y; angle, numbered from the ester linka®lotation is as defined in Table 3 refers to torsion angles
in the sn2 chain.d y; refers to torsion angles in tren-1 chain.

Table 5: Conserved Solvent Structure in Phospholipid-Bound PITPs

rat PITRx-PtdCho (PDB code 1T27) rat PIBAPtdCho (this study) mouse PIGRPDB code 1KCM)
Wat2--+(1112, T114) Wat12:+(1111, T113) Watl6-(1112, T114, Wat35, C95)
Wat12-+(Wat5, Q22) Wat25+(Wat83, Q22) Wat144
Wat127--Q22 Wat113--(Wat34, Y18, K195, H260)
Wat27--(Wat86, K61) Wat49-(Wat66, K60) Wat88-(Wat44, S39)
Wat7---(H116, K195, Y18) Wati:-(H115, K194, Y18) Wat34-(H116, K195, Y18, Wat113)
Watl5--(Y63, E86, K61) Wat76-(Wat72, E85, K60)
Wat8--(Watl14, T59, Q57, A88) Wat7-(WatS94, T58, Q56, A87)
Wat86--(Wat110, Wat27, L23, D248) Wat66(Wat90, Wat49, L23, D247) Wat44(Wat199, Wat88, Wat110, L23)
Watl110--(Wat86, Wat45) Wat90-(Wat66, Wat73) Wat199-Wat44

Wat5--(Wat12, Q22, N90) Wat83-(Wat25, Q22, N89)

Wat38--(Wat80, Q22, Q19) Wat21-(Wat96, Q22, Q19, N89) Wai+#(Wat32, Q22, Q19)
Wat80-+(Wat38, Q19) Wat96-(Wat21, Wat122Q19, S60) Wat19%-(Wat32, Q19, N90, N90)
Wat45--(Wat110, S30, K61) Wat?#3(Wat90, S30, K60)

Watl14--(Wat8, OP47, E46) Wat94(Wat7, Watl22, Wat117, N89)

Wat4--(E86, T59, E86, T59) Wat2-(E85, T58, E85, T58)

Wat40--(A29, E33) Wat32--(Wat62, A29, E33)

Wat73--Q217

Wat92--Q228 Wat62--(Wat32, Wat59, Q227)

Wat72--

Watl17--(Wat94, N45, E247, R244)
Wat122--(Wat94, Wat96, R244)

aWaters are indicated as Wat followed by numbering as taken from the respective PDB coordinate files. Hydrogen bonding is indicated by
horizontal dots, and bonding partners are indicated within parentheses with amino acids indicated in single letter code. The left indicated hydroge
bonding partner is structurally homologous across the Pd@nly conserved waters are indicated for P&TP

isoform the protein C-terminal residues lie closer to the main not only to solvent molecules interacting directly with the
body of the structure and tlem2 acyl chain bends inward.  phospholipid but also to water molecules in a second and
A comparison of torsion angles of the acyl chains in the three third solvation shell around the ligand. A comparison to the
PITP structures is presented in Table 4. A cis conforma- mouse apo PIT® structure revealed that several of the
tion is only observed in the atoms involved in a double conserved waters of the lipid-bound form of the protein are
bond. missing. In the apo PITd® structure, two water molecules
Similarity in Sobent Structure between PI&Rand PITRB. (42 and 35) are located at the position of the phosphoryl
The solvent structure within the lipid binding cavity was oxygen atoms of the holo form of the proteins. Another
examined. The human Pl&Pstructure complexed with  solvent structure change near the phosphoryl group involves
phosphatidylinositol was determined to 2.95 A, and no arotamer change in Thr97, which is an absolutely conserved
solvent structure was reported. A comparison of the interior amino acid among all known PITP sequences. In the holo
solvent structure of the rat PITP-PtdCho isoforms indicates conformation of both PITP isoforms the Thr9% Datom
a high level of solvent structure conservation (Table 5 and forms a hydrogen bond with a phosphoryl oxygen of the
Figure 4. In rat PITR«-PtdCho 16 of the 18 (89%) lipid lipid. In contrast, this same side chain is rotated and forms
binding cavity solvent molecules are conserved in compari- a hydrogen bond with HOH180 in the apo Pt Bonforma-
son to PITB-PtdCho, while 16 of the 20 (80%) internal tion. Two solvent molecules in the apo form, HOH39 and
water molecules of PITRPtdCho are conserved relative to HOH182, are situated close (within 1.45 A) to the methyl
PITPa-PtdCho. The conservation of solvent structure extends groups of the choline moiety in the holo form.
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normalizing to equivalent amounts of protein. In contrast,
rat PITRS was much less active toward PtdCho, a difference
that led to nearly identical specific activities of PtdCho and
Ptdins transfer. Employing vesicles in which PtdCho was
the bulk lipid and CdPCho was present at 10 mol %,
intermembrane sphingophospholipid flux mediated by the
two mammalian PITR isoforms was comparable and higher
than that mediated by the isoforms.

