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Abstract

Phosphoinositol 4-phosphate adaptor protein-2 (FAPP2) plays a key role in glycosphingolipid
(GSL) production using its C-terminal domain to transport newly synthesized glucosylceramide
away from the cytosol-facing glucosylceramide synthase in the cis-Golgi for further anabolic
processing. Structural homology modeling against human glycolipid transfer protein (GLTP)
predicts a GLTP-fold for FAPP2 C-terminal domain, but no experimental support exists to warrant
inclusion in the GLTP superfamily. Here, the biophysical properties and glycolipid transfer
specificity of FAPP2-C-terminal domain have been characterized and compared with other
established GLTP-folds. Experimental evidence for a GLTP-fold inclugés:UV circular

dichroism (CD) showing secondary structure with high alpha-helix content and a low thermally-
induced unfolding transition (~41 Cjj; near-UV-CD indicating only subtle tertiary

conformational change before/after interaction with membranes containing/lacking glydolipid,;
Red-shifted tryptophan (Trp) emission wavelength maximgpa{-352 nm) for apo-FAPP2-C-
terminal domain consistent with surface exposed intrinsic Trp resigyiésignature' GLTP-fold

Trp fluorescence response, i.e., intensity decrease (~30%) accompanied by strongly blue-shifted
Gnax (=14 nm) upon interaction with membranes containing glycolipid, supporting direct
involvement of Trp in glycolipid binding and enabling estimation of partitioning affinities. A
structurally-based preference for other simple uncharged GSLs, in addition to glucosylceramide,
makes human FAPP2-GLTP more similar to fungal HET-C2 than to plant AtGLTP1
(glucosylceramide-specific) or to broadly GSL-selective human GLTP. These findings along with
the distinct mRNA exon/intron organizations originating from single-copy genes on separate
human chromosomes suggest adaptive evolutionary divergence by these two GLTP-folds.
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1. Introduction

The trans-Golgi network (TGN) functions as a major cell sorting complex, directing newly
synthesized proteins and lipids to various subcellular destinations, receiving extracellular
materials, and recycling molecules from endocytic compartments [1-3]. The exceptionally
complex TGN sorting process involves mechanisms that regulate multiple divergent
pathways to various acceptor compartments. Transport vesicle formation for various cargos
involves attachment of distinct sets of docking and fusion factors (e.g. SNARES) that target
the correct acceptor compartment as well as the association of specific proteins that engage
cytoskeletal tracks for vectorial trafficking. The maturation of transport vesicles destined for
the plasma membrane often involves phosphoinositol 4-phosphate adaptor protein-2
(FAPP2) which uses its N-terminal pleckstrin homology domain to bind to
phosphatidylinositol 4-phosphate in ADP-ribosylation-factor (ARF) dependent fashion and
dock with Golgi membranes [4-8].

FAPP2 possesses a C-terminal domain with sequence homology to human glycolipid
transfer protein (GLTP) [4,9,10]. This domain enables FAPP2 to transfer glucosylceramide
(GlcCer) between cellular compartments. However, unlike GLTP (209 a.a.), FAPP2 (519
a.a.) contains an N-terminal pleckstrin homology (PH) domain that helps to target the Golgi.
D'Angelo et al. [11] have reported that complex glycosphingolipid (GSL) synthesis relies on
FAPP2-mediated transfer of GlcCer from its synthetic site on the cytoplasmic face of the
cis-Golgi to the trans-Golgi compartment. In contrast, Halter et al. [12] suggest that FAPP2
transfers GlcCer from the trans-Golgi to the endoplasmic reticulum before GlcCer returns to
the Golgi for complex GSL synthesis. In any case, having two glycolipid transfer proteins,
FAPP2 and GLTP, able to access cytosolic-facing membranes is important for maintaining
cell viability. In vivo siRNA silencing that knocks down FAPP2 fails to block the arrival of
newly synthesized GlcCer at the plasma membrane in the presence of the vesicle trafficking
disruptor, brefeldin A, suggesting partial redundancy of GlcCer transfer by GLTP which is
also able to deliver GlcCer to the plasmamembrane in the presence of brefeldin A [12,13].
However, RNAi knockdown of both FAPP2 and GLTP results in cell death, suggesting a
pivotal need for their functionality as glycolipid nonvesicular trafficking and/or sensor
devices in cells. Downregulation of human FAPP2 g@i&KHA8 chromosome 7; locus
7p21-p11.2) by either target validation ribozymes or by FAPP2 siRNA also sensitizes cells
to Fas/FasL-mediated apoptosis, emphasizing the need for normal FAPP2 expression to
maintain cell viability and homeostasis [14].

Structural homology modeling of the FAPP2-C-terminal domain against the X-ray structure
of human GLTP [15-17] predicts a GLTP-fold and topological conservation of key residues
involved in glycolipid binding [10,11]. Yet, experimental data validating the FAPP2-C-
terminal domain to be a GLTP-fold is lacking. Also, the exclusive focus on conserved core
residues needed for sugar headgroup binding by the glycolipid recognition center without
attention to residues that control GSL selectivity as well as transfer testing only of GlcCer
and no other GSLs leave important issues unaddressed. Does the human FAPP2-C-terminal
domain contain a GLTP-fold that has been evolutionarily adapted to transfer only GlcCer as
reportedly occurs for plant GLTP1? Does transfer duplicity of human FAPP2 and human
GLTP extend beyond GlcCer to include other glycolipids? In FAPP2, does the C-terminal
domain structure or targeting by the N-terminal PH domain regulate glycolipid selectivity?

Biochim Biophys ActaAuthor manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Kamlekar et al.

Page 3

Herein, we have experimentally evaluated GLTP-fold formation by the FAPP2-C-terminal
domain, determined its ability to transfer GSLs other than GlcCer, and identified local
conformational changes expected to impact glycolipid binding specificity. Our experimental
characterization includes assessment of intrinsic tryptophan fluorescence including
“signature' changes in intensity and emission wavelength maxima characteristic of GLTP-
folds upon glycolipid binding as well as far-UV and near-UV CD spectroscopy to establish
folding conformation, thermal stability, and changes induced by membrane interaction.
Structural homology modeling against X-ray structures of human GLTP and fungal HET-C2
GLTP-fold [15,18] reveals local conformational changes expected to impact FAPP2
glycolipid selectivity. The results are discussed within the context of FAPP2 subcellular
localization and evolutionary constraints imposed by the topology of GSL production and
localization within cells.

