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ABSTRACT. The nonspecific lipid transfer protein sterol carrier protein 2 (SCP2) is involved in organellar
fatty acid metabolism. A hydrophobic cavity in the structure of SCP2 accommodates a wide variety of
apolar ligands such as cholesterol derivatives or fatty acyl-coenzyme A (CoA) conjugates. The properties
of this nonspecific lipid binding pocket are explored using NMR chemical shift perturbations, paramagnetic
relaxation enhancement, amide hydrogen exchange®binglaxation measurements. A common binding
cavity shared by different physiological ligands is identified. NMR relaxation measurements reveal that
residues in the three C-terminalhelices within the lipid binding region exhibit mobility at fast (picosecond

to nanosecond) and slow (microsecond to millisecond) time scales. Ligand binding is associated with a
considerable loss of peptide backbone mobility. The observed conformational dynamics in SCP2 may
play a role for the access of hydrophobic ligands to an occluded binding pocket. The C-terminal peroxisomal
targeting signal of SCP2 is specifically recognized by the Pex5p receptor protein, which conducts cargo
proteins toward the peroxisomal organelle. Neither the C-terminal targeting signal nor the N-terminal
precursor sequence interferes with lipid binding by SCP2. direlices involved in lipid binding also
mediate a secondary interaction interface with the Pex5p receptor. Silencing of conformational dynamics
of the peptide backbone in these helices upon either lipid or Pex5p binding might communicate the loading
state of the cargo protein to the targeting receptor.

Lipid transfer proteins are auxiliary shuttles ensuring the involved in branched chain fatty acid-oxidation or very
appropriate localization of lipids in cellular subcompart- long chain fatty acigi-oxidation in the peroxisome8]. In
ments. Sterol carrier protein 2 (SCiPRas been reported to  this context SCP2 may play a role in substrate and/or product
interact with a wide variety of lipids associated with per- binding during peroxisomal bile acid synthesis and fatty acid
oxisomal metabolism, including acyl-CoA conjugates as oxidation.
high-affinity ligands (—3). Disruption of thescp2gene in Some molecular insight into the ligand binding site of the
mice suggests bile acids (soluble derivatives of cholesterol) sterol carrier protein fold has been obtained from structural
and branched-chain fatty acid CoAs as physiological high-resolution studies of SCP2 bound to lipophilic mol-
ligands to be functionally associated with SCR2-6). ecules, i.e., a detergent (crystal structure bound to Triton
Enzymes involved in both cholesterol secretion and fatty X-100) (10), a fatty acid (crystal structure bound to palmitate)
acid oxidation include the peroxisomal thiolase, acyl-CoA (11), or a spin-labeled fatty acid derivative (NMR structure
hydrogenase, and enoyl-CoA hydratasg 8), all of and binding study with doxyl stearate)2) (Figure 1). The
which are expressed as fusion proteins with a sterol carrierbinding pocket is formed by a centrtsheet, which is
protein domain fold 9). The transfer of fatty acyl-CoA  framed bya-helices creating a large cavity (Figure 1ABj.
substrates by SCP2 may have evolved to assist enzymed he lipophilic ligands are deeply buried in this hydrophobic
cavity of the protein. However, the ligands are located at
different regions of the cavity and bind in opposite orienta-
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Ficure 1: Structures of free SCP2 orthologues and when bound to lipophilic molecules. Secondary structure elements are annotated, and
the C-terminal peroxisomal targeting signal 1 (PTS1) and the N-terminal precursor sequence (pre) are colored magenta and cyan, respectively.
(A—C) Top panel: (A) Free mammalian SCP2 (@ryctolagus cuniculusPDB code 1C44)X3); (B) Triton X-100-bound human SCP2-

like domain (hsHomo sapiensPDB code 1IKT) L0); (C) insect aaSCP2 in complex with bacterial palmitate feedes aegyptiPDB

code 1PZ4)11). (A—C) Lower panel: (A) a surface representation of unliganded SCP2 (cut open) reveals a central hydrophobic cavity;
(B) a Triton X-100 ligand is partially occluded; (C) a palmitate ligand is buried, leaving only the carboxyl terminus solvent-exposed. (D)
Secondary structure and functional regions of SCP2. The precursor form of SCP2 (preSCP2) comprises at the N-terminus 20 amino acids
in addition to the mature form (mSCP2).

imental characterization of conformational dynamics and the Pex5p receptor. We show that residues in the lipid
its potential role in lipid binding by SCP2 is elusive. binding site exhibit conformational dynamics at microsecond