With vesicles composed of PtdEtn as the bulk lipid and
containing equal proportions of three transferable lipids (10
mol % each), a direct comparison among these lipids became
possible. Ptdins clearly emerged as the preferred lipid
substrate, followed by PtdCho at rates approximately 15
40% of those for Ptdins after normalizing to equivalent
amounts of protein. CBCho was a weak, yet reproducibly
observed substrate. For the two radically different vesicle
compositions, rates of Ptdins transfer were remarkably
similar, within each group, for human Pl&Phuman PITPB,
and rat PITR. Deviating from this trend was rat PIBP
whose activity toward Ptdins and PtdCho was-80% of
those of the other isoforms.

Phospholipid Transfer Specific Actiies of Mutant Rat
PITP Isoforms.Examination of the primary and tertiary
Fioure 4: Solvent structure in lipid binding cavity. The lipid  —hCtures of the lipid binding domains of rat PITBnd rat
binding cavity of PITIB-PtdCho is E)iepicted ags a grgy isosurfgce. PITPS led to the identification of amino aqul Fhat Iay.Wlthlrj
PtdCho is shown in sticks, with water molecules as red spheres. 3-9 A_Of the bound PtdCho but differed significantly in their

chemistry (Figure 5). Two pairs of hydrophobic amino acids

Other water molecules in the apo form are displaced when fulfilled these criteria: 184/F83 and F226/L2243. (These
PtdCho resides in the lipid binding cavity. In the apo residues are superimposable but have different residue
conformation, HOH53 hydrogen bonds to the Glu2180  numbers due to the insertion of a single amino acid in RITP
atom. In the holo conformation, Glu218 hydrogen bonds with after residue 51.) We hypothesized that these residues would
the O11 atom of then-1 acyl ester linkage of PtdCho. There account for some, if not all, of the observed differences in
is no change in the rotamer conformation of Glu218 in the substrate specificity between the rat isoforms. Proteins were
apo or holo form of the protein. HOH152 hydrogen bonds engineered to contain one or two point mutations in an effort
to the Glu86 @2 atom of apo PIT®; this water is displaced  to convert the PIT& phenotype to a PITRIlike phenotype,
by the side chain of Glu86 in holo PItFbecauses-strand and vice versa. Specific activities for the transfer of PtdIns,
3 extends more into the cavity. Likewise, HOH198 and PtdCho, and C&Cho were then measured (Table 7).
HOH216 from the apo PIT® structure are displaced by As mutations were introduced into rat PldPthere was
f-strands 2 and 3 that extend into their positions in the lipid- little or no change in the transfer of PtdIns. In contrast, the
bound form of the protein. F225L mutation alone dramatically reduced the transfer of

Phospholipid Transfer Actities of Wild-Type Human and  PtdCho and enhanced the transfer of E&no. The I84tF
Rat PITP IsoformsA comparison of human and rat PITP mutation appeared to play a minor role in altering substrate
isoforms with respect to the intermembrane transfer of Ptdins, specificity. Complementary results were generally noted for
PtdCho, or CdPCho is shown in Table 6. A variety of comparable mutations introduced into rat PBTPThe
membrane compositions were employed to highlight different L2245F mutation affected all three lipid substrates, increasing
aspects of protein-mediated lipid transfer. Using vesicles the transfer of Ptdins and PtdCho and decreasing that of
composed of PtdCho as the bulk lipid and Ptdins as a minor CeiPCho. As we had observed with Pl&Pthe homologous
component (5 mol %), human PI&Phuman PITB, and F8331 mutation in PITEB had little effect on the parent
rat PITRx exhibited considerably higher rates for the transfer protein’s lipid transfer activities. The activity of PIBP
of PtdCho than for the transfer of Ptdins, even after (L224F) toward both glycerophospholipids was similar to

