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Sterol Carrier Protein 2 (SCP2) has been associated with lipid binding and transfer activities. However, genomic,
proteomic, and structural studies revealed that it is an ubiquitous domain of complex proteins with a variety
functions in all forms of life. High-resolution structures of representative SCP2 domains are available, encourag-
ing a comprehensive review of the structural basis for its success. Most SCP2 domains pertain to threemajor fam-
ilies and are frequently found as stand-alone or at the C-termini of lipid related peroxisomal enzymes,
acetyltransferases causing bacterial resistance, and bacterial environmentally important sulfatases. We (1) ana-
lyzed the structural basis of the fold and the classification of SCP2 domains; (2) identified structure-determined
sequence features; (3) compared the lipid binding cavity of SCP2 and other lipid binding proteins; (4) surveyed
proposed mechanisms of SCP2 mediated lipid transfer between membranes; and (5) uncovered a possible new
function of the SCP2 domain as a protein-protein recognition device.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

A long standing tenet in biochemistry is that there are specialized,
non-catalytic, soluble, lipid-binding proteins that facilitate lipid storage,
traffic, signaling, and metabolisms within the cell. This notion arose to
reconcile the sparing water solubility of most lipids with biophysical
mechanisms –such as binding and specific recognition– that involve
dissolved molecules in aqueous phases.

The idea of ‘Lipid Binding Proteins’ (LBP) as lipid carriers and deposits
appeared in the early 1970s [1], and since it has been the inspiration for a
large number of investigations. These investigations provided clear and
definitive evidence of the in vitro activity of many different soluble LBP.
However, their in vivo activity turned to be much more difficult to
establish and is the subject of intense debate. This difficulty is likely due
to the multiplicity of soluble LBP in the cell and the redundancy of their
action, which makes almost impossible to ascribe an specific functional
effect to a single protein. The issue was recently reviewed [2–4].
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Because of its ubiquity, binding properties, and tendency to be in
multidomain proteins, the SCP2 domain is prominent among LBP. The
discovery of SCP2 was the result of early efforts to identify and charac-
terize cytosolic factors required for the microsomal synthesis of choles-
terol and enhanced transfer of phospholipids between membranes.
Since this protein –purified from rat tissues– was characterized inde-
pendently by four different groups, it was also named ‘non-specific
Lipid-Transfer Protein’ (nsLTP) or ‘nonspecific-phospholipid-transfer
protein’ [5–8]. Unfortunately, the name ‘non-specific lipid transfer pro-
tein’ was later also used to identify an unrelated family of plant LBP,
which constitutes a frequent source of confusions [9].

As the study of SCP2 progressed, its capacity of bindingwith high af-
finity to many different lipids was unveiled. It also became apparent
that SCP2may havemany roles beyond binding sterols or transfer phos-
pholipids in mammals, and it is found lone (unfused) or in a large vari-
ety of multidomain proteins in bacteria, archaea, and all kind of
eukaryotes.

In eukaryotes, SCP2 is present at the C-termini of peroxisomal en-
zymes involved in beta oxidation of straight and 2-methyl-branched-
chain fatty acyl-CoAs. One of these, peroxisomal multifunctional en-
zyme type 2, possesses, besides SCP2, enoyl-CoA hydratase and a
(3R)-hydroxyacyl-CoA dehydrogenase domains. Another, peroxisomal
3-oxoacyl-CoA thiolase has a C-terminal SCP2 domain. In both, SCP2
seems to be crucial for peroxisome import.

SCP2 are especially relevant in bacteria. ‘Eis’ (Enhanced Intracellular
Survival) proteins are versatile acetyltransferases that acetylate amines
atmultiple positions of aminoglycosides, inactivating them and causing
bacteria resistance [10–12]. These proteins have three domains, two are
GNAT N–acetyltransferase domains and the third is a C-terminal SCP2.
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In them SCP2 contributes its C–terminal carboxylate to the catalytic
mechanism of the acetylase domain. Eis homologues are present in di-
verse bacteria, including many pathogens and are the subject of a very
intense research aimed to identify drugs inhibitors for clinical use [13].

Another example of multidomain bacterial proteins containing a
SCP2 domain are alkyl sulfatases, which posses: a N–terminal catalytic
domain with a binuclear Zn2+ cluster pertaining to the metallo–
lactamase family, a dimerization domain, and a C–terminal SCP2 do-
main [14]. The binding cavity of the SCP2 domain is physically connect-
ed to the catalytic domain, thus suggesting a role in the canalization of
long chain aliphatic substrates to the active site.

Such a variety of cell contexts and domain architectures suggests
multiple functions for SCP2. In the last decadewe havewitnessed signif-
icant advances in the structural characterization of SCP2 domains from
many different cells and organisms. Also, the significance of the multi-
domain organization of extant proteins became widely recognized
[15]. Thus, it seems opportune time to review the structure-function re-
lationship of SCP2 with a general perspective across all branches of life.
The main focus of this review will be on the structural aspects of SCP2.
Excellent reviews on the physiology, biochemistry, cellular biology,
and molecular evolution of SCP2 are available [16–23].

2. The SCP2 superfamily of proteins

According to Pfam [24], the SCP2 superfamily includes sequences
from four families: SCP2 (PF02036), SCP2_2 (PF13530), Alkyl_sulf_C
(PF14864), and MDMPI_C (PF07398). Each one has a distinct Hidden
Markov Model (HMM) sequence profile [25]. The SCP2 family is the
most numerous and diverse, including stand-alone SCP2 domains and
different multi domain proteins. The second most numerous family,
SCP2_2, includes multidomain proteins, mostly associated with bacteri-
al acetyl transferases. The third, Alkyl_sulf_C is a SCP2 domain present in
bacterial alkyl sulfatases, alone or associated with a metallo-beta-
lactamase domains. Finally, the MDMPI_C domain is found at the C-ter-
minus of the mycothiol maleylpyruvate isomerase enzyme MDMPI.
However, whether MDMPI_C domain can be considered an SCP2 do-
main is doubtful, since the only structure reported for mycothiol
maleylpyruvate isomerase exhibits partial similarity to the SCP2 fold
but lacks some of its typical secondary structure elements [26].