The globular sterol carrier fold of SCP2 is flanked by t© millisecond time scales, which are silenced upon lipid
flexible regions: an N-terminal precursor sequence and abinding. The potential interplay between flexible N- and
C-terminal targeting signal (Figure 1D)Z, 14). Targeting ~ C-terminal tails and lipid binding is investigated to probe
of SCP2 into the peroxisomal organelle depends on the their putative functional rolesly, 18). We find no evidence
recognition of its C-terminal peroxisomal targeting signal 1 for @ previously proposed modulation of lipid binding by
(PTS1) by the cytosolic receptor protein Pex5p. The TPR the C-terminal PTS1 motifs of SCP2. We show that a
domain of Pex5p specifically recognizes the basic and Secondary binding interface between SCP2 and the PexSp
hydrophobic PTS1 sequence at the carboxy termini of receptor partially overlaps with the-helical lipid binding
proteins (5), corresponding to A141, K142, and L143 in region. Conformational dynamics in this region is silenced
SCP2. The SCP2Pex5p cargo-receptor complex is tethered Upon lipid or Pex5p binding. This suggests a potential
to the peroxisomal membrane and subsequently translocatedn€chanism for how SCP2 may communicate the lipid
into the peroxisomal matrix16). Two isoforms of SCP2  loading state of SCP2 to Pex5p.
can be detected in the cell, a precursor form (preSCP2) and
a proteolytically cleaved, mature form (mSCP2), predomi- EXPERIMENTAL PROCEDURES
nantly located in the cytosoB). For both, the N-terminal Protein Preparation.Precursor form preSCP2 (residues
20 amino acid precursor sequence and the C-terminal PTS13—143) mature form mSCP2 (residues-2143), and the
motif putative cellular functions have been proposed, such c_terminal TPR domain of human Pex5p (residues-315
as in the modulation of lipid transfer or organellar sorting 39) 0) were expressed from a modified pET24d vector
(14, 17-19). The presence of a peroxisomal targeting signal (Gunter Stier, EMBL Heidelberg) iEscherichia colBL21-
and the involvement of SCP2 in organellar'llpld homeqsta5|s (DE3). The expressed proteins contained an N-terminat His
(6) suggest SCP2 as a model cargo protein for studying thegsT fusion, cleavable with tobacco etch virus (TEV)
peroxisomal import machinery2(). protease. Bacterial cultures were grown in LB medium or

Here, we characterize structural features and conforma-in M9 minimal medium supplemented with [B€]-glucose
tional dynamics of the free human SCP2 protein and when and/or'®NH,Cl for the preparation of uniformly*C and/or
bound to various lipid ligands and to the TPR domain of 5N isotopically labeled proteins. For the preparation of
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deuterated proteins, cells were cultured in M9 minimal RESULTS

medium with 2D,O supplemented witt*NH,Cl and 1% ) o
2D 15N-labeled growth medium (Silantes). Cell pellets were In order to characterize the unspecific lipid binding pocket,

resuspended and lysed by sonication in the presence of/e litrated SCP2 with bile acids and acyl-CoA conjugates,
protease inhibitors, and the lysate was cleared by Centrifug‘,;‘_representmg two st_ructurally quite diverse ligand classes of
tion. The lysate was purified by affinity Ni-NTA agarose SCP2. The.blle acid salts.cholatg (ChA) ar_ld taurocholate
(QIAGEN). After an overnight incubation with Higsagged (TChA, conjugated at the side chain to ffi@mino sulfonic

TEV protease (1 mg of protease/25 mg of protein) a second acid .tau'rln) are _soluple sterol derlvgtlves and. were ch_osen
Ni-NTA agarose column removed uncleaved product, the for binding studies since they are important intermediates
Hiss tag, and the protease. The flow-through was subse- " cholesterol secretiorl(7) (Figure 2A). Stearoyl-CoA (18:

quently subjected to gel filtration through a Superdex 75 (16/ 9) (SCOA) is a long-chain saturated acyl-CoA, whereas
60) column (Pharmacia). linoleoyl-CoA (18:2) (LCoA) has two double bonds at C9

NMR SpectroscopiMR experiments were performed on and C12 (Figure 2B). Both ligand classes bind to SCP2 with
0.02-0.5 mM uniformly 13C- and/or *N-labeled human V€Y different binding affinities. Determined by isothermal

preSCP2 and mSCP2 samples in the presence or absence (?i‘tration calorimetry the equilibrium dissociation constants
lipids or Pex5p receptor in 15 mM potassium phosphate, pH [0f the interaction between SCP2 and SCoA are in the
6.0. NMR spectra were acquired on Bruker DRX500 and na_no_molar to micromolar range (two binding sites, one high
DRX800 spectrometers with cryogenic probes at 310 K &ffinity, Ko(1) = 89 30 nM, Kp(2) = 1.4+ 0.2uM; W.
unless stated otherwise. The backbone chemical shifts of” Staniey, S. Black, and C. Schultz, personal communica-
preSCP2 and mSCP2 were based on BMRB entry 4228 ( tion) (2, 28). Compared to cholesterol (one blndl_ng s_K@,
and extended using standard triple resonance experiments” 4-2% 0.7 nM) (28), cholate shows red_uced affinity in the
(21). Lipid derivatives (acid salts cholate, taurocholate, Micromolar range (one binding sit€p = 144 & 6 uM)
stearoyl-CoA, linoleoyl-CoA) were purchased from Sigma- (_Support_lng. Infor_manoanlgure 3)._ Here, we characte_rlze t_he
Aldrich and dissolved in NMR buffer prior to NMR titration ligand binding sites using chemical shift perturbations in
experiments. Chemical shift perturbationsd(= [(AdH)? NMR titrations and paramagnetic relaxation enhancements
+ (4sAO™NY2Y2 in parts per million) were monitored in observed upon addition of spin-labeled ligands. The presence
two-dimensionahH 15\ correlation experiments. The po- of conformational dynamics and the solvent accessibility of

