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Modifications of Cysteine Residues in the Solution and Membrane-Associated
Conformations of Phosphatidylinositol Transfer Protein Have Differential Effects on
Lipid Transfer Activity’
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ABSTRACT. The a isoforms of mammalian phosphatidylinositol transfer protein (PITP) contain four
conserved Cys residues. In this investigation, a series of thiol-modifying reagents, both alkylating and
mixed disulfide-forming, was employed to define the accessibility of these residues and to evaluate their
role in protein-mediated intermembrane phospholipid transport. Isolation and analysis of chemically
modified peptides and site-directed mutagenesis of each Cys residue to Ala were also performed. Soluble,
membrane-associated, and denatured preparations of wild-type and mutant rat PITPs were studied. Under
denaturing conditions, all four Cys residues could be detected spectrophotometrically by chemical reaction
with 4,4 -dipyridyl disulfide or 5,5-dithiobis(2-nitrobenzoate). In the native protein, two of the four Cys
residues were sensitive to some but not all thiol-modifying reagents, with discrimination based on the
charge and hydrophobicity of the reagent and the conformation of the protein. With the soluble conformation
of PITP, achieved in the absence of phospholipid vesicles, the surface-exposétvzgschemically
modified without consequence to lipid transfer activity. &yexhibited an apparentkp of 7.6. The

buried Cy$®, which constitutes part of the phospholipid substrate binding site, was covalently modified
upon transient association of PITP with a membrane surface. The Cys-to-Ala mutations showed that neither
Cys* nor Cy<d8was essential for lipid transfer activity. However, chemical modification of@gsulted

in the loss of lipid transfer activity. These results demonstrate that the Cys residues of PITP can be assigned
to several different classes of chemical reactivity. Of particular interest i®Qykose sulfhydryl group
becomes exposed to modification in the membrane-associated conformation of PITP. Furthermore, the
inhibition of PITP activity by thiol-modifying reagents is a result of steric hindrance of phospholipid
substrate binding.

PITP is a soluble eukaryotic protein that binds and phoinositide kinases that, in turn, generate lipid cofactors
transports phospholipids and participates in signal transduc-associated with multiprotein complexes that participate in
tion and vesicular trafficking pathways)( Within metazoan intracellular membrane trafficking, exocytosis, and receptor-
animal species, PITP is represented by the PITP/rdgB family initiated signal transduction (reviewed in reds-6). The
of protein isoforms whose structure and function are highly intra- and intermembrane transport capacity of PITP and its
conservedl, 2). The functionally related, although structur-  ability to produce a facilitated Ptdins flux are, in all
ally dissimilar, sec14/PITP protein family has been described likelihood, directly related to, if not solely responsible for,
in yeasts and plants3). The mammalian isoforms PITP  its support of membrane-bound lipid phosphorylation and
and PITH interact reversibly with a single phospholipid hydrolysis ).
molecule, preferably Ptdins and PtdCho. The determination
of substrate specificity has been accomplished by monitoring

o 2 e information about the structurdunction relationships of
the ability of PITP to_transpor‘g phospholipids petween distinct PITP. Our laboratory showed that limited digestion of RKTP
membrane populations in vitro. Recent evidence suggests

that PITP functions in the presentation of Ptdins to phos- with trypsin generated 12- and 18-amino acid cleavages from
the C-terminus §). Both truncations resulted in decreases
" This research was supported by Grants GM24035 and GM59162 in phospholipid transfer activity that could be attributed to
from the National Institutes of Health and by the University of Kansas altered protein qonformatlon and increased memb,ra”e aﬁlnlty
Medical Center Research Institute. (9, 10). Interestingly, each truncated PITP species retained
‘ *To Vc\j/hor$ ﬁorrﬁSpond(%nlc% sgé)élIgggsadlgress&dislz)-?gg:7&3&%mkam@the molecule of noncovalently bound phospholipid. More
umc.edu. lelephone: - . Fax: - . : H H _ H
! Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoate); DTT, dithio- recently, confirmation O.f the importance of the C term|nl_Js
threitol; GdnCl, guanidinium chloride; IAA, iodoacetate; IAM, iodo-  Of PITP to cellular functions was demonstrated with a series
acetamide; LacCer, lactosylceramide; ME, 2-mercaptoethanol; MMS, of 5-, 10-, and 20-amino acid deletions, all of which

methyl methanethiosulfonate; NEMy-ethylmaleimide; PDS, 44 i in i ili
dipyridyl disulfide; PITP, phosphatidylinositol transfer protein; PtdCho, displayed altered phospholipid transfer activity and the ability