2. Material and methods

2.1. Materials

2.2. Methods

1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), dipalmitoyl phosphatidic acid
(DPPA), and all sphingolipids were obtained from Avanti Polar Lipids (Alabaster, Al)
except for ganglioside GiMwhich was purified as described previously [19]. Radiolabeled
galactosylceramide (GalCer; [galactosé: 20 Ci/mmol), glucosylceramide (GlcCer;
[stearoyl-124C]; 50 mCi/mmol), and sulfatide ([stearoyl14€]; 50 mCi/mmol) were
purchased from American Radiolabeled Chemicals (Saint Louis, MO). Tritiatgch@d/
LacCer were prepared using galactose oxidase and tritiated borohydride and purified as
described previously [19,20]. N-[(E)-12-(9-anthryl)-11-dodecenoyl]-1-G&
galactosylsphingosine (AV-GalCer) [21] and 1-acyl-2-[9-(3- perylenoyl)-nonasoyl]-
glycero-3-phosphocholine (Per-PC) were synthesized as detailed earlier [22]. Stock
concentrations of phospholipids were quantitated by phosphate determination [23] and of
glycolipids, by gravimetric analyses [24].

2.2.1. Cloning, expression and purification—  FAPP2 encoded by hum&LEKHA8

was cloned from human brain cDNA (Clontech) by PCR using Herculase Il Fusion DNA
polymerase (or Pfu Ultra High Fidelity DNA polymerase), forward prim&GA AGC

GGA AAG ATG GAG GGG GTG CTG TAC AAG TGG-&and reverse primer&A

GGA GAA GCC CGG TCA TAC CAC CTC ATC AGA TTC CAG-3Amplified ORF

encoding FAPP2 (519 a.a.; identical with GenBank GI:119614336) served as template for
cloning the C-terminal domain (212 a.a. = FAPP2-C212). Insertion at the BamHI and Sall
restriction sites into pET-28 (kanamycin resistant; Novagen) modified with small ubiquitin-
like modifier (SUMO) protein ORF enabled heterologous expression using transformed
Rosetta cells grown in LuriatBertanimedium at 37 C for 6 h, induced with 0.1 mM IPTG,
and then grown 1620 h at 20 C. Purification from soluble lysate was achieved by Ni-NTA
affinity chromatography. 6 HistSUMO-tag was removed from the N-terminus of FAPP2-
C212 using a SUMO-specific protease, yielding a sequence identical to native protein. Final
purification by FPLC SEC using a HiLoad 16/60 Superdex-75 prep grade column
(Amersham) was verified by SDS-PAGE [20,25].

2.2.2. Protein concentration determination— A DU 640 spectrophotometer

(Beckman) at a spectral bandwidth of 1.8 nm was used and the molar absorptivity was
obtained by averaging the results from four calculation methods [26-29]. Spectra were
corrected for turbidity by plotting the log dependence of the solution absorbance versus the
log of the wavelength and extrapolating their linear dependence in the 340+440 nm to the
240+300 nm absorption range, using the DU-640 scatter correction routine. Extrapolated
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absorbance values were subtracted from the measured values, decreasing the apparent
protein absorbance at 280 nm by ~15%.

2.2.3. Circular dichroism spectroscopy—  CD spectra of FAPP2-C212 (~5M) were
collected in 10 mM sodium phosphate (pH 7.4), and 30 mM NaCl at 10 C while
continuously purging with pusing a J810 spectropolarimeter (JASCO, Japan) equipped
with a CTC-345 temperature-control system. CD spectra were recorded using ten
accumulations, scanning each at 20 nm/min with a 2 s response time as detailed previously
[18,30,31 & references therein] and presented in units of molar ellipticity per residue.
Secondary structure was calculated from far-UV spectra using DichroWeb on-line analysis
[32,33].

2.2.4. 3D-structural homology modeling— FAPP2-GLTP was analyzed using 3D-
Jigsaw and I-TASSER comparative modeling algorithms, which build 3D-protein models
based on homologs of known structure [34,35].

2.2.5. Fluorescence spectroscopy— Trp fluorescence was selectively monitored by
excitation at 295 nm and measuring emission (310 to 420 nm) at 25 C using a SPEX
FluoroMax spectrofluorometer (Horiba Scientific, Edison NJ) as performed previously
[18,25,30]. Band passes for excitation and emission were 5 nm. The cuvette was
temperature-controlled to 0.1 C (Neslab RTE-111, Thermo Fisher, Waltham, MA). For
membrane interaction studies, the emission signals of FAPP2-GL@®)(Were measured
before and after addition of various amounts of POPC vesicles lacking or containing 20
mole% glycolipid. Spectra were corrected by subtraction of buffer blanks. Inner filter effects
were avoided by keeping the protein concentration gig@D.1.

2.2.6. Membrane vesicle preparation— Lipid mixtures, dissolved in dichloromethane,
were dried under a gentle nitrogen stream. Remaining traces of solvent were removed by
vacuum desiccation for >3 h. The dried lipid film was hydrated by vortexing for 5 min with
10 mM phosphate buffered saline (pH 7.4). Small unilamellar vesicles (SUVs) were
prepared by probe sonication for 30+45 min using intermittent pulses of 2+3 min duration
[36,37]. Residual multilamellar vesicles and titanium probe particles were removed by
centrifugation at 100,009 for 90 min. Size exclusion chromatography analysis confirmed
average diameters of ~25+30 nm for SUVSs.