tential presence of lipid micelles in the SGABid solutions e binding pci<5:ket of SCP2 at different time scalzes are
was tested by dynamic light scattering (Supporting Informa- Studiéd Using**N  relaxation measurements arit/’D
tion Figure 1). Solutions of SCP2 in the presence of lipids €XChange experiments in the absence and presence of ligands.
at concentrations below and above reported critical micellar ~Chemical Shift Perturbation MappingNMR - titration
concentrations [CMC(bile acidsy 0.8-10.0 mM) @2), experiments pf SCP2 WI'Fh chqlate and taurocholate (Figure
CMC(acyl-CoAs)> 30—250uM) (23)] show similar titration ~ 2A) affect amide protons in helicesl, o3, ando5 and sheets
behavior (Supporting Information Figure 2). p1, 4, andB5 most strongly (Supporting Information Figure
Relaxation Analysidongitudinal (T;) and transverseTg) 4). Most of these reS|due_s are located in the C-terminal part
15N relaxation and{'H}—1N heteronuclear NOE experi- Of the SCP2 structure (Figure 2C; data shown for taurocho-
ments of free and lipid-bound SCP2 were recorded for late). The chemical shift changes observed in the NMR
backbone amides as describ@d)( Relaxation times were titrations with acyl-CoAs (Figure 2B) are more widespread
measured in an interleaved fashion with=12 relaxation compared to the experiments with the bile acids and extend
delays forT; 10.8-691.2 ms andl, (11.52-115.2 ms) at  toward helicesal and a2 (Figure 2C,D,F; Supporting
295 K. The data were fitted to a single exponential decay /nformation Figure 4).
with two parameters. Twice the noise level was used as an We next compared the NMR titrations of SCP2 with
estimate of error, as suggested by repeated experimentssaturated and doubly unsaturated C18-acyl-CoA (SCoA and
Dynamics at microsecond to millisecond time scales was LCoA) (Figure 2B,D,E). The titrations of both acyl-CoAs
analyzed by comparing intensity changes of #he!N- are highly comparable (Figure 3). However, differences in
HSQC reference experiment with an exchange-compensatedhe titration end points are observed in the C-terminal part
experiment including 32 CPMG elemengg) at 290 K, 300 of the SCP2 structure (Figure 3C,D). The residues that are
K, and 310 K.15N T, relaxation data for SCP2 and SCP2  differently affected suggest the location of the acyl chain of
Pex5p were measured as describ2g).( the ligands close to helicea3—a5 (Figure 2B,E). The
Paramagnetic Relaxation Enhancement Measurement withnucleotide moiety of the acyl-CoA ligands cannot be directly
Spin-Labeled LipidsSpin-label-induced paramagnetic re- localized, since no interaction of SCP2 to the very short chain
laxation enhancements were analyzed from intensity changescetyl-CoA is observed in NMR titrations, even at 100-fold
in *H,15N-HSQC experiments of mSCP2 recorded in the molar excess.
presence of the fatty acid derivative 5-doxylstearic acid or Taken together, the NMR titration experiments for all
16-doxylstearic acid (Sigma-Aldrich) in the oxidized form ligands tested reveal strong chemical shift perturbations
and after reduction with ascorbic aciti 27). for a common set of residues in helice8, a4, anda5
1H/°D Exchange Experiment&d/°D exchange-protected  (Figure 2, Supporting Information Figure 4). The lipid
amide protons were identified by recordifig,’>N-HSQC binding site utilized by all four ligands tested overlaps well
spectra with 512 and 32 complex points in and tj, with the hydrophobic cavity (Figure 1A) and is consistent
respectively, recorded with eight scans and an experimentalwith the location of the phenyl moiety of Triton or Ct1
time of 20 min on 0.5 MM SCP2 at 295 K at pH 6.0 after C16 of palmitic acid bound to SCP2 (Figure 1B,@P(11).
dissolving lyophilized samples inJD. This central binding cavity likely represents a high-affinity
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Ficure 2: Chemical shift perturbations upon lipid binding to SCP2. NMR titration experiments of SCP2 with lipid ligands. (A) Taurocholic
acid (TChA) is a conjugation of cholic acid (ChA) with thifleamino sulfonic acid taurin. (B) The binding of acyl-CoA conjugates is
investigated for the saturated stearoyl-CoA (SCoA), the unsaturated linoleoyl-CoA (LCoA), and the acyl moiety. (C) The binding site of
SCP2 is shown for the interaction with TChA. Strong chemical shift changes due to ligand bindirrg@.075 ppm) are indicated by blue
spheres onto a ribbon representation of mSCP2 (PDB code 1C24)D) Strong changes due to interaction of SCoA with SCR2 ¢
0.075 ppm) are indicated by red spheres. (E) Difference in binding between saturated and unsaturated acyl-CoA indicates the location of
the acyl tail in the C-terminal part of the structuted(acyl) = AG(SCP2-LCoA) — AJ(SCP2-LCoA)] indicated in yellow. (F) Overlay
of spectra of free SCP2 (black) and when bound to TChA (blue) or SCoA (red). Residues responding differently to the two ligand classes
are labeled. The concentrations of protein (0.125 and 0.025 mM) and lipids (0.25 TChA and 0.04 mM SCoA) were chosen to obtain
maximal saturation at lipid concentrations below the respective CMCs.
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Ficure 3: Chemical shift changes in NMR titrations of SCP2 with acyl-CoAs. Chemical shift changes observed in NMR titration experiments
of SCP2 with stearoyl-CoA (SCoA) and linoleoyl-CoA (LCoA). D) Residues within the lipid binding site exhibit strongly curved peak
traces. (A, B) For most residues very similar chemical shift perturbations are observed for both acyl-CoA ligands. (C, D) However, amides
of residues im1 (T105) ando3—a5 (K120) respond differently to the saturated (SCoA) or doubly unsaturated (LCoA) acyl-CoA ligand.