phosphatidylcholine; Ptdins, phosphatidylinositol; PtdOH, phosphati- 0 réstore phosphoinositide-mediated signal transduction in
date. permeabilized cellsl@l). Several investigations have focused
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Despite this spectrum of cellular activities, there is limited
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on specific amino acid residues in mammalian PITP. The Phospholipid Vesicles and PITP Transfer Aiti. Small
screening of randomly generated rat PddfAutants for their unilamellar vesicles were prepared by either extensive bath
failure to rescue a temperature-sensitive PITP mutant yeastsonication under Nor rapid injection of ethanol/dimethyl
strain led to the identification of one group of amino acids sulfoxide (4:1, vol %) solutions of mixed lipids into buffer
that appear to be critical to Ptdins binding but not PtdCho warmed to 40°C. The extent of phospholipid transfer was
binding. These mutations, Ser25Phe, Thr59lle, Pro78Leu, andmeasured between two populations of vesicle4).(The
Glu248Lys, supported more than 70% of normal PtdCho donor vesicles contained Ptdins, LacCer, and PtdCho (5:8:
transport in vitro, yet they were incapable of facilitating an 87, mol %), with either phospholipid radiolabeled; the
intermembrane movement of Ptdii®). For human PITR, acceptor vesicles contained PtdIns, PtdCho, and cholesteryl
two mutations in the C-terminal region of the protein, oleate (5:95:0.3, mol %). Unless otherwise specified, assays
Lys264lle and Thr267Ala/Val, resulted in no change in were performed in 10 mM HEPES-Na, 50 mM NaCl, and 1
Ptdins transfer in vitro or in the reconstitution of cellular mM EDTA (pH 7.4) (assay buffer) at 31T for 30 min with
phosphoinositide hydrolysidly). PITP, 1.2uM bovine plasma albumin, 0.25 mM donor
With the extraordinary level of sequence conservation vesicles, and 0.75 mM acceptor vesicles. Control assays
among mammalian PITPs 8% amino acid identity) and  lacking PITP were performed for all procedures.
the strong sequence similarities among widely divergent Tryptic Digestion and Chromatographic Analysis of Pep-
species?), it has been very difficult to predict critical amino  tides.Portions of PITP £0.3 mg, native or modified) were
acid residues. Some years earlier it had been shown thatprecipitated with TCA (10%, w/v) and washed three times
bovine PITP has at least two classes of amino acid residueswith 90% ice-cold ethanol. After drying in air, the protein
that are sensitive tt-ethylmaleimide: one that reacted in was resuspended in 80 of 0.01 N NaOH to which were
the absence of membranes and had little effect on activity added HEPES and Cagit final concentrations of 100 and
and another that reacted in the presence of membranes and0 mM, respectively, at pH 8 in a total volume of 100.
caused the complete inhibition of phospholipid transé).( Trypsin (6ug in assay buffer) was added with the protein
We set out in this study to examine in detail the status of and the mixture incubated overnight in a 32 water bath.
the four conserved Cys residues and their requirement for The following morning, an additional aliquot of trypsin (1.5
phospholipid transport. We employed a series of thiol- ug) was added and incubation continued fer4lh. Digests
modifying reagents, both alkylating and mixed disulfide- were stored at-80 °C until analysis. Peptides<0.15 mg)
forming, with soluble, membrane-associated, and denaturedwere separated initially by HPLC (Bio-Rad HRLC, Hercules,
preparations of wild-type and mutant rat PE.FQuantitation CA) using a C8 reversed-phase column (Vydac 208TP54,
of Cys reactivity and analysis of lipid transfer activity were The Separations Group, Hesperia, CA) eluted with a linear
performed and correlated. Identification of specifically gradient from 2 mM HCI to 100% acetonitrile. Detection
modified peptides and Cys residues was established bywas based on the absorption (215 nm) and fluorescence
chromatographic and amino acid compositional analyses. The(lex = 290 nm;i.m = 340 nm) properties of the peptides.
results not only confirm the preliminary data3j but also When appropriate, fractions were further analyzed for
extend our understanding of the roles that Cys residues inradioactivity by liquid scintillation spectrometry. Selected
PITPa play in catalytic activity. Moreover, the recent fractions were pooled and subjected to further HPLC analysis
elucidation of the structure of rat PI&Pcomplexed with on a C18 reversed-phase column (Vydac 218TP54); elution
PtdCho R) presents an opportunity to compare our chemical consisted of a linear gradient from 2 mM HCI to 100%
and mutagenesis results with the location and potential acetonitrile. Isolated peptides were analyzed for amino acid
function of specific Cys residues in PITP. composition by acid hydrolysis, reversed-phase HPLC, and
ninhydrin detection; these procedures were performed by the
EXPERIMENTAL PROCEDURES University of Kansas Medical Center Biotechnology Support
Materials N-[ethyt1,2-3H]Ethylmaleimide (60 Ci mmoit) Facility.
and cholesteryl [24C]oleate (57 Ci mmol') were purchased Chemical Modification and Spectrophotometric Analysis
from NEN Life Science Products (Boston, MA). HE]- of Thiol GroupsProtein to be subjected to thiol modification
lodoacetamide (55 mCi mmdl) was purchased from was dialyzed extensively overnight after treatment with a
American Radiolabeled Chemicals (St. Louis, MO). 1-Acyl- large molar excess of DTT. Buffer systems consisted of either
2-[9,10°H]oleoyl-PtdCho and 1,2-diacyl-PtdfH]ins were 25 mM sodium phosphate and 0.1 mM EDTA-Na or 25 mM
synthesized as described previousl{4)( PtdCho was  sodium borate and 0.1 mM EDTA-Na, adjusted to the
purified from crude egg yolk lipids (Sigma Chemical, St. indicated pH. Stock solutions of the modifying reagents were
Louis, MO) by column chromatography on silicic aciby. prepared in ethanol and stored at@; dilutions into buffer
N-Decylmaleimide was synthesized according to a published were made as needed. PITP was unfolded by addition of
procedure 16). N-Pyrenylmaleimide was purchased from protein solutions to crystalline GdnCl (final concentration,
Molecular Probes (Eugene, OR). Bovine liver Ptdins and 6 M). The mixture was kept at 25C for 1.5-2 h before
1,2-dioleoyl-PtdOH were purchased from Avanti Polar Lipids further treatment or analysis. In some casesulMDTT
(Alabaster, AL). GdnCl £99% purity) was obtained from  was added to the denatured protein to maintain the reduced
Fisher Scientific (Pittsburgh, PAN-Tosyl+-phenylalanine status of the Cys residues. When indicated, excess thiol-
chloromethyl ketone-treated trypsin (T-8642) and other thiol- modifying reagent was quenched and removed by addition
modifying reagents of the highest available quality were of 2-ME (final concentration, 20 mM) and overnight dialysis.
purchased from Sigma Chemical. Curve fitting and plots Kinetic analysis of Cys reactivity was performed at 25
were generated with SigmaPlot software (SPSS, Inc., Sanusing DTNB or PDS; absorption measurements were re-
Rafael, CA). corded at 10 s intervals for-220 min on an Aminco-3000
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array spectrophotometer. All spectral data were corrected for 25|