2.2.7. Binding/partition coefficient analyses—  Because glycolipid binding to FAPP2-
C212 induced a dramatig,ax blue-shift (351 to ~337 nm), intensity changes at 357 nm

were used for binding isotherms to avoid problems discussed by White and colleagues [38].
The fraction of binding sitesYf occupied by glycolipids was calculated by Eq. (1) [39]:

a:(F — FO) ,'mea.X (1)

whereFo andF are the Trp emission intensities of GLTP in the absence and presence of
glycolipid, respectively, anBihaxis the emission intensity of the fully liganded GLTP, i.e.
at excess glycolipid=maxWas determined by plotting F(Fo) vs. 1L and extrapolating 1/
L=0, wherel equals the total glycolipid concentratio#, (maximum fluorescence change
when protein is completely saturated with glycolipid) was determined by plotting 1/
(glycolipid concentration) and ¥ (decrease in fluorescence intensity). The concentration
of bound glycolipid was calculated using the relationship:

[ Bound lipid]=protein conc. x AF/AF,. (2)
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The free lipid concentration was calculated as:

[Free lipid]=[ Total lipid] — [Bound lipid]. (3)

Kq values shown in Table 2 were determined by least-squares (NLLSQ) fitting of the plot of
bound lipid vs. free lipid. NLLSQ analyses and data simulations were performed with
OriginPro 7.0 software (MicroCal, Northampton, MA). Nonlinear regression of the
hyperbolic fit of the saturation isotherm avoided errors associated with linear
transformations, i.e. Scatchard analysis.

2.2.8. Glycolipid transfer activity— FAPP2-GLTP glycolipid intermembrane transfer
activity was measured by two established assays [36,37,40-42]. Radiolabeled glycolipid
intervesicular transfer was assayed using negatively-charged donor vesicles (10 mol%
DPPA in POPC) containing 2 mole% glycolipid (GalCer, GlcCer, LacCer, sulfatidg) GM
and POPC acceptor vesicles (10-fold excess) incubated with FAPP2-GLAgRM() at 25

C. Glycolipid transfer was quantified by liquid scintillation counting of acceptor vesicles
eluted from DEAE minicolumns [36,37]. F rster resonance energy transfer (FRET) enabled
continuous real-time monitoring of glycolipid transfer activity. The FRET assay involves
mixing of POPC donor vesicles (formed by rapid ethanol injection) containing anthrylvinyl
(AV)-labeled glycolipid (1 mole%) and nontransferable perylenoyl-labeled-PC (1.5 mole%)
with POPC acceptor vesicles (formed by sonication) [40-42] and proteiyfl) at 25 C.
Recovery of emission intensity at 425 nm (AV-GalCer; excitation at 370 nm) occurs during
protein-mediated transfer to POPC acceptor vesicles. No signal change is observed in the
absence of POPC acceptor vesicles. In competition assays [42], glycolipids with naturally-
occurring hydrocarbon chains were also included at 0.5 mole% in donor vesicles. Fitting to
first-order exponential behavior and transfer rate calculation have been detailed previously
[41].

3.1. FAPP2-C212 conformation

Fig. 1A shows the sequence homology of FAPP2 C-terminal region compared to human
GLTP and fungal HET-C2 and illustrates the conservation of the five core residues needed
for GSL binding (yellow highlights) [11,15,18]. Because full-length FAPP2 displayed a
strong tendency to self aggregate that adversely affected experimental characterization,
several truncated FAPP2 forms were cloned and screened. A truncated FAPP2 consisting of
the C-terminal 212 a.a. residues (FAPP2-C212) met the criteria of good solubility, no self-
aggregation, and unmitigated transfer activity (see Supplemental information). Experimental
insights into the secondary and tertiary conformations of FAPP2-C212 as well as its folding
stability were provided by circular dichroic (CD) spectroscopic analyses in the far-UVv (190t
250 nm) and near-UV (250+320 nm) spectral regions. As expected for a GLTP-fold, the
secondary structure of FAPP2-C212 contained substantial amouwtsetk (Fig. 1B &

Table 1) but not quite as extensive as GLTP or HET-C2 [18,30,31]. Because GLTP-folds
have low unfolding temperatures (e.g. HET-C2 at ~49 C; GLTP at ~54 C), FAPP2-C212
conformational stability was tested. Fig. 1C shows a thermal scan of the first derivative of
the far-UV CD signal at 222 nm, a wavelength choice dictatedHwlical proteins having

a strong 222 nm CD signal that decreases in intensity upon unfolding. For FAPP2-C212,
increasing temperature resulted in a cooperative unfolding transition between 25 C and 50
C with a midpoint of ~40.5 C. This low unfolding temperature mid-point is consistent with
a lack of stabilization by intramolecular disulfides that is typical for GLTP-folds
(Supplementary Fig. S1). Other potential contributing parameters, suéhedig content

and pl, are assessed in the Discussion section.
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The presence of two Trp, six Tyr, and 11 Phe residues in FAPP2-C212 suggested that near-
UV CD measurements could prove useful for gaining insights into tertiary conformation.
When the local environment induces optical activity in aromatic side chains of a protein, Tyr
and Trp residues can generate signals in the 270+300 nm range and Phe residues can give
rise to signals in the 255 to 270 nm range [43-45]. Fig. 1D shows the near-UV signal
response of FAPP2-C212 to be weak with negative peaks at 257, 262, and 268 nm probably
arising from its 11 Phe residues as also occurs in GLTP (10 Phe) and HET-C2 (12 Phe).
Discernible signals (275+290 nm) from the two Trp and six Tyr residues in FAPP2-C212
were lacking, a situation differing from GLTP (3 Trp, 10 Tyr) and HET-C2 (2 Trp, 4 Tyr)
[18,30].

3.2. FAPP2-C212 interaction with membranes

Fig. 2A shows the far-UV CD signal of FAPP2-C212 after mixing with bilayer vesicles
consisting of POPC, POPC/POPA, or POPC/POPA/GalCer. The data show that FAPP2-
C212 secondary structures remains largéhgelical, albeit less than in soluble FAPP2-

C212, upon mixing with membranes. Mixing of POPC vesicles with FAPP2-C212 had a
stabilizing effect on the protein as shown by the slightly elevated unfolding temperature
mid-point (T,~41.2 C) (Fig. 2B) versus 40.5 C in the solution (Fig. 1C). When POPA (10
mole%) was included in the POPC vesicles, higher helicity loss (35%) was observed,
consistent with an average shortening of all helical segments by ~one residue or loss of one
entire helix. A significant lowering of the proteip,1~32.7 C) also occurred (Fig. 2B).