(E, F) Residues in the C-terminal PTS1 tail are not affected by the addition of lipid ligands. The protein concentration was 0.2 mM (free,
black), and titration points were measured at protein:ligand molar ratios of 1:0.5 (blue), 1:0.8 (green), 1:1 (yellow), 1:2.4 (red), and 1:4

(cyan).

target site that has general binding affinity for hydrophobic data and the chemical shift perturbation data confirm the
ligands @8). hydrophobic cavity in SCP2 as the lipid binding site, which
Paramagnetic Relaxation Enhancemer@emical shift most likely accommodates the acyl moiety of acyl-CoAs and
perturbations do not only indicate changes due to direct stearic acid derivatives studied (Figure 2, Supporting Infor-
intermolecular proteirtligand contacts but also report on mation Figures 4 and 5).
indirect changes of structure and/or conformational dynamics 'H/?D Exchange Experiment# footprint of the ligand
in response to the ligand burial. Therefore, we employed an on the protein structure can be monitoredhtf?D exchange
alternative experimental approach to more directly map the experiments recorded in the absence and presence of high-
ligand binding site using paramagnetic relaxation enhance- affinity ligands @9). In the absence of ligands, we observe
ment (PRE) experiment&7) with spin-labeled acyl deriva-  protected amide groups in all secondary structure elements
tive ligands (Supporting Information Figure 5). The binding of the SCP2 core structure with the exception of helicés
of 5-doxyl- or 16-doxylstearic acid shows a bleaching pattern anda5. No amides are protected in the N-terminal precursor
that mainly affects residues in heliced anda3—ab5, with or the C-terminal PTS1 tails of SCP2. In the presence of
smaller effects for residues in thfesheet. Thus, the PRE lipid ligands, the'H/’D exchange experiments show ad-
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Ficure 4. 'H/?D exchange experiments, temperature dependence of chemical shiftéNahdrelaxation data of SCP2 (free and bound

to lipid ligand). (A) 'H/2D exchange experiments of m- and preSCP2 at 0.125 mM at 295 K. Protected amides are indicated by the presence
of the amide proton NMR signal after 10 min. The pattern of protected amides is comparable for both forms of SCP2; no protected amides
could be detected in the N-terminal precursor, helwésaanda5, and the C-terminal peroxisomal targeting signal. In the presence of lipid
ligands, stearoyl-CoA (SCoA, 0.4 mM, red), linoleoyl-CoA (LCoA, 0.4 mM, green), cholate (ChA, 1.0 mM, orange), and taurocholate
(TChA, 1.0 mM, cyan), additional amides become protected. (B) This is indicated by spheres if the protection effect is observed for at least
three different ligands. (C) Spectral regions showing chemical shift changes depending on the temperature of mSCP2 at 285 K (black) to
315 K (magenta) in steps of 5 K. The chemical shifts of residues G26 and G65 show a linear temperature dependence, whereas the chemical
shifts of K120 and G126, for example, show a curve temperature dependence. (D) Residues with curved chemical shift temperature dependence
are mapped onto the structure of SCP2, indicating regions involved in conformational excB&nd&) >N T, relaxation experiments

show that the N- and C-termini are highly flexible independent of the absence or presence of lipid ligands. In the free state (0.4 mM
mSCP2, blue), residues in the core of the SCP2 fold have an avEragéue of 52 ms, consistent with a monomer of 13.4 kB8 (T1/T,