contributions of equivalent concentrations of reagents. Quan- 112
titation of reactive sulfhydryl groups was based on the R20p g
following liberated products and their absorption maxima t 151 los 5
and extinction coefficients: 5-thio-2-nitrobenzoate, 412 nm 5 ’ -
and 14 150 M* cm in buffer alone and 412 nm and 13 700 5 10} £
M-t cmin 6 M GdnCl (17); and pyridine-4-thione, 324 Z o5l 104
nm and 19 800 M* cm™t in buffer alone 18) and 329 nm )

and 24800 M! cmt in 6 M GdnCl (G. Helmkamp, 0.0 0.0
unpublished). 6 ot ®

Oligonucleotide-Directed MutagenesiSach of the four  peure1: pH dependence of chemical modification of Cys residues
Cys residues in PITP was mutated to Ala using the in native PITR. PITRx (3.7 uM) was treated at 28C with thiol-
QuikChange (Stratagene, La Jolla, CA) polymerase chainmodifying reagents, 1M PDS @) or 25 uM DTNB (O).
reaction protocol and reagents. Pairs of ComplementaryAbsorbance measurements were recorded at 10 s intervals 1@r 2

- . ' - min. Initial rates (nanomoles per minute) were determined at various
pr'lmers (39 bases in length) were de3|gngd to replace thepH values using the buffer systems 25 mM sodium phosphate or
wild-type Cys encoded by TGC and TGT with Ala encoded 25 mm sodium borate, both of which contained 0.1 mM EDTA-
by GCG in the pET-11c vector (Novagen, Madison, WI) Na. Values represent the average of two or three separate experi-
containing the rat PITé cDNA. Following transformation ments.
into Escherichia colistrain XL1-Blue (Stratagene), plasmid : : : : —
DNA was purified (Qiagen, Valencia, CA) and characterized Table 1. Titratable Cysteine Residues and Catalytic Activity
spectroscopically. Comparison of results obtained from following Treatment with Thiol-Modifying Reagerits

sequencing of the open reading frames in both directions titratable cysteine

confirmed that four single-site mutations were generated: residues

Cys95Ala, Cys188Ala, Cys192Ala, and Cys231Ala. Oligo- o (mol/mol of protein) transfer activity

nucleotide primer synthesis and DNA sequence analysis were__o-modifying reagent _ native 6 M GdnCl (% of control)

carried out by the University of Kansas Medical Center none o 1.0 4.2 100

Biotechnology Support Facility. ngtehcﬁr%ﬂgm%i g:g ?rjfdl Eslg?ig
Protein Expression and PurificatioiExpression of native  N-pyrenylmaleimide 0.1 rid 94+ 7

and mutant proteins was achieved by transformatioi&.of  iodoacetate 1.1 4.3 10% 8

coli strain BL21(DE3) (Novagen) that had been previously iodoacetamide 0.2 33 1685

transformed with a plasmid encoding t@ELS chaperone &?Sg:i)gyrpgit:jﬂgéh'osu”O”ate 0_3'1 ng“d 19135731?1

system 8). Induction of both PITP and the chaperone = Protein (12 or 23M) oated 1 25 MM sodi o onat

H rotein or was treated In mivl sodium pnosphate
expression was regulated through taeoperon. Controlled /o 4"\ ERTa" (0H 8.2) with 0.8 or 2.5 mM reagent in the dark
growth at 20°C yielded sufﬂc_@nt _prOte'n in the baCter_'al for 2 h at 25°C. ME (20 mM) was then added to quench the alkylating
lysate supernatants for purification by molecular sieve reagents, after which all samples were extensively dialyzed. The levels
(Sephadex G-100) and anion exchange (Q Sepharose Fasif titratable sulthydryl groups were determined spectrophotometrically
Flow) chromatography. All proteins were homogeneous and Ysing |60;4M DfTNB]; ;r;jdler native or degamfriﬂg gonditli_ons- '”tfer'
. : : vesicular transfer of Ptdins was assessed wit .Qug al |quots (0)
!ntact, as revealed by polyacrylam_lde gel elgctrophoretlc andthe native protein (unmodified or modified). Results represent the
immunoblot analyses8]. All proteins contained 1 mol of average of two to four experimentsNot determined.