POPA was of interest because negatively-charged phosphoglyceride at 10 mol% was
previously shown to decrease GLTP-mediated glycolipid transfer rates by enhancing protein
partitioning affinity to membranes [37,46]. Fig. 2B shows that including GalCer in the
POPC/POPA vesicles not only reversed the destabilizing effect of POPA but also actually
dramatically improved stabilization (F43 C) suggesting that GalCer was being bound by
FAPP2-C212.

Fig. 2C shows that the conformational destabilization revealed by far-UV CD was not
readily apparent in the near-UV CD signal (250+350 nm) which detects local changes in the
induced environmental polarizibility for residues with aromatic side chains. Nonetheless, a
small spectral dip can be observed in the 285+290 nm region typically associated with Trp
when POPC or POPC/POPA vesicles are present. The spectral dip is not observed in the
presence of POPC/POPA/GalCer vesicles or in the absence of vesicles, suggesting that the
conformational change triggered during membrane interaction is rapidly reversed by
glycolipid uptake.

Further insights into the conformational changes induced when FAPP2-C212 interacts with
membranes and/or binds glycolipid were gained by investigating the intrinsic Trp
fluorescence, a known environmental polarity indicator. The Trp emission wavelength
maximum (Gnax) Was 351 nm for apo-FAPP2-C212 (Fig. 3). This relatively red-shifigd

was consistent with the two Trp residues of FAPP2-C212 being freely exposed to the
aqueous milieu. Red-shifted Tig,a« responses are also displayed by apo-HET-C2 (354

nm) and apo-GLTP (348 nm) [18,25]. We hypothesized that, if the two Trp residues in
FAPP2-C212 occupy similar conformational positions and function analogously to their
GLTP counterparts, then the response of FAPP2-C212 Trp to membranes containing and
lacking glycolipid should be similar to that of GLTP. To test the idea, vesicles consisting of
POPC, POPC/GalCer (8:2), POPC/POPA (9:1), and POPC/POPA/GalCer (7:1:2) were
added in stepwise increments to FAPP2-C212. Fig. 3 shows that addition of the POPC/
GalCer or POPC/POPA/GalCer vesicles reduced the Trp emission intensity (~31%) and
generated a substantig},sx blue-shift (351 337 nm; 14-nm) (Table 3), a response similar

to that triggered by glycolipid binding to human GLTP and HET-C2 [18,25,49]. It is
noteworthy that theg, 4 blue-shift ceases after a slight excess of glycolipid has been added,
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but the intensity continues to incrementally decrease. In contrast, stepwise addition of POPC
or POPC/POPA vesicles lacking glycolipid (Fig. 3A) produced almostpigeblue-shift (1

nm) and more moderate reduction in emission intensity (~19+22%). Also noteworthy was
the similar response produced by vesicles containing either GalCer or GlcCer and the
slightly weaker response produced by vesicles containing LacCer (Supplementary Fig. S2).
Inclusion of sphingomyelin or ceramide elicited almostgagy blue-shift (data not shown),

as also was the case for vesicles lacking glycolipid (Figs. 3A,B & S2A).

The Trp emission responses with membranes containing or lacking glycolipid suggested that
both glycolipid binding and protein interaction with the membrane contribute to the overall
signal response. Estimation of the membrane partition coefficient vélyesl(es) of
FAPP2-C212 yielded values of 10d¥1 for POPC vesicles, and 1.0M for POPC/GalCer
vesicles (Table 2). The presence of PA (10 mole%) in the POPC and POPC/GalCer vesicles
slightly enhanced thi€g values to 13.50M and 1.35dM, respectively. The relatively weak
membrane partitioning is consistent with FAPP2-C212 acting as a peripheral amphitropic
membrane protein which reversibly translocates to/from membranes to function, i.e. transfer
lipids between membranes. The lowgrvalue observed when the vesicles contain

glycolipid supports the presence of Trp within the glycolipid binding site of FAPP2-C212.

3.3. FAPP2-C212 is a glycolipid transfer protein

We assessed FAPP2-C212 functionality for glycolipid transfer by monitoring the F rster
resonance energy transfer (FRET) response of POPC membrane (donor vesicles) containing
anthrylvinyl (AV)-labeled glycolipid (1 mole%) and nontransferable perylenoyl-labeled-PC
(1.5 mole%) as a function of time in the presence of catalytic amounts of FAPP2-C212 (Fig.
4A). The increase in AV emission intensity, reflecting removal of AV-glycolipid from donor
vesicles, was apparent only if POPC acceptor vesicles were present, consistent with the
intervesicular transfer of the glycolipid rather than just glycolipid binding by FAPP2-C212.
The dramatic slow-down in the exponential kinetic time course of AV-glycolipid transfer
after ~11 min appears to reflect exhaustion of available AV-glycolipid “substrate' in the
outer monolayer of the membrane because addition of excess detergent (Tween 20) results
in a sudden and dramatic increase in AV-GalCer emission. The detergent-induced
solubilization enables “infinite' separation of the AV-GalCer and perylenoyl PC and
provides an indication of the maximal AV emission possible. Fig. 4A shows that the AV-
GalCer pool accessible to FAPP2-C212 is limited to ~50%, the known outer leaflet
distribution for GalCer in vesicles [40,41]. The lack of all AV-GalCer being accessible in

the donor vesicles is consistent with FAPP2-C212 being an amphitropic peripheral protein
that interacts with membrane surfaces without penetrating sufficiently to access glycolipid
“substrate' in the membrane inner leaflet or promote rapid flipping of glycolipid “substrate'
to the outer leaflet of the membrane.