= 14 at 295 K). Residues in helicegl anda5 have reduced; values indicative of exchange broadening. This effect is lost in the presence

of the stearoyl-CoA ligand (0.8 mM, red). (F) Residues with loWigrvalues in the absence of SCoA than in the presence of SCoA are
highlighted on the structure of SCP2.

ditional protected amides compared to free SCP2 especiallyrearrangements linked with ligand binding, and/or a change
for residues in helicea3—o5 (Figure 4A,B). The additional  in conformational dynamics upon ligand binding.
protection may result from direct shielding of amides from  The existence of conformational flexibility is suggested
the solvent and/or from rigidifying of the protein backbone by a significant temperature dependence of the amide
associated with ligand binding. The region exhibiting ad- chemical shifts. In rigid parts of the molecule increased
ditional protection of amides in the presence of lipid ligands random motion at elevated temperatures correlates with a
agrees well with the chemical shift perturbation and linear change of chemical shifts, while regions of a protein
PRE data (Figures 2C,D and 4B, Supporting Information involved in conformational exchange processes between
Figure 5). alternative conformations will exhibit a curved temperature
NMR Titration Cuwes.In the course of the NMR titrations  dependence of chemical shift80]. In SCP2 significantly
of SCP2 with lipid ligands the traces of amide chemical shift curved chemical shift temperature dependences are observed
changes are in many cases strongly curved (Figure 3,for 41 of 126 backbone amides including althelices in
Supporting Information Figure 6). This demonstrates that the the structure (Figure 4C,D). The residues affected are located
ligand binding event is more complex than a simple docking in the surrounding of the lipid binding cavity.
of two rigid bodies. Several possibilities may account for ~ Conformational Dynamics at Microsecond to Millisecond
this: The curved titration traces may indicate the binding Time ScalesThe NMR titrations (as a function of lipid
site of a second ligand (with weaker affinity), structural ligands and temperature) as well as th#&?D exchange
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experiments suggest that ligand binding of SCP2 is associatedow heteronuclear NOE values, shortéN T; and longer
with a reduction in backbone mobility of residues located °N T, relaxation times compared to the structured core of
in the binding site. We, therefore, wished to further char- SCP2, and no solvent-protected amides could be detected
acterize this potential conformational dynamics. First, we for residues in the N- or C-terminal tail (Supporting
recorded>N relaxation data for SCP2 free and in complex Information Figure 7, Figure 4A). In addition, the intensities
with acyl-CoAs (Figure 4E,F, Supporting Information Figure and positions of NMR signals of residues in the C-terminal
7). The relaxation data of the free and acyl-CoA-bound state PTS1 sequence are virtually identical in spectra of preSCP2
show differences in the hetereonuclear NOE and transverseor mSCP2, indicating that there is no interaction between
(T,) relaxation values in the C-terminal region (residues-100 the N-terminal precursor sequence and the C-terminal PTS1
135, comprising helicesx3—o05) of SCP2 (Supporting  motif, consistent with previous finding44). Thus,'H/’D
Information Figure 7). Differences in the heteronuclear NOE exchange experiments, line shape and relaxation analyses
indicate that mobility at picosecond to nanosecond time confirm that the two termini lack structural order in the
scales is lost upon lipid binding. Residues in the three absence or presence of lipid ligands.

C-terminal helices also exhibit lowé&iN T relaxation times Interaction with the Peroxisomal Targeting Receptor
in free SCP2 (compared to the average value). This suggest$ex5p Peroxisomal import is proposed to translocate folded,
conformational mobility at slower (microsecond to mil-  jiganded, and functional cargo proteins across the peroxi-

lisecond) times scales for these residues. Notably, the reducedomal membrane3@). In order to assess whether the
N T relaxation times are only observed in the unliganded interaction of SCP2 with the peroxisomal targeting receptor
state. Thus, thé*N relaxation experiments indicate that pex5p can modulate the lipid binding of SCP2, we have
peptide backbone mobility in this C-terminal region is titrated SCP2 with lipid ligands in the absence and presence
reduced upon lipid binding. of the TPR domain of the Pex5p receptor (Figure 6,
We further examined mobility at microsecond to mil-  Supporting Information Figure 8). The formation of a stable
lisecond times scales by using exchange relaxation compens0 kDa SCP2Pex5p cargo-receptor complex (free Pex5p,
sated HSQC experiment3], 32). The exchange contribution  PDB code 1COM; mSCP2-bound Pex5p, PBD code 1COL)
to transverse relaxation during the pulse sequence of a(26) is evidenced by large chemical shift changes in the
'H,*N-HSQC experiment can be refocused using €arr  C-terminal PTS1 of SCP2 (Figure 6A) and an overall
Purcel-Meiboom-Gill (CPMG) spin echoes25, 33). By reduction of 15N transverse relaxation times (Figure 6D).
reducing the exchange contribution to the relaxation process,when stearoyl-CoA is added to a complex&-labeled
an increased intensity ratio of HSQC to CPMG signals is mSCP2 and the unlabeled Pex5p TPR domain, chemical shift
observed for residues which exhibit dynamics on microsec- perturbations are observed in the same regions as seen in
ond to millisecond time scales. The exchange contribution the titration of mMSCP2 without Pex5p, i.e., heliags—a5
was studied at three different temperatures (290, 300, and(Figure 6B,C, Supporting Information Figure 8)’ albeit
310 K) in the absence and presence of linoleoyl-CoA (Figure apsolute values of the chemical shift perturbations are
5). At 310 K the majority of backbone residues in free SCP2 decreased compared to binding of SCoA to SCP2 alone.
are not SUbJEf'C.t to Che”?'ca' exchangg processes at micro- 1, aqgition to the interaction of the C-terminal PTS1 motif
second to millisecond time scales (Figure 5A). At lower of SCP2, helicesul and a3 form a secondary binding
temperatures amide signals of all helical secondary Structure| 1o rface ,with the Pex5p receptad). The chemical shift