phosphatidylglycerol (mol of protein), based on a protein

extinction coefficient of 79 700 M cm™* at 280 nm 9). Kinetics and pH Dependence of Thiol Modification of
Native and mutant PITP preparations were stored at 4 or Native PITP.Spectrophotometric titrations permitted us to
—80 °C. monitor the initial rate of Cys modification. At pH 8.2,

RESULTS reaction with PDS was complete after 5 min and maximal

at concentrations of 30 uM. To define the environment of
Thiol Modification of Natie and Denatured PITRJsing the single reactive Cys residue, initial rates were determined
two common colorimetric reagents, PDS and DTNB, we over a broad pH range. Superimposable sigmoidat pte
determined the reactivity of Cys residues by spectrophoto- profiles were observed with both PDS and DTNB (Figure
metric titration under native and denaturing conditions. Of 1). The titration midpoint of 7.6 is consistent with a Cys
the four Cys residues in PITP, only one was readily modified sulfhydryl group that is solvent-exposed but with an apparent
in the native structure: 1.06& 0.10 mol mof?! [mean+ pKa somewhat perturbed by its environment. The nearly
standard deviation (SD)] with PDS and 1.4#70.13 mol 2-fold more rapid reactivity with PDS than with DTNB,
mol~t with DTNB. The other Cys residues were not exposed however, suggests some steric and/or electrostatic constraints
to either reagent unless the protein was unfolded in 6 M to the thiol-disulfide exchange reaction.
GdnCl, in which case all four reacted: 4.68 0.08 mol Sensitiity of PITP to Chemically Different Thiol-Modify-
mol~* with PDS and 4.29 0.08 mol mof?! with DTNB. ing ReagentsThe common thiol-modifying reagents act
These data suggest that all Cys residues in PITP not onlythrough different chemical mechanisms, including alkylation,
are reduced but, more interestingly, also belong to at leastMichael addition, and mixed disulfide formation. Protein
two classes of reactivity. It should be pointed out that these aliquots were initially treated, dialyzed extensively to remove
determinations were performed on a variety of PITP prepara- excess reagent, and then analyzed for titratable Cys and lipid
tions, including protein freshly isolated from the bacterial transfer activity (Table 1). Nearly all reagents appeared to
host or protein stored for several months—80 °C. modify up to one residue of Cys in the native protein, as
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Table 2: Inhibition of Transfer Activity following Treatment with F100r
Thiol-Modifying Reagents under Assay Conditions in the Absence s
and Presence of Phospholipid Vesiéles g 8or
with with  transfer activity T 6o
thiol-modifying reagent ~ vesicles’ ME (% of control) ‘E’
none —I+ —I+ 100 E 40
N-ethylmaleimide - + 97 8 0l
+ + 5 7
iodoacetamide - + 95 E ok
+ + 106 ' ' ' .
iodoacetate - + 101 0.001 0.01 01 1
+ + 102 Phospholipid Vesicles (mM)
methyl methanethiosulfonate  + - 10 FicurRe 2: Dependence of NEM inhibition on phospholipid vesicles.
dipyridyl disulfide + - 4 PITPo (50 nM) in assay buffer was treated at 32 for 15 min
dithiobis(nitrobenzoate) + - 94 with 1 mM NEM. Small unilamellar vesicles composed of PtdOH

2 Protein (25 or 37 nM) was treated in assay buffer with 1.0 mM and PtdCho (2:98, mol %) were added to the indicated concentra-
thiol-modifying reagent and 1.5 mM vesicles, as indicated, for 15 min tion. Excess reagent was quenched by addition of 20 mM ME. After
at 37°C. To quench the alkylating reagents, 20 mM ME, as indicated, © Min, the remaining assay components were added, and the extent
was added. The remaining assay components were added (albumin®f transfer of radiolabeled Ptdins was determined {87for 30
donor and acceptor vesicles, and buffer to 409, and the incubation ~ Min) from 0.25 mM donor vesicles to 0.75 mM acceptor vesicles.
was continued for 30 min at 37C. Results represent the average of Data points and error bars represent the mearSD of two to
two to four experiments? Sonicated, small unilamellar phospholipid ~ four determinations.