The ability of FAPP-C212 to function as a bona fide glycolipid transfer protein was also
confirmed using radiolabeled glycolipids (Supplementary Fig. S3). Because low glycolipid
concentrations are typical of biomembranes, the donor vesicles contained only 2 mole%
GalCer in POPC. Estimates of the first order transfer rate at 30 C were ~3.5 pmol GalCer
transferred per min per FAPP-GLTP molecule (Supplementary Fig. S3, lower panel). The
rate compares favorably with the transfer rate of dehydroergosterol by STARD4 at 37 C
from donor vesicles containing 23 mole% dehydroergosterol [50]. It is noteworthy that,
despite the reported sequence similarity between GLTP and the C-terminal region of
FAPP2, many FAPP2 clones failed to show glycolipid transfer activity (see Supplemental
information).

Competition analyses were performed to assess whether FAPP2-C212 prefers certain
molecular species of monoglycosylceramides. By including nonfluorescent glycolipids with
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naturally-occurring acyl chains along with fluorescent glycolipid in the donor vesicles, the
slowdown in AV-glycolipid transfer kinetics could be assessed [e.g. 42]. As shown by Fig.
4A and B, 16:0 GalCer, 18:0 GalCer, and 24:0 GalCer compete slightly better than 12:0
GalCer, 18:1 GalCer, or 24:1 GalCer. Thus, FAPP2-C212, like GLTP, is able to
accommodate GSLs containing a broad spectrum of acyl chains in their ceramide moieties.

3.4. Lipid transfer specificity of FAPP2-C212

As noted earlier, GlcCer was the only glycolipid tested when FAPP2 was reported to be a
GlcCer transfer protein [11], leaving the issue of FAPP2's ability to transfer of other
glycosphingolipids unanswered. Fig. 4C shows the transfer of different radiolabeled
glycolipids by FAPP2-C212. In addition to GlcCer, GalCer and LacCer are readily
transferred, a pattern also observed with GLTP and HET-C2. However, like HET-C2,
FAPP2-C212 was unable to transfer negatively-charged glycolipids such as sulfatide and
ganglioside GM even though GLTP transfers these lipids quite well. Thus, the overall
transfer specificity of human FAPP2-C212 more closely resembles fungal HET-C2 [18]
rather than mammalian GLTP [10].

4. Discussion
4.1. FAPP2-C-terminal domain is a GLTP-fold

In the present study, we have provided experimental evidence for the C-terminal domain of
FAPP2 forming a bona fide GLTP-fold with more focused glycolipid selectivity than human
GLTP, but not exclusively specific for GlcCer. Fluorescence emission of the intrinsic Trp
residues in FAPP2-C212 in the absence/presence of glycolipid provides the most compelling
experimental support for a GLTP-fold. The so-called “signature’ Trp emission response of a
GLTP-fold, i.e. substantial decrease (~31%) in emission intensitygapdlue-shift (12

nm), is apparent upon incubation of apo-FAPP2-C212 with membrane vesicles containing
glycolipid. A similar Trp emission response has been reported for two structurally validated
GLTP-folds, GLTP and HET-C2, and arises from glycolipid binding [18,25,49]. Trp
involvement in glycolipid binding in FAPP2-C212 is also supported by 3D-JigSaw and I-
TASSER in silico structural homology analyses [34,35] performed after exhaustive, high
through-put crystallization robotics for X-ray structural determinations were unfruitful. Fig.
5A shows the GLTP-fold predicted for FAPP2-C212 and the similar positioning #%inp
FAPP2, Trf%in GLTP, and Trp%in HET-C2 in relation to bound GlcCer
[15,18,25,30,46-49]. By forming the bottom of the glycolipid headgroup recognition center,
FAPP2 Trd% is expected to serve as a stacking plate that facilitates hydrogen bonding of
Asp3%0 Asr64 and Lys67 with the sugar headgroup while A8pand Hi¢4> act as

hydrogen bond “clip' that holds and orients the ceramide amide region of the glycolipid (Fig.
5B).

The other Trp residue of FAPP2-C212 (¥tf) is predicted to reside on the surface of
helix-6 in a similar location as GLTP T{# and HET-C2 PH&° and function as an
interfacial anchor during transient interaction with membranes [15,18,30,46-49]. Surface
hydropathy analysis [51] reveals a high concentration of nonpolar residues adjacent to
Trp**7 along the cleft-like gate for glycolipid uptake, consistent with its function as the
initial membrane docking site (Fig. 5C). Fig. 5D illustrates membrane docking of FAPP2-
C212 as analyzed by the orientation of proteins in membranes (OPM) computational
approach [52], which take protein surface hydrophobicity into account to aid in
identification of potential membrane-binding sites [51,53]. Optimal rotational and
translational positioning of the protein with respect to the lipid bilayer is achieved by
minimization of the protein transfer energy from water to the membrane hydrocarbon core,
approximated as decadiene nonpolar solvent, and to interfacial regions characterized by
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water-permeation profiles. Protein partitioning to the membrane is driven by hydrophobic
interactions and opposed by desolvation of polar and charged groups. OPM analyses
indicate a membrane penetration depth of ~5.8 0.8 with a tilt angle of ~87 3 and
Gyransferof 9.8 kcal/mol for FAPP2-C212. The membrane docking site includéé’Trp
Val#48 val*49 val*>2 Leu*S5 and Ard®8 of helix 6 and Met®® and Prd>! of the adjacent
inter-helical loop that form a hydrophobic patch.

While the highly red-shifted fluorescen@gay of apo-FAPP2-C212 attests to exposure of
Trp to the aqueous environment as is known for other GLTP-folds, the change in Trp
emission intensity and blue-shift if,5x induced by membranes containing glycolipid
provide insights into the FAPP2-C212 binding affinity for glycolipids embedded in
membranes. Thigy values for vesicles containing various glycolipids indicate only
moderate binding strength by FAPP2, consistent with a role in glycolipid transfer requiring
partitioning on and off membranes wth relative ease . Kijwalues also agree well with
previous values for human GLTP and HET-C2 calculated from the Trp intensity decrease.