elgments are strongly subject to broad.ening due to e.XChangeperturbations upon lipid binding show that, even when bound
(Figure 5B-D). The presence of the linoleoyl-CoA ligand to Pex5p, SCP2 can bind its lipid ligands and confirm

silences these motions, and residues -1786 are most experiments using spin-labeled lipid derivativ@s)( How-
strongly affected by this reduction in backbone mobility e the reduced size of the chemical shift perturbations
(Figure SE). Remarkably, the region that experiences a strongg 6145 that the binding site properties are modulated. A
redu_ct|on Of. dynam.|cs. correlgtes well Wlth_hel|cm3—a5 comparison of transverseN (Ty,) relaxation times of SCP2
framing the ligand binding cavity of SCP2 (Figure 2). Amore go0"anq pound to Pex5p indicates that conformational
detailed and quantitative analysis can be obtained from 4 namics on microsecond to millisecond time scales seen
relaxation dispersion experiments at different temperaturese . 1 liceson3—a5 in free SCP2 (Figures 5, 6D) is not present

and different field strengths. Preliminary measurements when bound to Pex5p (Figure 6D). Thus, conformational

confirm that binding site residues exhibit significant relax- dynamics, which is present in free SbPZ i’s lost upon either

ation dispersion (data not shown). binding to lipid ligands or binding to Pex5p. Intriguingly,
Unstructured Precursor and Targeting Sequences Do Not ajicesq1 anda3 are part of the lipid binding site and also

Influence Ligand BindingWe have also studied the effect o nqityte the secondary binding interface with Pex5p (Figure
of the precursor and C-terminal PTS1 targeting sequences6E) 26).

on the SCP2lipid interaction (Figure 1). We compared

binding of linoleoyl-CoA to the precursor form (preSCP2) pSCUSSION

and the mature form (MSCP2), lacking the N-terminal

precursor sequence. Titration experiments of mSCP2 and Binding of Structurally Dierse Ligands into a Hydro-
preSCP2 with lipid ligands are highly comparable, and no phobic Binding PockeODur data show that the SCP2 protein
differences in terms of binding affinity or the extent of can be divided into three functionally independent seg-
chemical shift perturbation are observed (data not shown) ments: a disordered N-terminal precursor motif due to
(26). No chemical shift perturbations are observed for alternative translation initiation, a core domain mediating
residues in the N- or C-terminal tails of mSCP2 upon lipid lipid binding, and a structurally independent peroxisomal
binding. The precursor sequence and the PTS1 motif exhibittargeting signal responsible for protein sorting (Figure 1D).
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Ficure 5: Conformational dynamics at microsecond to millisecond time scales in free and lipid-bound SCR2,. I(#ensity ratio of

NMR signals intH,’5N-HSQC experiments of 0.2 mM mSCP2 with and without a 32 exchange relaxation compensating CPMG element
during the pulse sequence recorded at 290 K, 300 K, and 310 K in the absence (blue) and presence of linoleoyl 0.4 mM LCoA (red). For
most residues an average intensity ra@PMG)I(HSQC) of 0.63+ 20% is observed. (D) Residues strongly affected (with a intensity

ratio >0.75) are displayed as spheres on the structure of SCP2. (E) Residues whose intensity ratio is strongly affected by LCoA binding
show reduced intensity ratios by more than 25% and are plotted onto the structure of SCP2.