The extant SCP2 sequences includes circa 17,000members cataloged
in InterPro (http://www.ebi.ac.uk/interpro/; [27]) as the ‘SCP2 sterol-
binding’ domain (IPR003033). For this domain, InterPro lists stand-
alone proteins and multidomain proteins formed by 203 combinations
of SCP2 domains with 114 different well-characterized domains.

Over 80% of the SCP2 sequences are from Bacteria. Among the
most populated proteins in this group are: Eis acetyltransferase,
alkyl sulfatase, stand-alone SCP2 or repeats thereof, transcriptional reg-
ulator, HxlR family, putative short-chain dehydrogenase, mycothiol
maleylpyruvate isomerase, flavodoxin reductase family 1, protein ki-
nase UbiB, alpha/beta hydrolase, cupin, 4Fe\\4S ferredoxin, flavin re-
ductase, and 3-phosphoglycerate dehydrogenase.

In Archaea, conspicuous SCP2 containing proteins are: Eis acetyl-
transferase, alkyl sulfatase, and stand-alone or tandem SCP2 proteins.

Among Eukaryota, typical SCP2 multidomain proteins are: hydroxy-
steroid dehydrogenase-like protein 2, peroxisomal multifunctional en-
zyme type 2, stomatin-like protein 1, bifunctional hydroxyacyl-CoA
dehydrogenase/enoyl-CoA hydratase, major sperm protein, thiolase,
alkyl sulfatase, nitrite/sulfite reductase ferredoxin-like, abc transporter,
podocan, centrosomal protein isoform x3 protein, DHB4, protein CBR-
UNC-24, estradiol 17 beta-dehydrogenase, protein serine/threonine
phosphatase 2C. Also, eukaryotic cells contain single-domain SCP2 pro-
teins, an architecture that is, with few exceptions, the most observed in
plants.

The definition of SCP2 domains is based in the current set
of sequence profiles in the data banks. Profiles relate sequence peculiar-
ities to specific folds. Thus, additional SCP2 domains might be
discovered examining the folds of solved structures. To that end, we
searched the RCS PDB [28] using 3-D pattern recognitions algorithms
(http://ekhidna.biocenter.helsinki.fi/dali_server/; [29]) and found only
one SCP2 domain that scores negative with the current set of sequence
profiles. It is MycE methyltransferase, a two-domain bacterial enzyme
that catalyzes the O-methylation of sugars [30]. Since this SCP2 domain
possesses no sequence similarity to the those already included in the
SCP2 families, it may be used to build a new sequence profile and iden-
tify new SCP2 domains with unknown structures. The UniProt ID
(http://www.uniprot.org/) and proposed names of the SCP2 domains
analyzed in this review are listed in Table 1. Since abbreviated names
given by different authors to SCP2 domains could be very confusing, in
the text the domains are referred to by UniProt ID.

3. The structure of SCP2 domains

Several SCP2 domains from all branches of life have been character-
ized so far with atomic detail. A catalog of selected structures is shown
in Table 2. Not included in this catalog are incomplete, highly-decorated
or severely distorted versions of the SCP2 fold that presumably are un-
related to the basic domain (for instance: Pfam entries LytR_cpsA_psr
and Protein of Unknown Function DUF3197; or SCOP entry SCP2-like
mycothiol-dependent maleylpyruvate isomerase [31]).

SCP2 fold pertains to theα+ β class of protein domains. The overall
shape of the domain is dome-like, with a five-stranded β sheet as the
floor and four α-helical elements forming the walls and roof. It com-
prises two layers of secondary structure and a connection loop
(Fig. 1). Within the α + β class, SCOP database 1.75 defined the fold
as: alpha-beta(3)-X-beta-alpha(2)-beta-alpha (2 layers: a/b, crossover
loop X makes the third layer; antiparallel beta-sheet of five strands;
order: 32145).

The fold design is remarkable in several ways. The five-stranded β
sheet is bipartite, comprising one three-stranded antiparallel element
from the N-terminus and one two-stranded element from the C-termi-
nus. The arrangement of the resulting β sheet forces the whole main
chain to an entropically expensive detour to arrive to the final native
fold, including a long crossover loop connecting parallel strand S3 and
S4. Finally, the arrangement of elements in the α-helical layer allows
for the formation of the walls and roof of the dome-like structure and
of a circular opening on the top, which is the main entry to the internal
cavity that may serve as lipid binding site.

Twenty two superposed SCP2 structures (Table 2) are shown in
Fig. 2. In spite that these structures sample all major branches of life,
the superposition indicates a remarkable persistence of the secondary
structural elements and their mutual spatial orientation. The structural
conservation can also be appreciated by the plot of RMSD vs fraction
of superposed residues (Fig. 2B); it can be seen that a group of bacterial
SCP2 is the more deviant, but some SCP2 from Bacteria and Archaea
cluster with yeast, insect, and mammal SCP2.

4. Sequence determinants of the SCP2 fold

SCP2 sequences of the twenty two superposed structureswereman-
ually aligned based upon structural equivalence (Fig. 3). Residues were
considered structurally equivalent if they had similar space location,
backbone torsion angles, and side-chain orientation. Most, but not all,
residues could be unambiguously assigned; those that could not were
located arbitrarily in the proximity of the aligned ones. The alignment
highlights the conservation of the secondary structure elements. It can
be seen that helix 1 bends 45° resulting in two segments, H1a and H1b
(Fig. 1) in mammal, yeast, archaea and some bacterial SCP2. Notably,
H1b is absent in insect and most bacterial SCP2. On another hand, H4
alignment must be considered tentative, for this segment adopts very
different orientations (see Fig. 2). The remaining elements of secondary
structure are very well conserved among all the analyzed SCP2.

http://www.ebi.ac.uk/interpro/;
http://ekhidna.biocenter.helsinki.fi/dali_server/;
http://www.uniprot.org


Table 1
UniProt ID and recommended and alternative parent protein names of the main SCP2 domains discussed in this review.