vesicles were composed of PtdOH and PtdCho (2:98, mol %). . .
P ( ) These results further underscore differences among the thiol-

o ) . modifying reagents that are small and relatively nonpolar
sulfhydryl group. BotfN-alkyl- andN-arylmaleimide deriva-  inhipit PITP transfer activity while the latter do not.
tives, which act through Michael adducts, and the alkylating  v/esicle Dependence of Cys Resityi Our results thus
agent IAM could access and modify a single Cys residue. fay confirm and extend the early observation that partially
In contrast, the negatively charged IAA failed to alkylate pyrified bovine heart PITP could be inhibited by NEM only
the native protein. The surprising difference between IAA, \yhen phospholipid vesicles or mitochondria were present
on one hand, and NEM and IAM, on the other, was further (13). Wwe investigated in greater detail this membrane
illustrated by quantitating the reactive sulfhydryl groups yequirement. The dependence of NEM inhibition on vesicle
under denaturing conditions. As expected, only three Cys concentration is described by a sigmoid curve (Figure 2)
residues could be titrated following modification with NEM  \yhose midpoint is~0.01 mM. The reaction isotherm most
or IAM, yet all four Cys residues remained reactive after an |ikely reflects the transient association of PITP with mem-
initial treatment with IAA. Two thiot-disulfide exchange  pranes during phospholipid exchange. For comparison, we
reagents, MMS and PDS, were equivalent in their reaction nad calculated a kinetic equivalent of the appat&ptvith
stoichiometry. Despite the chemical modification of the ptdcho vesicles containing 2 mol % PtdOH or Ptdins of
exposed Cys residues by a variety of reagents, no significantg 5 or 0.1 mM, respectivel\20, 21). We reported previously
change in phospholipid transfer activity was detected, leading that PITP does not form a stable complex (i.e., capable of
to the conclusion that the exposed Cys is not essential toseparation from free protein) with PtdCho vesicles containing
the in vitro function of PITP. 2 mol % PtdOH {0). Taking advantage of its spectral
Effect of Phospholipid Vesicles and Thiol-Modifying properties, we used PDS to modify PITP in the absence and
Reagents on Transfer Acify. In the course of protein-  presence of phospholipid vesicles. Analysis of the difference
mediated phospholipid transport, PITP must spend significantspectra (Figure 3) indicates modification of a single Cys
time associated with membrane surfaces. We have alreadyresidue (1.2 mol mot) in the solution conformation of PITP
documented conformational changes between the solution(absence of vesicles) and two Cys residues (2.4 motthol
and membrane-bound forms of PIT® 9, 19). Accordingly, in the membrane-associated conformation (presence of
PITP was exposed to a variety of thiol-modifying reagents vesicles). Comparable stoichiometries were obtained from
under phospholipid transfer assay conditions: low protein difference spectra of DTNB-modified PITP (data not shown).
concentration, acceptor vesicles, 3Z, and limited time. Identification of the Exposed Cys Residue in the Mati
Following the initial treatment of PITP, an excess of ME Protein. To identify the Cys residue that is generally
was added to quench further alkylation or Michael addition. accessible to thiol-modifying reagents in the solution con-
The results (Table 2) clearly separate the modifying reagentsformation, PITP was covalently modified with [#€]IAM
into two categories. In the presence of vesicles, NEM was and subjected to proteolytic digestion. Peptides were sepa-
able to reduce PITP catalytic activity by90%; in the rated by reversed-phase HPLC; fractions were monitored for
absence of vesicles, NEM failed to inhibit transfer activity. ultraviolet absorption (215 nm) and radioactivity (Figure 4).
The half-maximal concentration for NEM inhibition was 20 The prominent radioactive peptide was subjected to amino
uM (data not shown). Under similar conditions, neither IAM acid analysis; the four most abundant amino acids were
nor IAA had any effect on PITP activity. Among the unambiguously consistent with just one region of the primary
chemical reagents that act by forming mixed disulfides, MMS sequence (Asp-C¥&-Pro-Tyr). Radioactivity was coincident,
and PDS were capable of inhibiting transfer activity, while as expected, witls-carboxymethyl-Cys. Interestingly, this
DTNB was not. For this class of reagent, quenching with peptide has a Tyr residue at its C-terminus. We interpret this
ME would have reversed any covalent protein modifications. to indicate a contamination of trypsin by a chymotrypsin-
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< Table 3: Titratable Cysteine Residues following Mutation of
020 | {2 2 Cysteine Residues to Alanihe
§ 015 |- g titratable cysteine residues (mol/mol of protein)
3 3 native 6 M GdnCl
c o010} 14
2 1 b native protein 1.0 4.1
2 oost s Cys95Ala 1.0 3.1
2 Cys188Ala 0.03 3.0
0.00 - 0E Cys192Ala 1.0 3.0
Cys231Ala 11 3.0

280 300 320 340 360 380
Wavelength (nm)

aProtein (-8 uM), in 25 mM sodium phosphate and 0.1 mM EDTA

. . . (pH 7.0), was treated with 6@M DTNB at 25 °C and analyzed
FiGURe 3: Reaction of PITR with PDS in the absence and presence  spectrophotometrically after 15 and 60 min to ensure completion.
of phospholipid vesicles. PIP (5.0 M) in assay buffer was  penaturation was achieved by exposing the proteié M GdnCl for
treated at 25C for 15 min with 0.5 mM PDS. Difference spectra 2 h prior to sulfhydryl analysis. Results represent the average of two
were recorded using tandem cuvettes, in which all components Wereexperiments.
present in various mixtures in the two compartments. Reactions
were performed in the absence)(or the presence<{) of small
unilamellar vesicles, composed of PtdOH and PtdCho (2:98, mol Table 4: Transfer Activity of Cysteine Mutants and Inhibition by
%) and added to a final concentration of 1.5 mM. The extent of Thiol-Modifying Reagents
chemical modification was calculated from the appropriate protein
and reagent extinction coefficients described in Experimental

thiol-modifying transfer activity (% native)