Table 6: Phospholipid Transfer Activities of Wild-Type Human and Rat Isoforms

vesicle lipid composition lipid transfer transfer activitgpmolmin~t-ng™)
donors acceptors substrate human PIBP  human PITB rat PITRx rat PITRS
PtdCho/PtdIns/ LacPtdEtn PtdCho/PtdIns Ptdins O®9 10.2+ 3.1 74+11 4.3+ 0.7
(85:5:10 mol %) (95:5mol %) PtdCho 19402.7 142+ 15 22.3+1.4 4.4+ 0.3
PtdCho/CeéPCho/ PtdOH/LacPtdEtn PtdCho/PtdOH  CePCho 0.04+ 0.01 0.24+0.01 0.05+ 0.01 0.30+ 0.01
(78:10:2:10 mol %) (98:2 mol %)
PtdEtn/PtdIns/PtdCho/Ce€ho/LacPtdEtn  PtdCho/PtdOH  Ptdins 62.3 77+11 9.8+ 0.7 29+ 04
(60:10:10:10:10 mol %) (98:2 mol %) PtdCho 2:70.1 1.9+0.1 3.6+£0.4 0.4+ 0.0
CerPCho 0.04+ 0.02 0.32+0.01 0.13+:0.01 0.22+0.01

@ Results represent the meanSD of three to six measurements.
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1 B4 119 191 233 271
Vertebrates:

Homao saqpiens o GALNIHERAWNA FTNFHRQLFC

Rattus norvegiciis o GALNIHERAWNAY LFHNFHRQLFC

Mus muscufus o GALNIHERAWNAY LFTNFHRQLFC

Oryetolagus cuniculus o GALNIHERAWNAY LFTNFHRQLFC

Canis domesticus o GALNIHERAWNAY LFTNFHRQLFC

Pan troglodytes a* GALNIHERAWNAY LFTNFHRQLFC

Gallus gallus o¥ GALNIHERAWNAY LFTNFHRQLFC

Sus serofa a¥ GALNIHERAWNAY LFTNFHRQLFC

Dawicreric o*  GALNIHERAWNAY LFTNFHRQLFC

Takifugu rubripes  o¥ GALNIHERAWNAY LFTNFHRQLFC

Tetraodon migroviridis o  GALMVHERAWNAY LFTHFHRQLFC

Xenopus lgevis o¥ GSLVFHERAWNAY LFTNFHRQLFC

Homa sapiens B GELUFHEEAWNAY IFTNFHRQLFC

Rattus norvegicus B GSLVFHERAWNAY IFTNLHRQLFC

M musculus [ GSLVFHERAWNAY IFTNLHRQLFC

Canis domesticus P* GSLVFHERAWNAY IFTNFHROLFC

Pan troglodytes B GSLVFHERAWNAY IFTNFHRQLFC

Gallus gallus  BP*  GSLUFHERAWNAY IFTNFHRQLFC

Dawio rerio [ GSLVFHERAWNAY IFTNFHRQLFC

Fongo pygmaeus R* GELUFHEEAWNAY IFTNFHRQLFC

Nenopus trapicalis p* GILVFHERAWNAY LFTNFHRQLFC
Invertebrates:

Drosaphila melanogaster GSLEIHEEAWNAY LFTNFHRQVFC

Apis mellifera NELEIHEEAWNAY LFTHNFHROVEC

Anopheles gambias GELEVHEEAWNAY LFTIFHRQVFC

Ciona intestinalis GSLSAKEEAWNAY LFTNFHRQVVC

Dictyostelium discoideum PITPl  SALELEERAWNAY LFTRFHRQVYC

Dhctyastelium discoideum PITP2  SALRIEERAWNAY VLLEAHPALFC

Caanorhabditis elegans GESLATHEEAWNAY LFSKFHREVFC

Caanorhabditis elegans EAFVIYEESWNAY VFGLMHEDAYY

Schistosoma japoricum GSLEVDERAWNAY FFLTFNRQVFC

Vordtriede et al.