UniProt ID Res. Species Protein names

DHB4_HUMAN 628–731 Homo sapiens Peroxisomal multifunctional enzyme
type 2; MFE-2; beta-hydroxysteroid
dehydrogenase 4; 17-beta-HSD 4 D-
bifunctional protein;
DBP Multifunctional protein 2.

NLTP_HUMAN 433–543 Homo sapiens Non-specific lipid-transfer protein;
NSL-TP;
Propanoyl-CoA C-acyltransferase;
SCP-chi SCPX Sterol carrier protein 2;
SCP-2 Sterol carrier protein X; SCP-X.

NLTP_RABIT 433–543 Oryctolagus cuniculus Non-specific lipid-transfer protein;
NSL-TP;
Propanoyl-CoA C-acyltransferase;
SCP-chi SCPX Sterol carrier protein 2;
SCP-2 Sterol carrier protein X; SCP-X.

K7NSY9_HELAM 423–519 Helicoverpa armigera Sterol carrier protein 2/3-oxoacyl-CoA
thiolase

Q0GY13_AEDAE 1–105 Aedes aegypti Sterol carrier protein 2-like 2
Q16LC3_AEDAE 1–120 Aedes aegypti AAEL012704-PA
Q86PR3_AEDAE 1–110 Aedes aegypti Sterol carrier protein 2
SCP2_YARLI 1–129 Yarrowia lipolytica Fatty acid-binding protein;

Sterol carrier protein 2; YLSCP2.
O28738_ARCFU 1–116 Archaeoglobus fulgidus unspecified; uncharacterized protein
Q5SL92_THET 1–130 Thermus thermophilus unspecified; uncharacterized protein
A0QY29_MYCS2 297–402 Mycobacterium smegmatis Enhanced intracellular survival

protein; Eis.
EIS_MYCTU 299–402 Mycobacterium tuberculosis Enhanced intracellular survival

protein; Eis.
D2PVF8_KRIFD 282–389 Kribbella flavida GCN5-related N-acetyltransferase
Q3M362_ANAVT 290–395 Anabaena variabilis GCN5-related N-acetyltransferase
Q6HXD7_BACAN 285–390 Bacillus anthracis Acetyltransferase
Q831Y9_ENTFA 286–397 Enterococcus faecalis unspecified; uncharacterized protein
Q9I5I9_PSEAE 538–655 Pseudomonas aeruginosa SDS hydrolase SdsA1
F8KAY7_9PSED 547–660 Pseudomonas sp. Sec-alkylsulfatase
F2WP51_9PSED 548–674 Pseudomonas sp. PSdsA
YJCS_ECOLI 543–661 Escherichia coli Putative alkyl/aryl-sulfatase YjcS
MYCE_MICGR 6–164 Micromonospora griseorubida Mycinamicin VI 2′-O-methyltransferase;

Mycinamicin biosynthesis protein E.
NLTP_BOVIN 429–539 Bos taurus Non-specific lipid-transfer protein;

NSL-TP;
Propanoyl-CoA C-acyltransferase;
SCP-chi; SCPX;
Sterol carrier protein 2;
SCP-2 Sterol carrier protein X; SCP-X.

NLTP_RAT 433–543 Rattus norvegicus Non-specific lipid-transfer protein;
NSL-TP; Propanoyl-CoA
C-acyltransferase;
SCP-chi; SCPX;
Sterol carrier protein 2;
SCP-2 Sterol carrier protein X; SCP-X.

B0FSK0_TOXGO 352–444 Toxoplasma gondii D-bifunctional protein
521–619
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A closer examination of the aligned structures allowed identification
of a subset of thirteen residues playing a structural core role in all SCP2
structures. The identification was achieved by counting the non local
number of intramolecular contacts established by the side chains (the
search parameters were a distance of 4.5 Å or less and a number of con-
tacts greater than ten). Equivalent residues that fulfill these require-
ments in most of the structures are marked with an asterisk in the
alignment of Fig. 3. These thirteen residues concentrate a large number
of long-range stabilizing contacts and can be considered a basic frame-
work for the whole SCP2 structure. Their location in the structure is
shown with an example in Fig. 4.

Once identified the structural core positions, it was trivial to locate
their cognates in conventional sequence alignments. Thus, all the se-
quences listed in Pfam as SCP2 entries plus the MycEmethyltransferase
group identified in this work as pertaining to the SCP2 fold (2469 se-
quences) were statistically analyzed (Fig. 4, lower panel). Remarkably,
in most cases, the structural core positions are occupied only by two
or three of a reduced subset of residues:W, F, L, V, I, andM. These highly
frequent residues are of a bulky hydrophobic character.

The interactions established by the structural core residues dock the
α-helices at optimal distance from the inner face of the SCP2 β-sheet,
and hence determine the amplitude of the putative binding cavity. In-
terestingly, core residues 68 and 88 (Fig. 3) dock in place theN-terminal
part of helix H4, even in the cases where this helix partially unfolds and
extends away from the core tomediate specific protein-protein interac-
tions (see Section 7).

In addition to the above described global structure determinants,
there are other very interesting local sequence-determining features
conserved among SCP2 domains. The first is a subrogation of main-
chain β-strand atoms by a side chain from a residue far in sequence.
This is a trick used some times by proteins to fix geometrical inconsis-
tencies in β-strand pairing. In this case, the parallel pairing of hydrogen
bonds between β-strands S1 and S4, which differ in length and tend to
diverge under the imposition of the overall fold (Fig. 5), is completed



Table 2
A structural catalog of SCP2 domains.