Despite the similarities in global conformation for GLTP, HET-C2, and FAPP2-C212,
important differences exist. Thermal unfolding of FAPP2-C21g-@1 C) occurs at lower
temperature compared to GLTR,{d53 C) and HET-C2 (F,~49 C). The destabilization

could reflect the differing helix content in FAPP2-C212 detected by CD spectral studies.
However, it is also noteworthy that the isoelectric points calculated for FAPP2-C212 (pl
5.42), HET-C2 (pl 6.34), and GLTP (pl 6.92) using EXPASy ProtParam differ significantly.
The lower unfolding temperature of FAPP2-C212 at pH 7.4 could reflect destabilization by
salt bridge disruption and/or alterations in cationzpi interactions, especially those involving
the five His residues. Structural mapping by X-ray diffraction or NMR will be needed for
precise determination of the subtle conformational differences that exist for the GLTP-fold
of FAPP2-C212 compared to GLTP and HET-C2. While structural homology modeling has
proven to be reliable for ascertaining core conformational structures of related GLTP
homologs, reliability is more limited for the GLTP-fold N- and C-terminal regions [e.g. 18].

4.2. Structural features of FAPP2-GLTP only partially explain the preference for GlcCer

The dual functional role of FAPP2 in both higher GSL synthesis and ADP-ribosylation-
factor (ARF)-dependent maturation of Golgi transport vesicles destined for the plasma
membrane [11] places special importance on understanding the workings of this amphitropic
protein. During complex glycosphingolipid biosynthesis, FAPP2 transfers newly

synthesized GlcCer away from the cytosol-facing GlcCer synthase in the Golgi [10-13].
Whether the preference for GlcCer is location-based (reflecting the glycolipid topology in
subcellular membranes) or structurally-based has remained unclear for the following
reasonsi) previous testing of FAPP2 transfer specificity involved GlcCer, sphingomyelin,
ceramide, and PC, but no other glycolipids [1i}]previous structural homology modeling

of the GLTP domain of FAPP2 focused on global folding topology and the positional
conservation of the five core residues involved in glycolipid binding {#spsn?64

Lys367, Trp*07, His*9); iii) all characterized GLTP-folds (human GLTP, fungal HET-C2,

and plant AtGLTP1) contain these same five conserved residues which anchor the glycolipid
sugar-amide region into the sugar headgroup recognition center. Nonetheless, human GLTP
displays broad selectivity for various glycolipids [18] while fungal HET-C2 and plant
AtGLTP1 display much more focused transfer selectivity for simple neutral glycolipids
[18,54];iv) structural studies of HET-C2 [18] and homology modeling studies of AtGLTP1
[54] indicate that other nearby residues affect the local surface topology and charge,
imparting subtle structural differences that generate the more focused glycolipid specificity
of HET-C2 and AtGLTP1.
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We found that FAPP2-C212 is not strongly biased for GlcCer but efficiently transfers other
simple neutral glycosylceramides, i.e. GalCer, and LacCer. However, transfer is nearly
completely abolished by addition of negatively-charged sulfate to GalCer, i.e. sulfatide. To
elucidate the structural basis for the glycolipid selectivity by FAPP2-C212, sugar headgroup
docking was performed using high resolution GLTP:GalCer and GLTP:LacCer complexes
[15,16,42] as guides (Fig. 6A+C). In FAPP2-C212, thé%¥rimdole group serves as a
stacking platform that facilitates the hydrogen bonding of8%@sr?64 and Lys67 with

Gal or Glc in the same way that PPdacilitates the hydrogen bonding network of A&p

Asr2, and Ly$° with Gal or Glc in human GLTP [15,16,42]. However, in FAPP2-C212,

the residue corresponding to 1°%in GLTP is replaced by negatively-charged 48fin

FAPP2. Docking of Glc, Gal, and Lac shows that@fiorms one H-bond with the 40H
group of Glc but none with Gal or Lac (Fig. 6A+C). In FAPP2 38%dorms one hydrogen
bond with the 60H group of Glc, Gal, and Glc (of Lac), thus serving a similar role ¥ Tyr
in GLTP [15,16,42]. Negatively-charged &% appears to be well positioned to impede
interaction with 3-sulfo-GalCer (sulfatide).

The structural basis for the more focused FAPP2-C212 glycolipid selectivity compared to
human GLTP and fungal HET-C2 is illustrated in space-filling form by Fig. 7. Negatively-
charged GIf?3 may form a salt bridge with L§&’, but is also well positioned to repel
negatively-charged functional groups such as the sulfate of sulfo-GalCer, thereby interfering
with its binding/transfer by FAPP2-C212. By contrast, nonpolaP?.eccupies this same
position in GLTP which proficiently binds and transfers sulfatide [42]. Other FAPP2-C212
residues (Va9 valR?’, Arg3%8 Asm99, Sef0)) affect the protein surface topology adjacent
to the glycolipid headgroup recognition center by providing steric bulk that narrows the
headgroup interaction region compared to the “open trough'-like surface topology of the
sugar headgroup binding region in GLTP. The constricted glycolipid headgroup recognition
center in the FAPP2-C212 could explain the lack of interaction with branched, negatively-
charged sugar headgroups, i.e. gangliosidg.AGMe net effect is a sugar recognition center
better adapted for focused interaction with uncharged monohexosyl- and
dihexosylceramides in human FAPP2-C212 compared to the broadly selective human
GLTP.

The focused glycolipid selectivity and lack of sulfatide transfer by FAPP2-C212 are
functional features shared with fungal HET-C2 [18]. However, the specificity is not nearly
as focused as plant AtGLTP1 which reportedly transfers GlcCer much faster than GalCer
(~8-fold) and LacCer (~32.5-fold), but not at all sphingomyelin [54]. The strong preference
of AtGLTP1 for GlcCer is shared by neither FAPP2, GLTP nor HET-C2, which transfers
GlcCer and GalCer at roughly similar rates. To explain the AtGLTP1 selectivity for GlcCer
over GalCer, West et al. [54] proposed that the 4-hydroxyl in glucose, but not in galactose,
is sufficiently close to interact with the amide group of Asn95 of AtGLTP1, the same site as
Leu92 in human GLTP. It is noteworthy that this site is occupied by negatively-charged Glu
in both FAPP2 and HET-C2.