*putative isoform assignment based on BLASTp

FiIGUrRe 5: Species conservation of primary structure in the region of residues 84 and 225. Sequences surrounding the two sites of interest
(yellow) in soluble PITPs from the indicated species are shown; residue 844stirand 4 and residue 225 is ir-helix F. Residue
numbering is for rat PIT® The cartoon depicts the three functional regions of PITP: lipid binding core (blue), regulatory loop (green),
and C-terminal region (red). Isoform assignments for vertebrates are indicated following the species; an asterisk designates a putative
ass%ignment based on BLASTp alignment. ExceptDordiscoideum(47), invertebrate PITPs do not have a rigorous nomenclature for
1ISOTOrms.
that of wild-type PITR. Conversely, the activity of PITde undertaken to explore differences in the lipid binding cavity
(F225L) toward PtdCho was, in fact, less than that of wild- and phospholipid substrate preferences. The primary conclu-
type PITES. The incorporation of the second mutation, sions from these studies are that the protein structures have
yielding PITRx (I84F/F225L) and PITPR (F831/L224F), led high similarity with tight superposition, the phospholipid
to a somewhat muted response compared to the singlyconformation exhibits subtle changes in acyl orientation,
mutated proteins, PIT® (F225L) and PITB (L224F). there is remarkable conservation of solvent structure around
Mutations at the rat 2252243 locus resulted in a partial  the lipid headgroup, and the mutation of two residues with
conversion to the other isoform phenotype in regard to differing physiochemical properties partially accounts for
CerPCho transfer. In both isoforms, the double mutation did transfer rate differences between the two isoforms.
not_amplify the effept of the.single mutation in the 223/225 |, comparing the lipid binding cavity in human and rat
residue, although in the isoform the PtdCho transfer  pyrpg it is apparent that flexibility of phospholipid ligands
specific activity was intermediate of the single mutations in s tolerated. Some of this appears due to accommodation of
each site. different amino acid side chains, as seen for shel acyl
chain in the rat structures at lle84 in PldRand at the

DISCUSSION corresponding Phe83 in PIBPThe different orientation of

The structure determination of rat PIF#PtdCho and the  the sn-1 andsn-2 acyl chains about thés/6, torsion angle
mutagenetic studies of the human and rat PITP isoforms wereof the glycerol backbone in the Ptdins-bound and the PtdCho-
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Table 7: Phospholipid Transfer Activity of Rat Wild-Type and shown to have a preference for shorter acyl chains in both
Mutant PITPs Ptdins and PtdCho4(). Nevertheless, usage of carefully
controlled vesicle phospholipid composition in this study
allows direct comparison of vesicles of known composition.

transfer activity (pmolmin=1-ng?)

protein species Pdihs Ptdcho CebChd Of the two amino acid loci in mammalian PITPs that were
EH% (645) 65%; (1)-2 i‘igi (1’-‘7‘ 8'8% 8-81 investigated in the current study, 228243 proved to be
PITRo (F225L) 55112 44406 010 0.00 the more cr|t|cz_al in determining substrate specificity. This
PITPx (I84F,F225L) 6.4 0.4 74+1.0  0.10+ 0.00 locus is a Phe in all vertebrates of known sequence except
PITPB 3.3+0.2 6.4+0.2  0.30+0.01 for the rat and mouse, which both possess a Leu in PITP
PITPB (F83I) 33+09  56+09  0.29+£0.04 When the large, aromatic Phe residue occupies this locus,
PITPB (L224F) 6.2+ 0.7 9.5+1.1  0.20+£0.01

the intermembrane transfer of PtdCho is high. On the other

= Amount of protein assayed iS50 ng (0.15-4.7 pmol); results hand, when the smaller, aliphatic Leu residue occupies this
represent the re]ea& SD o¥ three measgurement‘ngnor \’/esicles pO.SItI.cm’ PtdCho. transfer is lower by a factor of about 2.
contained PtdCho/Ptdins/LacPtdEtn (80:10:10 mol %); acceptor vesicles 1 NiS IS the only single site polymorphism that we are aware
contained PtdCho/PtdOH (98:2 mol %)Donor vesicles contained  Of that decreases PtdCho transfer but does not affect Ptdins
PtdCho/PtdOH/LacPtdEtn (88:2:10 mol %); acceptor vesicles contained transfer. Following the in vitro mutation of this locus to the
PtdCho/PtdOH (98:2 mol %}.Donor vesicles contained PtdCho/  gther amino acid, the PtdCho transfer specific activity
g;ﬁ;ﬁgépécigg&?ggtgEtr(lggg.#]%Izé/%)(? mol 9%); acceptor vesicles became nearly identical to that of the other wild-type isomer,

i.e., rat PITR (F225L)~ PITP3 and rat PITB (L224F)~
_ PITPa (Table 7). Confirming the role of this locus in

bound forms of PITR and PITE of the isoforms may be  inflyencing the transfer activity toward PtdCho, the two
due to lack of a preferred orientation about the carbon 1 andpyman PITP isoforms and rat Pl&Pall of which contain
2 atoms of the glycerol backbone, differences in the acyl ppe at the locus, have comparable activities toward PtdCho
chain composition of the two structures, or ambiguity arising (Taple 6). More significantly, their activities were well above
from the difference in resolution in the experimental data of hat of rat PITB.
the two structures. For the other glycerophospholipid substrate Ptdins, muta-