UniProt entrya Residues IDb Pfamc Taxonomy Organizationd Ligande

DHB4_HUMAN 628–731 1iktf SCP2 Eukaryota ○○● OXN
NLTP_HUMAN 433–543 2c0lg SCP2 Eukaryota ○● –
NLTP_RABIT 433–543 1c44h SCP2 Eukaryota ○● –
K7NSY9_HELAM 423–519 4ueii SCP2 Eukaryota ○○● –
Q0GY13_AEDAE 1–105 2qztj SCP2 Eukaryota ● PLM
Q16LC3_AEDAE 1–120 3bkrk SCP2 Eukaryota ● PLM
Q86PR3_AEDAE 1–110 1pz4l SCP2 Eukaryota ● PLM
SCP2_YARLI 1–129 4jgxm SCP2 Eukaryota ● PLM
O28738_ARCFU 1–116 3cnu SCP2 Archaea ● –
Q5SL92_THET 1–130 2cx7n SCP2 Bacteria ● –
A0QY29_MYCS2 297–402 3sxno SCP2_2 Bacteria ○○● –
EIS_MYCTU 299–402 3r1kp SCP2_2 Bacteria ○○● –
D2PVF8_KRIFD 282–389 4my0 SCP2_2 Bacteria ○○● –
Q3M362_ANAVT 290–395 2ozg SCP2_2 Bacteria ○○● –
Q6HXD7_BACAN 285–390 3n7zq SCP2_2 Bacteria ○○● –
Q831Y9_ENTFA 300–402 2i00 SCP2_2 Bacteria ○○● –
Q836T6_ENTFA 286–397 2hv2 SCP2_2 Bacteria ○○● –
Q9I5I9_PSEAE 538–655 2cfur Alkyl_sulf_C Bacteria ○○● PEG
F8KAY7_9PSED 547–660 2yhes Alkyl_sulf_C Bacteria ○○● –
F2WP51_9PSED 548–674 4nur Alkyl_sulf_C Bacteria ○○● –
YJCS_ECOLI 543–661 4pdxt Alkyl_sulf_C Bacteria ○○● –
MYCE_MICGR 6–164 3ssou – Bacteria ●○ –

ahttp://www.uniprot.org/. bEntries in the RCS PDBank (http://www.rcsb.org/) selected as the most representative for each sequence and analyzed in this work. c http://pfam.xfam.org/.
dThe SCP2 domain can be a stand-alone domain or be part of a multidomain protein. The overall organization of the domains along the chain is illustrated by circles and the SCP2 domain
is indicated as a black circles. The assignment was mostly based in InterPro annotations (http://www.ebi.ac.uk/interpro/). eReported ligand in the crystallographic structure: OXN, Triton
X–100; PLM, palmitic acid; PEG, polyethylene glycol. f [58]. g [39]. h [59]. i [56]. j [60]. k [61]. l [38]. m [34]. n [62]. o [10]. p [11]. q [12]. r [14]. s [63]. t [64]. u [30].
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by a side-chain oxygen at position 117 hydrogen bound to amain-chain
N at position 67 (thereafter the sequence numbering will be that of Fig.
3). Judging from conventional alignments, an equivalent hydrogen bond
should be present inmost Eukarya and Archaea SCP2 domains. In Bacte-
ria, this feature is still present but less prevalent, and alternative solu-
tions to the β-strand gap closure problem are more common (for
instance, β-strand S4 is two residue shorter and the hydrogen bond ac-
ceptor is located at position 119).

The second sequence-determining feature is a helical hairpin
(alpha-loop-alpha) connecting antiparallel β-strands S4 and S5 (see
Fig. 1), which are part of a β-hairpin, a motif that typically is connected
by a β-turn or a short loop. Here, the connection is a much more elabo-
rated nested hairpin of two short antiparalell α-helices (H2 and H3).
The loop between the two helices is very demanding in terms of
Fig. 1. SCP2 fold description. Panel A, secondary structure layout. Panel B, cartoon representatio
terminal red, middle with, C-terminal blue). β strands and α-helices are labeled S1—S5 and H1—
somemembers of the SCP2 family a single N-terminal helix is observed. (For interpretation of t
article.)
sequence specificity. To ensure a 180° reversal of the backbonedirection
in a confined space,H2 is C-cappedwith a Schellmannmotif [32], which
is a specific six-residue sequence of dihedral angles used in many pro-
teins to build antiparallel α-helices. One of those φ,ψ dihedral angles
is located in the upper right quadrant of the Ramachandran plot,
which strongly favors residue Gly. As a consequence Gly is present at
position 133 in more than 70% of all SCP2 sequences.

The third instance of a structure-determined sequence feature is the
sharp 90° change in backbone direction that takes place between H3
and S5. It involves only one residue, at position 144, which must adopt
positive φ,ψ values in the Ramachandran Plot and therefore it strongly
favors Gly. Indeed, more than 90% of SCP2 and Alkyl_sulf_C families
have a Gly residue at position 144. In the SCP2_2 family, this residue is
significantly less prevalent.
n of an actual SCP2 fold (RCS PDB ID: 1ikt). Coloring is an atom-index based gradient (N-
H4, respectively. H1 in Panel A corresponds to H1a and H1b in Panel B, to highlight that in

he references to color in this figure legend, the reader is referred to the web version of this

http://sts.bioe.uic.edu/castp/;
http://sts.bioe.uic.edu/castp/;
http://sts.bioe.uic.edu/castp/;
http://sts.bioe.uic.edu/castp/;