Procedures. reagent Ptdins PtdCho
native protein  none 100 100
A : 7800 N-ethylmaleimide a7 3+3
€ : _ iodoacetamide 102 14 nd
£ 600 E Cys95Ala none 1267 97+ 3
e ) N-ethylmaleimide 326 53+ 10
S Z iodoacetamide 128 43 nd
e 1400 2 Cys188Ala none 9% 18 105+ 5
s 8 N-ethylmaleimide 12+ 11 4+3
§ 1200 © jodoacetamide 747 nc
2 & Cys192Ala none 8& 2 105+ 3
N-ethylmaleimide Gt 8 5+5
o EEE 0 -0 iodoacetamide 68 3 nck
0 10 20 30 40 50 Cys231Ala none 9t 6 115+ 9
Time (min) N-ethylmaleimide Ot 12 12+ 5
iodoacetamide 68 14 nct
aProtein was treated in assay buffer with 1.0 mM thiol-modifying
£ 150 reagent and 0.6 mM acceptor vesicles, as indicated, for 15 min at 37
- g °C. The remaining assay components were added (plasma albumin,
b o donor and acceptor vesicles, and buffer to 409, and the incubation
g 100 z was continued for 30 min. Results represent the average of three
£ 2 experiments® For Ptdins transfer, donor and acceptor vesicles were
2 S composed of PtdIns, LacCer, and PtdCho (10:10:80, mol %) and Ptdins
3 50 ;g and PtdCho (10:90, mol %), respectively; the amount of protein assayed
< & was 3.9 pmol. For PtdCho transfer, donor and acceptor vesicles were
0 composed of PtdOH, LacCer, and PtdCho (5:10:85, mol %) and PtdOH
: : ' ‘ and PtdCho (5:95, mol %), respectively; the amount of protein assayed
10 20 30 40 was 6.3 pmol¢ Not determined.

Time (min)

Ficure 4: Isolation and characterization of a chemically modified . .
peptide. PITR (1 mg) in 25 mM sodium phosphate and 0.1 mM Table 3, the total number of reactive Cys residues under

EDTA-Na (pH 8.25) was treated in the dark at 5 for 3 h with denaturing conditions in each mutant was reduced from four
[1-“C]IAM. Excess reagent was quenched by addition of 20 mM to three. However, only the Cys188Ala mutation resulted in
MELCP‘*&FI)S“%‘ZSSC‘:‘{S;% %egiraéﬁdm :nntgl ';rsofl“égﬂr :g L‘?;ﬁ{isoen‘l'w;?he loss of the titratable Cys when the reaction with DTNB
monitored for ultraviolet absporpti0h—0 and radioacti\}ity {*). For was performed without exposure to denaturants. This result
the initial separation, a C8 analytical column was used (A). The Strongly supports the designation of €¥sas the sole Cys
prominent region of radioactive product eluting between 18 and residue that is susceptible to chemical modification in the
22 min was further separated using a C18 analytical column (B) to solution conformation of PITP.
%lril?atrgir?rlzfggi:lga;elesp{!gjs tﬁaﬁgddépeernimgnd? acid composition of Trapsfer Actiity and Thiol Sensitiity of Mutant Proteips.
Mutation of the Cys residues to Ala had a very modest impact
like activity. Using N-[ethy}1,2-H]ethylmaleimide in the on the protein-catalyzed transfer of phospholipids between
absence and presence of phospholipid vesicles, our attemptsnembranes (Table 4). Compared to that of the native protein,
to identify the Cys residue(s) responsible for transfer activity transfer of PtdCho was essentially unchanged for each of
losses were unsuccessful. the four mutant PITPs. Similarly, for two of the mutants,
Titratable Cysteine Residues in Mutant Proteif&ur Cys188Ala and Cys231Ala, the transfer of Ptdins was not
single-site Cys-to-Ala mutant PITPs were expressed, purified, different from that of native PITP. On the other hand, the
and evaluated for reactivity toward sulfhydryl reagents in Cys95Ala protein was slightly more active toward Ptdins
the absence and presend&sdM GdnCl. As summarized in  and the Cys192Ala protein somewhat less active. Proteins
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FiGURe 5: Stereo projections of the chemically reactive Cys residues ind®@I{ In the protein’s solution conformation, C¥8is readily
modified. The solvent-accessible C§5(space-filling diagram) is shown within a surface depression that is formed, in part, by the side
chains of Ly3%, Argl% Glu'8, and Asp®’ (thick wire frame). One water oxygen is shown in bright blue. The polypeptide backbone for
residues 163189 is depicted as a flesh-colored ribbon. (B) When the protein is adsorbed to a membrane surf&ospegys-filling
diagram) can be modified. A portion of tiflesheet surface of the lipid-binding cavity around the polar headgroup of PtdIns (ball-and-stick
representation) is shown. The side chains of*hksn®®, and Lyd% (thick wire frame) are within noncovalent bonding distance of the
phosphorylinositol function. Two water oxygens are shown in bright blue. The polypeptide backbone for a portighsiidlet is depicted

as a flesh-colored ribbon.