0.0

We have studied the interaction of SCP2 with physiological The Conformation of Termini Is Independent of the Lipid
ligands and confirmed that the hydrophobic cavity of SCP2 Binding DomainBoth the N- and C-terminal precursor and
is a common binding site for lipophilic ligands. The chemical PTS1 sequences are unstructured and highly flexible in pre/
shift perturbation data suggest that helicgs-o5 mediate MSCP2. None of the residues in the 20 amino acid N-
the binding of the acyl chain. Nonspecific hydrophobic terminal precursor or the three C-terminal residues of the
interactions presumably dominate the interaction, which may peroxisomal targeting signal are affected in the lipid titrations
explain the binding preference for acyl-CoA derivativiss ( and remain flexibly disordered (data not shown). Further,

= 89 4+ 30 nM; W. A. Stanley, personal communication),

long-chain fatty acidsKp = 234 + 47 nM) (35), and
cholesterol Kp = 4.2 + 0.7 nM) 8). Polar side chains
lining the hydrophobic binding cavity might contribute

the N-terminal precursor does not influence the interaction
with the peroxisomal targeting receptor Pex2g)( These
data show that a previously proposed putative function of
the N-terminal precursor motif for organellar sortirig) is

additional electrostatic contacts and be responsible for thestructurally clearly separated from the lipid binding function
observed binding preferences for acyl-CoAs over more polar of the core domain.

lipids such as bile acids. For example, polar modifications

Recently, it was described that removal of a lipophilic

of the sterol scaffold of cholesterol substantially lower the ligand in a molecular dynamics simulation caused the

affinity for bile acids Kp = 144 + 6 uM) (Supporting

Information Figure 3) significantly compared to cholesterol.

C-terminus to collapse into a coiled-coil conformation and
the PTS1 residues to retract toward the protein, leaving them
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Ficure 6: Effects of the peroxisomal import receptor Pex5p TPR domain on lipid binding of SCP2. (A) Chemical shift perturhations

upon binding of the Pex5p TPR domain (0.2 mM)¥d mSCP (0.2 mM) affect two secondary binding regions (contacts | and Il, blue)

in addition to the major interaction site mediated by the C-terminal PTS1 (contact Ill, magenta). (B, C) Chemical shift perturbation upon
binding of stearoyl-CoA to 0.4 mM3N mSCP2 in the absence (B) and in the presence (C) of the equimolar Pex5p TPR domain. (D)
Comparison of®N (Ty,) transverse relaxation experiments of free mSCP2 and when bound to Pex5p TPR domaii, \fdlaes of

flexible terminal regions are significantly higher compared to the average values for residues in the core of the domain. Due to the interaction
with Pex5p,Ty, values of residues in the PTSL tail are strongly reduced, indicating that they become highly ordered. The large difference
in molecular mass between free mSCP2 (13.4 kDa) and the SCP2/Pex5p TPR domain complex (49.6 kDa) is reflected in a general reduction
of the averagd, values. (E) Strong chemical shift perturbations)(> 0.075 ppm) are plotted onto a ribbon representation of mSCP2 in
complex with the Pex5p TPR domain (PDB code 1CORE)(Besides the main interaction site via the PTS1 (magenta), additional contacts

are employed (contacts | and I, blue). (F) Lipid binding affects the secondary binding site of Pex5p but not the PTS1 tail (compare to
Figure 2D).

poorly exposed7). By reversing this observation, a ligand- ligand binding, thereby exposing the PTS1 residue uptake
assisted targeting mechanism was proposed, where the PTSfor the interaction with the Pex5p receptor. However, at
motif is pushed away from the SCP2 fold in response to variance with this model none of our experiments indicate
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that the PTS1 is affected by the presence of a lipid ligand structural plasticity that enables the protein to bind two
(Figures 3E,F, 4E, and 6C, Supporting Information Figures molecules of cholic acid37). The proposed entry portal of
4, 6, and 7). Thé®N relaxation data clearly show that the adipocyte fatty acid-binding protein displays a high degree
targeting signal is disordered and highly flexible, independent of flexibility evidenced by'®>N and?H relaxation analysis
of the core lipid binding domain or its ligand binding state. (38). Conformational dynamics of the ligand entry site may
Thus, the proposed ligand-assisted targeting mechadigm ( allow the protein to bind larger ligands in comparison with

is not supported by our data. The flexibility of the linker
connecting the last-helix of the sterol carrier fold and the

fatty acid-binding proteins with more rigid binding cavities.
In addition to mobility of residues in the lipid binding

PTS1 motif demonstrates that lipid binding and Pex5p region of the protein, fatty acid ligands themselves might

binding by SCP2 are modular and structurally separated.
Conformational Dynamics af-Helices Framing the Lipid
Binding Caiity. SCP2 hinds nonspecifically to various lipid

not be rigidly anchored within the binding pock&9{. A
NMR relaxation study of myristate bound to human serum
albumin has revealed that the lipid is mobile within its limited

ligands. This is also reflected by structural variations seen binding cavity 40). The widespread chemical shift perturba-

in the crystal structures of SCP2 bound to Triton X-100 or
palmitate (0, 11). The available free and ligand-bound SCP2
structures are very similar with respect to the cerfiraheet
(11, 12) but deviate most in the layer of-helices attached
to the 5-sheet scaffold {0—13) (Figure 1).

tions affecting many amides during the lipid titrations with
SCP2 could therefore, in addition to changes in protein
dynamics, also reflect mobility of the lipid ligand within the
hydrophobic cavity.