From the molecular biological perspective, it is apparent that FAPP2 is encoded by single-
copy PLEKHA80n human chromosome 7 (locus 7p21-p11.2). M&iluEKHAS8transcript
contains 14 exons with the final 6 exons encoding most (202 a.a.) of the GLTP domain (see
Supplemental information). By contrast, single-c@iyTP resides on human chromosome

12 (locus 12g24.11). Mature transcript arises by cis alternative splicing involving the 5
exons that encode the 209 a.a. protein [55]. The presence of two distinct genes, located on
separate human chromosomes and encoding GLTP-folds that originate from different exon
organizational patterns, attests to the biological utility and evolutionary importance of this
protein fold.
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It is intriguing that plant AtGLTP1 has evolved very high specificity for GlcCer [54].

Neither GalCer nor LacCer is present in plants, a situation that would presumably reduce
evolutionary pressure for development of GlcCer-specific AtGLTP1. Because mammalian
cells contain GlcCer, GalCer, and LacCer, evolutionary pressure to conserve the GlcCer-
specific AtGLTP1 for use in FAPP2 is expected to be high. Nonetheless, the high GlcCer
specificity of AtGLTP1 has not been conserved in FAPP2. Thus other factors must lessen
the evolutionary pressure exerted by structure alone. One factor could be topological
location of simple glycolipids that regulates their availability in cytosol-facing membranes
and accessibility to FAPP2. In mammalian cells, GlcCer is produced by the cytosol-facing
GlcCer synthase in the Golgi, but GalCer and LacCer are not normally found in cytosol-
facing membranes. Another factor could be the targeting motifs such as the pleckstrin
homology domain in FAPP2 that guide interaction to select subcellular sites (e.g. Golgi). In
any case, it is also tempting to speculate that the lack of strong specificity of FAPP2 for
GlcCer leaves open the possibility for interaction with other simple neutral GSLs if currently
undiscovered events (pathological or normal) were to leave such glycolipids appropriately
positioned and facing the cytosol.

Supplementary Material
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FAPP2-C212 IP—-——===———= TFFSTMNTSFSDIELLEDS--GIPTEAFLASCYAVVPVLDKLGPTVFAPVKMDLVGNIKKVNQK 371
GLTP MAL LAE HLLKPLPADK--QIETGPFLEAVSHLPPFFDCLGSPVFTPIKADISGNITKIKAV 59
HET-C2 MAAAAWQIPAGATFLETFKKSFVDVPIDAEKGNAISTAEFLEAAESLTTMFDVLGS IAFSPVKTDMLGNVEKIRKR 77
.. . . . . * k  kk - roL ik kk kedkek k. kk: k.
FAPP2-C212 YITNKEEFTTLOKIVLHEVEADVAQ-VRNSATEALLWLKRGLKFLKGFLTEVKNGEKD==—=== IQTALNNAYGKTL 441
GLTP YDTNPAKFRTLONILEVEKEMYGAEWPKVGATLALMWLKRGLRFIQVFLQSICDGERDENHPNLIRVNATKAYEMAL 136
HET=C2 mpLESQN:QDLVRNELKT-————KSHTATEGLLHLVRGLEFTCIALSKNIGSTEE —————— LADSFRGSYRVTL 143
ke k. kk  kokk khkk * G, Wi : ko ok
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Fig. 1.

Sequence alignment of the C-terminal domain of FAPP2 with human GLTP and fungal
HET-C2 and comparison of their conformation and stability by circular dichroism (CD). A)
Sequence homology determined by T-coffee analysis (ver. 7.44). Highlighted yellow
residues are key conserved residues involved in sugar headgroup binding of glycolipids. B)
Far-UV CD spectra are presented in units of molar ellipticity per residue. The high helical
content is indicated by the large negativeinttansition at 222 nm as well d%

transition that splits into two transitions because of exciton coupling resulting in negative
bands at ~208 nm and positive bands at ~192 nm. C) Temperature dependence of molar
ellipticity at 222 nm (derivative plot). D) Near-UV CD spectra. Signals from Tyr (e.g. ~280
nm trough) and Trp (~288 nm trough) are not clearly discernible in FAPP2-C212.

Biochim Biophys ActaAuthor manuscript; available in PMC 2014 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kamlekar et al.

[0]yrw (kdeg.cm?.dmol™)

A

= FAPP2-C212
—— +POPC

===+ POPC/POPA (9:1)
—— + POPC/POPA/GalCer
8:1:1)

10l . n . .
190 200 210 220 230 240 250

Wavelength (nm)

Fig. 2.

[6]mpw/dT(deg.cm?.dmol™.°C™)

250

200

150

100

50

Page 16

[8]maw (kdeg.cm2.dmol™)

2ol — FAPP2-C212

-0}

40

20

+POPC
—— +POPC/POPA (9:1)
—— + POPC/POPA/GalCer
(8:1:1)

10 20 30 40

SIO
Temperature (°C)

60

70

250 260 270 280 290 300 310 320
Wavelength (nm)

Conformational changes induced in FAPP2-C212 by vesicles with differing lipid

composition assessed by far-UV and near-UV CD. FAPP2-C212+no vesicles (black);
+POPC vesicles (green); +POPC/POPA (9:1) vesicles (orange); +POPC/POPA/18:1-GalCer
(8:1:1) vesicles (purple). A) Far-UV CD spectra are presented in units of molar ellipticity

per residue. Dramatic change in the secondary structure of FAPP2-C212 upon interaction
with POPC, POPC/POPA, and POPC/POPA/18:1-GalCer vesicles is not observed. B)
Temperature dependence of molar ellipticity at 222 nm (derivative plot). C) Near-UV CD
spectra. Signal response from Tyr and Trp in FAPP2-C212 is not clearly discernible and
changes induced by POPC, POPC/POPA, and POPC/POPA/18:1-GalCer vesicles are minor.
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Fig. 3.