In all PITP structures, 34.6% of the acyl chain torsion tions at the 22&/2245 locus do not exhibit such clear-cut
angles are trans (ap), while 36.9% are sketag). All cis effects on phospholipid transfer specificity. While rat PBTP
bonds are accounted for by the double bonds observed in(L224F) exhibited activity indistinguishable from that of
the PtdCho structures. The headgroup conformations in all PITPu with respect to Ptdins transfer, rat PITRF225L)
three structures share the most similar conformation and areretained its parental phenotype (Table 7). The two human
not found in the typical “bent-down” conformation observed PITP isoforms, which contain the same residue as their rat
in phospholipid crystal structures. There are extensive counterparts at this position, have equivalent Ptdins transfer
interactions with protein side chains and with solvent activity, and it is comparable to the rat Pl@Rsoform.
molecules. Marsh4(Q) argues that the prevalence of skew Furthermore, only the rodents do not maintain the strict
conformations in protein-bound phospholipids is likely conservation of a Phe at this location when comparing
indicative of conformational heterogeneity of the lipids. The vertebrate sequences at this position (Figure 5).
electron density of the acyl chains is somewhat indistinct  The 2252245 locus, in contrast, played a much more
when compared to density for the protein which has carbonyl modest role in the specificity of both isoforms toward
bulges and-R groups that provide conformational landmarks CePCho. When the small, aliphatic residue Leu occupies
for model building. Nevertheless, the acyl chains in the PITPS this locus in either rat PITP isoform, the transfer of Beho
with chemically homogeneous phospholipids do not show s elevated; conversely, when Phe occupies this position, the
significant conformational heterogeneity that would manifest transfer of C#PCho is diminished. It is surprising, however,
itself in weak electron density. that both human PITP isoforms contain a Phe at this locus

In comparing the transfer activity of the human and rat and their relative activity to Ptdins is similar to rat PP
PITP isoforms, it is clear that the isoforms have the least  while their activities toward PtdCho are similar to their
differences in the transfer rate preference between Ptdinsrespective rat homologues. The transfer rates oPChp
and PtdCho when donor receptors contain predominantly are significantly lower than the transfer of either Ptdins or
PtdCho. When PtdCho and PtdIns are present in equivalentPtdCho for any of the PITP isoforms studied. Although
concentrations in donor vesicles, Ptdins transfer occurs atPITP3 clearly transports CBCho more effectively than the
approximately 3-fold the rate of PtdCho. The rat PSTP o isoform in the in vitro assay system used, the physiological
isoform clearly has the most diminished transfer rate of the role of transfer of this lipid has not been resolved. Sphin-
four proteins studied here. Due to the high sequence golipids represent a small class of lipids in eukaryotic
conservation between these proteins, there are limitedmembranes but have been shown to be important in cell
residues that differ in all three proteins and are the subject development, signal transduction, and protein sorti4).
of continued investigation. It is clear that many factors affect Complicating the issue is the localization of the majority of
phospholipid transfer, both in vivo and in vitro. Phospholipid the membrane CEBCho on the exoplasmic surfacé3j and
exchange was analyzed under controlled, in vitro conditions a corresponding small pool that is accessible to cytosolic
in this study. The effect of the mutations in this study may PITPs. CePCho and cholesterol are often found in micro-
be different under more physiological conditions, and further domains known as rafts and caveloae, which effectively
study is warranted. A possible discriminating factor may be localize concentration levels, up to 50% or mo#d,(45).
acyl chain length of the phospholipids. PidFhas been PITPB, but not PITRy, has been shown to facilitate ®&ho

PITP3 (F831,L224F) 6.6+ 0.3 83t1.4 0.19+ 0.01
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transport in vesicles with greater than 0.4 mol % cholesterol.
This level of cholesterol leads to liquid-crystalline complexes
with the coexistence of liquid-disordered and liquid-ordered
phases, perhaps mimicking membrane rafts and caveloae
(27).

Clearly, a complete explanation of the differences in
phospholipid transfer activity cannot be explained by these
two loci alone. The role of these residues during phospholipid
exchange, which requires considerable conformational changes
within the protein, is unknown. The PITP lipid binding cavity
is large and accommodates structurally diverse substrates,
possibly allowing compensatory changes to offset mutations
within individual binding sites. Nevertheless, residues lining
the lipid binding cavity are highly conserved, including a
number of aromatic residues. These aromatic residues have
the potential to form cationsr bonds with the ligand during
the exchange process, perhaps playing a role in the transfer
rate even though they appear somewhat distant in the
statically bound protein state. Additional biophysical tech-
nigues will be necessary to elucidate the role of these, and
other, residues during phospholipid transfer.
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