were then treated with either NEM or IAM in the presence insightful interpretation of our thiol modification, lipid

of acceptor vesicles to ascertain their sensitivity or resistancetransfer activity, and mutation data. The most striking feature
to chemical modification. Using phospholipid transfer activity of the proteir-phospholipid complex is an enclosed cavity,
to monitor the effects of sulfhydryl modification, native PITP, the lipid-binding core, that consists of a seven-stranded
as shown in other experiments, was completely sensitive to-sheet that is crossed diagonally by two langelices. This
NEM and fully resistant to IAM. The ability to transfer both  cavity is large enough to sequester completely from the bulk
Ptdins and PtdCho was virtually eliminated following solvent a single, noncovalently bound phospholipid molecule.

reaction with NEM. Similar results were obtained with the Exposed Cy§8 May Be Modified without Consequence
Cysl188Ala, Cys192Ala, and Cys231Ala mutant protein to Transfer Actiity. Examination of the exterior surface of
species. In contrast, significant residual transfer activity pjTp reveals only one exposed sulfhydryl group, that
toward both phospholipids was measured for the Cys95Ala pelonging to Cy&® (2). The exposed Cy¥ is one of the
protein. These data are consistent with the identification of regulatory |Oop residues of the PITP molecu'e; it is conserved
CySQS as one of the sites of covalent Sulfhydl‘yl modification in the soluble mammaliam and ﬂ isoforms. We have
and subsequent catalytic inhibition in the membrane-associ-proposed that this loop may be involved in the interactions
ated conformation of PITP. of PITP with lipid and protein kinases and would play no
direct role in substrate phospholipid or membrane surface
DISCUSSION binding. The observation that neither chemical modification

Cysteine residues provide excellent targets for the study Nor mutation of Cy5® alters intermembrane lipid transfer
of the structure, conformational transitions, and function of activity is consistent with this function.
proteins R2—24). Observed differences in side chain reactiv-  Our survey of thiol-modifying reagents indicated that
ity, coupled with a wide spectrum of reversible and irrevers- Cys'#displayed differential reactivity based, to some extent,
ible thiol-modifying reagents, can provide useful information on the charge of the reagent. The relatively small anionic
about the location, environment, and functional significance reagent IAA was ineffective, while uncharged and more
of specific Cys residues. During the course of these hydrophobic reagents readily modified the protein. '€Ys
investigations of Cys residues in PITP, we and our colleaguesis located in a small depression on the surface of BITP
completed the three-dimensional structure of the rat RITP (Figure 5A). On the perimeter of this depression are the side
isoform complexed with PtdCho2). Knowledge of the  chains of GId8! and Asp?’, the charges of which could
protein’s tertiary structure permits a more meaningful and impede penetration of anionic molecules. Such charge
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repulsion must be more influential than any attractive forces activity of partially purified bovine heart PITP was more
that could derive from the nearby side chains of ¥yand than 90% inhibited by NEM only in the presence of lipid
Arg'’L Distances between the G§&sulfur and the carboxy-  vesicles 13). Interestingly, these investigators also provided
late oxygens of GItf! and Asp®” are in the range 0.49 evidence for the second class of sulfhydryl groups whose
0.99 nm. lronically, these cationic amino acids probably modification did not compromise transfer activity. More
facilitate the association between the more reactive DTNB recently, PITP was identified as one of the NEM-sensitive
and PITP. In an extensive investigation of the reactivity of proteins that are essential to normal vesicle budding from
B-globin Cy$8 reactivity in adult human hemoglobir2%), the trans-Golgi network of cultured mammalian kidney cells
it was shown that modification by anionic DTNB was (36).
sensitive to nearby His, Lys, Asp, and Glu residues. Natural To characterize more fully the buried Cys residue in
mutations to these residues significantly altered the rates andPITPa, we took advantage of site-directed mutagenesis to
pH dependence. In contrast, reaction of the normal andgenerate four Cys-to-Ala replacements. Only the Cys95Ala
mutant hemoglobins with the uncharged'Zjiyridyl di- mutation gave rise to a protein that was now resistant to NEM
sulfide was less sensitive to nearby charged amino acid sideinhibition and retained significant lipid transfer activity. We
chains. Like PITP, the hemoglobfiglobin Cy$? exhibited would suggest that the loss of some activity in the NEM-
little reactivity toward IAA and other negatively charged treated Cys95Ala mutant could be the result of more
aliphatic thiol-modifying reagent26). widespread NEM reactivity. Although we have carried out
The chemical environment around C$fsis, in part, our thiol modifications at low reagent concentrations, near-
revealed by the apparentKp of 7.6. The more acidic  neutral pH, and short times, it is possible that NEM could
character of Cy$8 compared to the typical unperturbed have reacted with His, Lys, and N-terminal residuz 88).
sulfhydryl group with a g, of 8.5-8.8 27—29), may be The precise nature of the critical, though obviously nones-

attributed to the proximity of both Ly& and Arg’™. sential, role of Cy¥® in the native protein became clear from
Distances between the C§% sulfur and electronegative  X-ray crystallographic data. Within the cavity formed by the
nitrogens of Ly$% and Ard* are in the range 0.560.87 lipid-binding core of PITIR, one molecule of PtdCho is