Fig. 2. Superposition of SCP2 structures. In the upper panel, superposed structures of 22 SCP2 domains (Table 2) are shown in two views related by a 180° rotation. A Cartoon
representation was chosen to highlight the common conserved elements of secondary structure (H, helix; S, beta strand). Connecting loops were omitted for clarity. The coloring
scheme allows to appreciate the location along the chain of the represented elements: red–white–blue gradient corresponds to N–terminal to C–terminal proximity. In the lower
panel, the RMSD of the superposed structures are plotted as a function of the fraction of residues aligned. Only the structurally equivalent backbone atoms resulting from the
superposition were used to calculate RMSD, and all the structures were superposed to the mammalian SCP2 domain of peroxisomal multifunctional enzyme type 2 (RCS PDB ID: 1ikt).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Finally, at position 151 in the structural alignment of SCP2 and
Alkyl_sulf_C families there is, almost invariably, a Gly residue. Position
151 is simultaneously the end of S5 and the N-cap of H4. Such abrupt
transition between different elements of secondary structure is done
without displacing H4 away from the protein core. A solution to this
constraint is to force the residue at position 151 to adopt a positive φ di-
hedral angle. In doing that, a residue bulkier than Gly would clash with
strand S5, explaining the strong conservation of Gly. In the SCP2_2 fam-
ily (bacterial N-acetyl transferases) position 151 is much more variable,
because the constraint is solved bymaking S5 shorter and thus avoiding
the internal clash. InMycEmethyltransferase,which is probably amem-
ber of a new SCP2 family (see above), the conformational conflict is
solved by the insertion of several residues between S5 and H4.

A general conclusion may be drawn from the above analysis of the
structure-determined sequence features of the SCP2 fold. The degree
of conservation of sequence determined details among SCP2 and
Alkyl_sulf_C families argues in favor of a common evolutionary origin.
Instead, the SCP2_2 and MycE methyltransferase SCP2 families seem
to have arisen from independent ancestral sequences.

5. The central binding cavity

The most important and interesting three-dimensional feature of
SCP2 domains is the large internal cavity present in many of them. As
mentioned above, the cavity has a floor formed by the internal side of
the β–sheet and walls formed by the four α–helices. The volume of
the cavity for the 22 structures listed in Table 2 was calculated using
CASTp [33] and according to Ref. [34] (Table 3). In twelve structures
there are cavities large enough to accommodate bulky hydrophobic li-
gands (N200 Å3).

Human peroxisomal multifunctional enzyme type 2 exhibits one of
the largest binding sites (over 1000Å3; Fig. 6, Panel A), and its cavity is oc-
cupied by amolecule of Triton X–100 –a detergent employed in the crys-
tallization. This enzyme is a three-domain peroxisomal protein, with the
SCP2 domain at the C-terminus. Closely related peroxisomal 3-oxoacyl-
CoA thiolases have a dissimilar cavity pattern: rabbit and human
thiolases posses no cavity (NLTP_HUMAN, 2c0l) and (NLTP_RABIT,
1c44; 280 Å3; Fig. 6, Panel B) possesses a small one. In neither of these
two structures adventitious ligands were present. On the other hand, in-
sect peroxisomal 2/3-oxoacyl-CoA thiolase (K7NSY9_HELAM; 4uei;
Fig. 6, Panel C) exhibits an unoccupied binding site of 320 Å3.

The three lone SCP2 domains from insects (Fig. 6, panels D, E, and F)
exhibit large cavities (560—1120 Å3) and a variety of shapes and ligand
binding habits. In these three proteins there is bound endogenous
palmitic acid with variate stoichiometry, up to two fatty acid molecules
per monomer in SCP2-like 2 (Q0GY13_AEDAE).

Yeast SCP2 (SCP2_YARLI) possesses a large cavity of over 800 Å3

(Fig. 6, Panel G) with one molecule of bound palmitic acid. The ligand
was purposely included in the crystallization liquor to displace natural
ligands that may have been captured in the Escherichia coli expression
cells [34].

There is only one SCP2 fromArchaeawith a solved three dimension-
al structure (O28738_ARCFU; Fig. 6, Panel H). The cavity of this protein is
wide open due to a 90° rigid body movement of the C-terminal helix
and has 376 Å3. The cavity appears empty in the refined model, except
for four water molecules.



Fig. 3. Structure-guided alignment of SCP2 sequences. The sequences of the structures listed in Table 2 and superposed in Fig. 2 were aligned by hand, following a structural criteria of
equivalence: spatial proximity, and similarity in backbone torsion angles and side chain orientations. α-helix and β strand segments are shown on a light blue and orange background,
respectively. Simple structure calculations allowed to identify a set of residues that consistently participate in a large number of non-local inter atomic contacts through their side
chains (see Section 4). The positions of these residues are marked by asterisks at the bottom of the alignment. Numbering is arbitrary.
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The only solved structure of the Pfam SCP2 family in bacteria is the
stand-alone domain of Thermus thermophilus SCP2. Its 623 Å3 binding
cavity appears empty, except for two water molecules (Q5SL92_THET;
Fig. 6, Panel I).

The last three structures with significant cavities (259—566 Å3)
are multidomain bacterial sulfatases belonging to the Alkyl_sulf_C
Pfam family: SDS hydrolase SdsA1 from Pseudomonas aeruginosa,
(Q9I5I9_PSEAE); PSdsA from Pseudomonas sp. S9, (F2WP51_9PSED);
Putative alkyl/aryl-sulfatase YjcS, from Escherichia coli (strain K12)
(YJCS_ECOLI). Their cavities are shown in (Fig. 6, panels J–L). In SdsA1,
two molecules of PEG taken from the crystallization milieu occupy the
cavity. In PSdsA, part of the cavity opens to the exterior and is filled
with an unusually high number of water molecules. In YjcS the cavity
contains two water molecules.

The wealth of structural information on the binding site of SCP2 of-
fers the opportunity of deepening on the analysis. The binding cavity
is very variable in size and shape among the twelve structures showed
in Fig. 6. The absence of a suitable cavity in the other ten included in
Table 3 brings into question if having a binding site for large hydropho-
bic ligands is a general feature of the SCP2 superfamily. Since neither of
the eight structures from SCP2_2 (PF13530) nor the structure of MycE
methyltransferase (Table 3, MYCE_MICGR, 3sso) exhibits a cavity, it
seems reasonable to conclude that only the SCP2 (PF02036) and
Alkyl_sulf_C (PF14864) families are genuine lipid binding proteins.
This reinforces the idea that SCP2_2 and MycE methyltransferase
have a distinct evolutionary origin, as suggested by other structural
peculiarities.