Potential Cross-Talk between Lipid Binding and Pex5p

Here, we have shown that the structural plasticity seen in Binding. The equilibrium binding constants for the interaction
the free and ligand-bound structures of SCP2 is paralleledof SCP2 free and when bound to Pex5p with lipid ligands
by conformational dynamics. The NMR titrations of SCP2 are very similar Kp(Pex5p+ mSCP)= 109 + 34 nM, Kp-
with bile acids and acyl-CoAs show a curved behavior (Pex5p+ mSCP(SCoA) 124+ 17 nM (26)], suggesting
(Figure 3) B0). The bent titration curves indicate that the that lipid binding is independent of the Pex5p interaction.
backbone amides experience different chemical environmentsNevertheless, the observed reduction in conformational
in the course of the titration, reflecting not only the degree dynamics in the C-terminal region of SCP2 upon binding to
of saturation of the ligand binding site but also associated lipids or to Pex5p could represent a mechanism for how the
conformational changes in the protein. Conformational receptor may sense the lipid loading state of its cargo protein
dynamics is further indicated by the unusual amide chemical (i.e., SCP2). The Pex5p peroxisomal targeting receptor
shift temperature dependence, which is curved for many contacts SCP2 via a secondary binding site, which intrigu-
residues located in the core binding cavity (Figure 4C,D). ingly overlaps with regions involved in lipid binding (Figure
These data indicate that ligand binding by SCP2 is intimately 6E). The NMR relaxation data show that conformational
linked with conformational dynamics. dynamics of residues located in this region site is lost upon

Our NMR relaxation data (Figure 4E,F, Supporting binding of SCP2 to either the lipid ligand or the Pex5p
Information Figure 7) provide direct evidence for the receptor (Figures 4E, 6D). Thus, the binding of SCP2 to
presence of conformational flexibility (at picosecond to lipids causes the binding region to rigidify. Therefore, the
nanosecond time scales) in the SCP2 peptide backbonehinding of lipid-loaded SCP2 may be associated with a
which is also hinted by elevated X-rag-factors in the smaller loss in conformational entropy upon binding to the
C-terminal part of the SCP2 structure)(13). Moreover, Pex5p receptor. As the equilibrium lipid binding affinities
the CPMG/HSQC experiments (Figure 5) indicate the of SCP2 and SCP2-Pex5p are very similar, this effect must
presence of backbone dynamics also at slow (microsecondbe small at least under equilibrium conditions. However, the
to millisecond) time scales. The NMR relaxation experiments binding kinetics could be altered and communicate the lipid

show that helicesx3—a5 are strongly involved in these
dynamic processes. Intriguingly, the mobility of helioe%—

loading state nevertheless: The silencing of conformational
dynamics in the lipid binding site upon Pex5p binding could

o5 seen in the relaxation data is lost in the presence of lipid play a role in preserving the lipid loading state of SCP2 while

ligands. This correlates well with the additional protection
of amide protons observed for the same regiortHi*D
exchange experiments (Figure 4A,B).

The ability of this region of the protein to adapt its
conformation in response to ligand interaction is very likely
linked to the nonspecific lipid binding properties of SCP2.
Conformational dynamics may enable structurally quite

bound to the targeting receptor. Peroxisomal protein import
is proposed to involve translocation of folded substra@d} (
and thus requires passing through a lipophilic membrane.
In this environment, the SCP2ipid complex might disas-
semble during the import process and the lipid could escape
into the membrane, instead of being transferred to the
peroxisomal matrix. A rigidified import complex may thus

diverse lipid ligands to access the occluded hydrophobic support the lipid transfer activity of SCP2 during peroxisomal

cavity and to optimize proteinligand contacts as seen in
the structural plasticity of the SCP2gand complexes. A

protein import via Pex5p.
Numerous cellular functions have been proposed for SCP2,

related model has been proposed for the cavity mutant L99A and previous structural and biochemical studies have con-
of lysozyme, where residues framing the hydrophobic cavity tributed to understanding the protein as a cargo for organellar

sample a higher energy statg6] and exchange processes
facilitate the rapid uptake of hydrophobic ligands into an
otherwise inaccessible binding pocket.

Other lipid binding protein classes also exhibit plasticity
and dynamics in their ligand binding pocket. The crystal
structure of the liver bile acid-binding protein shows

import. Here, we show that the ability of SCP2 to bind to
structurally quite diverse ligands may be intimately linked
to conformational dynamics on microsecond to millisecond
time scales. A reduction of this mobility upon ligand binding
might communicate the lipid loading state of SCP2 to the
peroxisomal targeting receptor and play a role for translo-
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cation across the membrane. These functional properties
enable the unspecific lipid binding protein SCP2 to be
effectively involved in organellar lipid transfer and mainte-
nance of lipid homeostasis.
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