nm. While these distances are long for energetically favorable oriented along the long axis. Accommodating the polar head
noncovalent bond formatior3Q, 31), the strategic placement  region of the lipid through electrostatic and hydrogen bonds
of solvent molecules could make weak hydrogen bonds moreare the side chains of Gl Thr®®, GIué, Asrf0, Cy$®, Thr?,
likely. The X-ray crystallographic data do, in fact, show one Thr'*4 and Ly$%, and a number of tightly bound water
water molecule in this surface depression, but it appears tomolecules 2). Cys® is potentially capable of hydrogen
be associated with the more buried &tuFigure 5A). A bonding, through one or two waters, to the quaternary
dramatic perturbation of sulfur nucleophilicity is seen for ammonium and phosphoryl ester functions of PtdCho. With
the pair of active site Cys residues in thialisulfide a myoinositol function modeled into the proteiphospho-
oxidoreductases8@—35). Using chemical modification, site-  lipid structure, Cy® is seen to be situated ideally to
specific mutagenesis, Raman spectroscopy, and nucleaparticipate in the binding of the phospholipid substrate
magnetic resonance spectroscopy, there is general agreemeifFigure 5B). Pertineninteratomicdistances are 0.38 nm for
on an apparentif, of 7.0—7.5 for the more solvent-exposed the Cys SH-OH, distance and 0.25 nm for the inositol-5-
Cys and a preponderance of evidence for a slightly less acidicOH—OH; distance for one bond and 0.29 nm for the Cys
pKa for the less exposed Cys. From these and other SH OH; distance and 0.29 nm for the phospher@—OH,
investigations have emerged several possible explanationglistance for another. Sequence alignment of 18 proteins in
for changes in the thietthiolate equilibria: hydrogen bonds the PITP/rdgB family shows that Cys is found at position
with backbone amide groups, electrostatic interaction with 95 (or its equivalent) in 11 of 12 soluble PITPs and is
His or Lys side chains, and electrostatic interaction with the replaced by Thr in the others, including all of the membrane-
dipole moment of thex-helix containing the Cys. We can  associated rdgB proteing)( Either Cys or Thr could function
eliminate the last possibility, as C§8of PITPu is located as hydrogen bond donors to the protein-bound phospholipid’s

betweera shorta-helix and as-strand. polar headgroup.
Buried Cy$® May Be Modified Only When Protein Is Our data suggest that there would be at least two
Membrane-Bound, Leading to Loss of Transfer Atti A conseguences of chemical modification of &yne being

different class of Cys residue in PITP was identified in our the disruption of noncovalent bonds that stabilize the
studies of protein sulfhydryl reactivity under conditions that substrate phospholipigpolypeptide interaction and the other
promote intermembrane phospholipid transfer. When uni- being steric hindrance (and even altered conformation) within
lamellar phospholipid vesicles were present at the same timethe internal cavity of the lipid-binding core. Either alone
with certain thiol-modifying reagents, lipid transfer catalytic would be sufficient to compromise substrate phospholipid
activity could be inhibited, or even eliminated. As for the binding and further transfer activity. Adsorption of PITP to
exposed Cy$8 a differential reactivity among thiol-modify- a membrane surface appears to be a necessary prerequisite
ing reagents was observed for the buried €yssidue. The  to these events. A reasonable scenario involves (1) associa-
more hydrophobic, uncharged reagents were inhibitory; the tion of a soluble phospholipiePITP complex with a vesicle
polar or charged reagents were not. It is noteworthy that theto form a transient ternary complex, (2) diffusion of the
covalent modification of hemoglobjstglobin Cy$®in intact protein-bound lipid into the vesicle membrane’s outer
erythrocytes could readily be achieved using reagents thatmonolayer, and (3) chemical susceptibility of €yt® those
were membrane-permeable; compounds that were chargedhiol-modifying reagents that are lipophilic enough to
did not react 26). Our observations confirm and extend the penetrate the interface between the vacated lipid-binding core
observation reported some years ago that the PtdCho transfeof PITP and the membrane. An alternative mechanism by
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which the buried Cys of PITP could be modified would
involve the diffusion of the reagent through structural
discontinuities in the folded polypeptide generated during
membrane adsorption or desorption. Interestingly, the fate
of covalently modified, inactive PITP could be either
dissociation from the membrane as a lipid-free apoprotein
or stabilized association with the membrane due to the failure
to acquire membrane-bound Ptdins or PtdCho. Experiments
are currently underway to distinguish between these pos-
sibilities.

In conclusion, we have used a combination of chemical
modification, site-specific mutagenesis, and activity measure-
ments to characterize the four Cys residues of mammalian
PITP. In the native protein, two nonessential Cys residues
were sensitive to some but not all thiol-modifying reagents,
with discrimination based on charge and hydrophobicity. We
demonstrated that the surface-exposed Cys in the soluble
conformation of the protein could be modified or mutated
without consequence to lipid transfer activity. We further
showed that a buried Cys that constituted part of the substrate
binding site could undergo covalent modification only upon
association of the protein with a membrane and that such
modification resulted in the loss of lipid transfer activity.
These results provide a framework for more detailed
investigations of different PITP conformational states and a
possible means of generating stable intermediates in the lipid
transfer process.
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