Another general aspect of SCP2 binding site regards the variability in
size, shape, and openings. It can be seen in Fig. 6 that the putative void
extends in two directions, sandwiched between the β-sheet and helix
layers. One is parallel to the strands directions, the second is across
them. At the end of each direction, the cavity connects with the outer
surface, offering four potential portals for ligand entry. These features
are fully illustrated by the structure of SCP2-like 2 (Fig. 6, Panel D), in
which two perpendicular lipid molecules are located with the two
polar heads pointing to two entries and their tails pointing to two oppo-
site potential entries. These ligand binding geometries are partially rep-
resented in several other structures.

In the structures of the SCP2 (PF02036) family the openings are typ-
ical mouths (i. e., relatively small oval orifices; Fig. 7 Panel A). Whereas
in the structures from Alkyl_sulf_C (PF14864), the openings coalesce
forming a cleft (Fig. 7 Panel B). In both SCP2 families, openings are de-
fined by contacts between the helical hairpin and helix H4 or between
helix H1 and helix H4.

The variability of binding sites size, shape and ligand occupation sug-
gests that an expandable cavity evolved to fit different ligands and



Fig. 4. The structural core residues of SCP2. In the upper panel, the SCP2 domain of human
17-beta-hydroxysteroid dehydrogenase 4 (DHB4_HUMAN, 1ikt; Table 2) was chosen to
illustrate the location of these residues. In the lower panel, the residue conservation is
presented as a sequence logo, with the height of the letters proportional to the
prevalence at each position. The less prevalent residues were grouped and identified
with X. The numbering is that of Fig. 3. The frequency of conserved residues was
calculated from 2469 sequences from the four Pfam SCP2 families and from a blast
search of MycE methyltransferase SCP2 domain. In these aligned sequences, the residues
corresponding to the structural core residues were identified by comparison with the
sequences of the structures in Table 2.

Fig. 5. The β-gap closure. In SCP2 domains β-strand S1 is longer than β-strand S4,
impeding a regular main-chain N → O hydrogen bonding. In most SCP2 domains, this
structural defect is overcome by side-chain surrogation. As an example of this, in the
structure of human 17-beta-hydroxysteroid dehydrogenase 4 SCP2 (DHB4_HUMAN,
1ikt; Table 2), Asp 117 OD1 in β-strand S4 establishes a strong hydrogen bond (dashed
line) to Ala 67 N in (β-strand S1). The numbering follows the alignment in Fig. 3. To
facilitate the identification of the secondary structure elements, the molecule was drawn
in the same orientation than in Fig. 1. Note how nicely CB, CG and OD1 substitute for N,
CO and O, respectively, and fill the gap in β-strand S4.

Table 3
Volumes of the internal cavity of SCP2 domainsa.

UniProt entry ID Volume (Å3)

DHB4_HUMAN 1ikt 1101
NLTP_HUMAN 2c0l 61b

NLTP_RABIT 1c44 280
K7NSY9_HELAM 4uei 321
Q0GY13_AEDAE 2qzt 1127
Q16LC3_AEDAE 3bkr 775
Q86PR3_AEDAE 1pz4 562
SCP2_YARLI 4jgx 815
O28738_ARCFU 3cnu 376
Q5SL92_THET 2cx7 623
A0QY29_MYCS2 3sxn 25
EIS_MYCTU 3r1k 128
D2PVF8_KRIFD 4my0 102
Q3M362_ANAVT 2ozg 15
Q6HXD7_BACAN 3n7z 82
Q831Y9_ENTFA 2i00 57
Q836T6_ENTFA 2hv2 85
Q9I5I9_PSEAE 2cfu 547
F8KAY7_9PSED 2yhe 130
F2WP51_9PSED 4nur 566
YJCS_ECOLI 4pdx 259
MYCE_MICGR 3sso 30

a Volumes calculatedusing CASTp (http://sts.bioe.uic.edu/castp/; [33]), as described inRef.
[34]. Only protein atomswere considered to calculate the voids (i.e., ligand, water or other
non protein atoms were removed from the coordinate list before volume calculation).
bThis is an internal void isolated from the surface. There are other surface cavities close
to the internal void but they are unconnected to it.
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binding situations. See for instance the structures of human and rabbit
thiolases, which have nearly identical sequences but crystallized with
no cavity (not shown) orwith aminimalist and unoccupied one, respec-
tively (Fig. 6, Panel B).

Inspection of the structures indicates that nearly 70% of the side-
chains that limit the cavity are Leu, Ile, Val, Phe, Met or Ala residues,
and Leu largely predominates among them. The total van derWaals vol-
ume occupied by these side chains is similar in all the structures, and it
does not correlate with the size of the cavity (not shown).

Thus the main factor affecting the size and shape of the cavity is not
the bulkiness of the side chains lining it; rather, it is a concerted breath-
ing-like movement of the backbone what generates the changes in the
volume of the internal cavity. In thismovement, theβ-sheet remains al-
most fixed, whereas concerted rigid bodymovements of helicesH1a,H2
and H4widen the cavity in different directions, resulting in the variety
of volumes and shapes of the binding site. In addition, insect SCP2 re-
sorts to the unwinding of helix H1b to make additional room for the li-
gands. HelixH4 has amajor role in the cavity remodeling. It behaves like
a wiper on the β-sheet plane. It can be seen in Fig. 6 that the angle be-
tween helixH4 and strand S5 variesmore than 120° (panels C andH, re-
spectively). However, helix H4 can also move out of the plane, or even
move away from the domain body to increase the volume of the binding
site.