Changes in Trp emission of FAPP2-C212 induced by membrane lipids. A) POPC vesicles
+FAPP2-C212; B) POPC/POPA (9:1) vesicles+FAPP2-C212; C) POPC:GalCer (8:2)
vesicles+tFAPP2-C212; D) POPC/POPA:GalCer (7:1:2) vesicles+tFAPP2-C212. POPC and
POPC/POPA vesicles lacking glycolipid induce @@ blue-shift and produce incremental
intensity decreases (nonsaturable response). POPC and POPC/POPA vesicles containing
glycolipid (GalCer) induce largenax blue-shift and strong initial intensity decrease
(saturable response). Note that by the 9th addition (~4.2Mt dlycolipid), the Gnax blue-

shift ceases in panels C & D. However, with further vesicle injections, Trp emission
intensity continues to decrease, as also is the case for POPC vesicles lacking glycolipid.
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Glycolipid availability in the donor vesicle outer surface was estimated based on ~60/40
distribution between the outer and inner surfaces of vesicles [40,49].
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Fig. 4.

Glycolipid transfer activity of FAPP2-C212. F rster resonance energy transfer involving
fluorescently-labeled glycolipid (AV-GalCer) and phospholipid (perylenoyl-PC) enabled
assessment of glycolipid intervesicular transfer by FAPP2-C212. AV-GalCer was excited at
370 nm and emission wasmonitored at 425 nm. Additional details are provided in the
Materials and methods section. A) Competition effect exerted by GalCer species with
different homogenous acyl chains on AV-GalCer transfer by FAPP2-C212. B) Initial
transfer rates for AV-GalCer measured in the presence of competitor GalCer species with
different homogenous acyl chains. C) FAPP2-C212 glycolipid specificity. Glycolipid
transfer activitywas measured at 30 C using POPC donor vesicles containing radiolabeled
glycolipid (2 mole%) and 10 mole% phosphatidic acid mixed with POPC acceptor vesicles
(10-fold excess) and FAPP2-GLTP (0d). Recovery of acceptor vesicles eluting through
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DEAE minicolumns enabled quantitation of glycolipid transfer by liquid scintillation
counting as described in the Materials and methods section.
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Fig. 5.

Structural homology modeling of FAPP2-C212, surface hydrophobicity, and predicted
orientation during membrane docking. A) Structural homology modeling performed using
the 3D-Jigsaw comparative modeling algorithm [34], which builds three-dimensional
protein models based on homologues of known FAPP2-C212 structure is colored lavender;
HET-C2, turquoise; apoGLTP, coral; holoGLTP, beige; (GLTP = PDB ID:1SWX & 3S0K;
HET-C2 = PDB ID:3KV0). B) Zoom view of glycolipid binding site in A) following left-

hand rotation of ~90 . Color scheme is same as in A). C) Surface hydrophobicity of FAPP2-
GLTP mapped using Chimera (51), which relies on the KytetDoolittle scale to rank amino
acid hydrophobicity, with blue indicating most hydrophilic (charged), white equaling 0.0,
and orange-red being most hydrophobic. D) FAPP2-C212 orientation and positioning during
membrane docking. The OPM computational approach (52) was used to identify residues
involved in the initial docking of FAPP2-GLTP with the membrane interface. The lipid

polar headgroups comprising half of the membrane are shown as lavender-colored. Not
depicted are the lipid hydrocarbon chains which would project above the headgroups.
FAPP2-C212 helices are cyan-colored, and membrane embedded side chain residues are
shown in magenta. The membrane embedded residues && Rret>9, Trp?47, Val*48,

Val#49 val*>2 Leu>S and Ard®8 The penetration depth into the bilayer is estimated to be
~5.8 0.8 with a tilt angle of ~87. 3 and <Giansfer 9.8 kcal/mol.
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Fig. 6.

Docking of sugars into the FAPP2-C212 glycolipid headgroup surface recognition center.

A) Docking of glucose. Side chains of FAPP-C212 residues involved in Glc binding are
shown in cyan. The Glc sugar ring is colored cameo with red balls representing oxygen. The
black dotted lines represent hydrogen bonds. B) Docking of galactose. The color scheme is
the same as for A) except that the Gal sugar ring is colored green. C) Docking of lactose.
The color scheme is the same as for A) except that the Lac sugar ring is colored yellow. The
glucose, galactose, and lactose locations are derived from PDB IDs 3SO0K, 2EVL, and 1SX6,
respectively [15,16,42].
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Fig. 7.

Surface topology of the sugar headgroup recognition site of FAPP2-C212, GLTP, and HET-
C2. Surface residue color reflects the charge status (red = negative, blue = positive, and
white = neutral). The Trp residue that interacts directly with the initial ceramide-linked GSL
sugar in each GLTP-fold is accentuated by green highlights. A) FAPP2-C212. Residues
such as GIP3 valP19 valR9’ Arg398 Asr?99 and SetPC partially obstruct the surface near
Trp*%7 and constrict the sugar headgroup binding site. B) Human GLTP (PDB ID: 1SX6).
18:1-LacCer is depicted in gold with the ceramide hydrocarbon chains (left side)
disappearing into the hydrophobic pocket. The open, unobstructed surface adjacent and to
the right of Tri¥8 allows for broader selectivity for binding of various glycolipids. C) Fungal
HET-C2 (PDB ID: 3KV0). Residues such as &%) Thrl02 Hisl0L and Trg%8 adjacent to
Trpl09act as obstructions and create a pit-like sugar headgroup binding site.
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Table 2
Kg values of FAPP2-C212 for SUV vesicles.
Vesicle lipid composition Partition coefficientKy (avl)
POPC 10.61 0.80
POPC/18:1GalCer (8:2) 1.010.12
POPC/POPA (9:1) 13.48 2.51

POPC/POPA/18:1GalCer (7:1:2) 1.350.15
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Tryptophan fluorescence changes in FAPP2-C212 induced by interaction with POPC, POPC/18:1-GalCer,
POPC/POPA and POPC/POPA/18:1-GalCer vesicles.

Vesicle lipid composition  Intensity  Blue-shift

+POPC 22% 1nm
+POPC/18:1GalCer 30% 14 nm
+POPC/POPA 19% 1nm
+POPC/POPA/18:1GalCer 31% 14 nm
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