For promiscuous ligand selection, concerted rearrangement of ele-
ments of secondary structure is better suited than redecoration of a
fixed framework by side chain mutations. The strategy is compatible
with the ‘extended conformational selection model of ligand binding’
in which ligands —in this case varying in shape or number— cause the

http://sts.bioe.uic.edu/castp/;
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shift of an ensemble of pre-existing conformational states [35] toward
those with the lower energy for binding.

6. Ligands and physicochemical basis of their interaction with SCP2

The structural information presented above can be profited in the
analysis of the ligand-protein interaction. SCP2 domains form high af-
finity complexes with an impressive array of hydrophobic ligands:
fatty acids, long chain acyl-CoAs, phospholipids, sterols, flavonoids,
dyes, synthetic compounds and other lipids. Basic information about
these complexes is presented in Table 4.

Although SCP2 ligands only have in common bulkiness and a hydro-
phobic or amphiphilic nature, they accommodate in the binding site,
which is consistent with a mechanism based in soft geometrical con-
straints. In general, van der Waals interactions have lesser spatial re-
strictions than polar or hydrogen bond interactions, which have a
more limited range of distances and angular approach. In line with
this, the examination of the available SCP2 structures indicates that
the first layer of protein heavy atoms in the limit with the internal
void comprises almost invariably carbon atoms, in such a way that oxy-
gen and nitrogen atoms are excluded from interacting with ligand
atoms or occluded solvent.

A consequence of this particular nature of the SCP2 binding cavity is
that there are almost no fixed water molecules inside it. In the few in-
stances where water is observed, it is generally in the periphery of the
cavity and connected to the external solvent layer. This is in contrast
with the much more studied case of fatty acid-binding protein (FABP),
in which the cavity ―similar in volume to that of SCP2― is occupied
by a significant number of well organized water molecules.

A better appreciation of the differences between FABP and SCP2
binding sites can be obtained from a comparison of Aedes aegypti sterol
carrier protein 2-like 2 (Q0GY13_AEDAE) in complex with palmitic acid
and human heart FABP in complex with oleic acid.

The binding site of heart FABP is elaborate [36], with three well-dif-
ferentiated regions: (i) a pad of fourteen ordered and very tightly
packed water molecules, held in place by a scaffold of polar and ioniz-
able groups and packed against one edge of the carbon chain of the li-
gand; (ii) a cluster of hydrophobic side chains atoms (C\\H)
contacting the opposite edge of the aliphatic chain of the ligand; and
(iii) a portal zonewith polar and charged residues and water molecules
holding rigidly the ligand carboxylate via hydrogen bonds and ionic in-
teraction (Fig. 8, Panel B).

On the other hand, the binding site of Aedes aegypti SCP2-like 2 is
simpler and exhibits only a hydrophobic layer of side chain atoms
(C\\H) that engulf the aliphatic part of the ligands and a fewpolar inter-
actions (O\\H, N\\H) holding the polar heads in proximity to the exter-
nal layer of water (Fig. 8, Panel A).

An analysis of the atoms interacting with the aliphatic part of the li-
gands further illustrates the difference between the two binding sites
(Ermácora M. R., unpublished results). In heart FABP there are 3.1 van
der Waals interactions (protein−C\\H⋯H\\C\\ligand distances
b3.2 Å) per ligand carbon atom, whereas 5.4 such interactions are
found in the insect SCP2. Also, 0.7 water−O⋯H\\C− ligand and
protein−N/O\\H⋯H\\C− ligand contacts per ligand carbon atom are
found in the FABP, against none and 0.12 respectively in the insect
SCP2. Thus the binding site is significantly more hydrophobic and ho-
mogeneous in insect SCP2 than in FABP. The same trend is observed in
the other SCP2 proteins in Table 2 that carry fatty acids in their binding
sites.
Fig. 6. Examples of SCP2 binding cavities. Twelve of the twenty two structures listed in
Table 3 possess a large internal void which is, in several cases, occupied by hydrophobic
ligands. (A) Human peroxisomal multifunctional enzyme type 2 (DHB4_HUMAN; 1ikt).
(B) Rabbit non-specific lipid-transfer protein, peroxisomal 3-oxoacyl-CoA thiolase
(NLTP_RABIT; 2c0l). (C) Insect sterol carrier protein 2/3-oxoacyl-CoA thiolase
(K7NSY9_HELAM; 4uei). (D) Insect SCP2-like 2 (Q0GY13_AEDAE; 2qzt). (E) Insect
SCP2-like 3 (Q16LC3_AEDAE; 3bkr). (F) Insect SCP2 (Q86PR3_AEDAE; 1pz4). (G) Yeast
SCP2, Yarrowia lipolytica (SCP2_YARLI; 4jgx). (H) Archaea SCP2 (O28738_ARCFU;
3cnu). (I) Bacteria SCP2, Thermus thermophilus, (Q5SL92_THET; 2cx7). (J) SDS
hydrolase SdsA1, Pseudomonas aeruginosa, (Q9I5I9_PSEAE; 2 cfu). (K) PSdsA,
Pseudomonas sp. S9, (F2WP51_9PSED; 4nur). (L) Putative alkyl/aryl-sulfatase YjcS,
Escherichia coli (strain K12), (YJCS_ECOLI; 4pdx). The space occupied by the cavity in
each structure is delineated with a wire-frame representation. Ligands in the cavities are
shown in a CPK representation, with carbon atoms in gold and oxygen in red. Water
molecules are represented as pink spheres. The identity of the ligands is given in Table 2.



Fig. 7. Disposition and openings of the binding cavity in structures from the SCP2
and Alkyl_sulf_C Pfam families. (A) 17-beta-hydroxysteroid dehydrogenase 4
(DHB4_HUMAN; 1ikt; Table 2). (B) Putative alkyl/aryl-sulfatase YjcS (YJCS_ECOLI; 4pdx;
Table 2); To visualize the openings (binding mouths and cleft), the binding cavity was
filled with carbon-size, black spheres. A surface representation is shown on the left
(carbon, oxygen and nitrogen atoms are in gold, red and blue, respectively). On the
right, a ribbon representation illustrates the location of the binding cavity (black
silhouette), and a CPK representation shows the position of the ligand, water molecules,
and a phosphate anion bound to the protein surface, if applicable.

Table 4
Examples of binding constants of SCP2 domains.

Ligand SCP2 domain KD (μM) Reference

NBD-stearic acid NLTP_HUMAN 0.23a [65]
RdB-stearic acid NLTP_HUMAN 0.26a [65]
cis-parinaric acid NLTP_HUMAN 0.16–0.65a [65–67]
cis-parinaric acid YARLY_SCP2 0.08a [68]
cis-parinaric acid NLTP_HUMAN 0.36a [69]
Trans-parinaric acid NLTP_HUMAN 0.56a [66]
Trans-parinaric acid NLTP_HUMAN 0.20a [69]
Pyr-lauric acid NLTP_BOVIN 0.24b [70]
Pyr-lauric acid NLTP_RAT ~0.7b [71]
Phytanic acid NLTP_RAT ~0.9b [71]
Pristanic acid NLTP_RAT ~0.7b [71]
Oleic acid NLTP_HUMAN 0.22c [72]
Linoleic acid NLTP_HUMAN 2.06c [72]
Palmitic acid Q86PR3_AEDAE 0.35d [73]
AO-palmitic acid YARLY_SCP2 0.06a [48]
cis-parinaroyl-CoA NLTP_HUMAN 0.005a [66]
Trans-parinaroyl-CoA NLTP_HUMAN 0.003a [66]
Palmitoyl-CoA YARLY_SCP2 0.07e [68]
Phytanoyl-CoA NLTP_RAT 0.25b [71]
Pristanoyl-CoA NLTP_RAT 0.76b [71]
Linoleoyl-CoA NLTP_HUMAN 0.34; 0.95a [74]
Linoleoyl-CoA NLTP_HUMAN 0.09;1.37f [74]
Cholestatrienol NLTP_RAT 0.57g [75]
Dehydroergosterol NLTP_RAT 0.88g; 1.2g;

2.7b; 0.4a; 1.3a
[76,77]

Dehydroergosterol NLTP_HUMAN 1.7a [78]
Cholesterol NLTP_HUMAN 0.3h; 0.03c [78,72]
Cholesterol Q86PR3_AEDAE 0.006h; 0.21d [79,73]
Cholesterol NLTP_RAT 2.6b [71]
Pyr-cholesterol NLTP_HUMAN 0.012a [80]
NBD-cholesterol NLTP_HUMAN 0.004a; 0.11a;

0.03a; 0.04c
[72,80,81]

NBD-cholesterol Q86PR3_AEDAE 0.99a [73]
NBD-cholesterol B0FSK0_TOXGO 1.01a [82]
β-sitosterol Q86PR3_AEDAE 0.14d [73]
Cholate NLTP_HUMAN 144f [57]
plm-pyr-pCho NLTP_BOVIN 46a [83]
NBD-PC NLTP_HUMAN 0.11a [80]
Pyr-PC NLTP_HUMAN 0.16a [80]
NBD-PC B0FSK0_TOXGO 0.11a [82]
1-O-decanyl-L-D-glucoside NLTP_HUMAN 0.32f [84]
NBD-sphingomyelin NLTP_HUMAN 0.37a [85]
Sphingomyelin NLTP_HUMAN 0.17a [85]
Ceramide NLTP_HUMAN 0.005a [85]
Glucosylceramide NLTP_HUMAN 0.10a [85]
Galactosylceramide NLTP_HUMAN 0.11a [85]
Lactosylceramide NLTP_HUMAN 0.12a [85]
Globosides NLTP_HUMAN 0.12a [85]
GM1 NLTP_HUMAN 0.043a [85]
SCPI-1—SCPI-5 Q86PR3_AEDAE 0.35a;; 0.06a; 0.159a;

0.06a; 0.042a
[86]

SCPI-1; SCPI-3 NLTP_HUMAN 3.32d; 6.50d [53]
Curcumins analogs Q86PR3_AEDAE 18: 12; 63, 2.3;

2.0; 0.6d
[87]

aExtrinsic fluorescence assay. bFRET assay. cSPR assay. dEC50%. eIntrinsic fluorescence
assay. fITC assay. gLight scattering assay. hLipidex-1000 assay.
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Water-water interactions are crucial for binding and participate in
the mechanism and energetic of the process in multiple ways. There is
an important energy term associated to the removal of a ligand from
bulk solvent and also in the confinement of solvent to a limited cavity.
As a result, the properties of water in a cavity are very different than
in bulk solvent (see [36] and references therein). Also, when present,
water must be expelled out to allow binding. On top of this, there is
the problem of the energetic cost of keeping a cavity empty.

All this have generated a renewed interest in the topology and prop-
erties of watermolecules in the binding site of hydrophobic compounds
[36,37]. As mentioned above, the binding site of SCP2 is peculiar, for al-
most nowatermolecules can be found in it (Fig. 6). Thus, the question is
if the lack of water molecules in the crystallographic structures is due to
their highmobility or it reflects genuine absence. The detailed studies of
the binding site of heart FABP, strongly suggest that low energy
water molecules should be readily detectable in X-ray experiments.
This low energy water is highly structured (ultracompact) and
forms short water—water, protein—water hydrogen bonds and also
water−O⋯H\\C− ligand hydrogen bonds [36]. On the other hand,
high-energy water molecules in the cavity are highly dynamic and
may or may not produce enough electronic density to be refined in a
X-ray structure [37].

FABP studies teach that both types of water have specific roles in the
mechanisms of binding. As mentioned above, the pad of low energy
water delineates the space to be occupied by the ligand and directly in-
teracts with it. The high energy water molecules contribute to the ther-
modynamic of binding through the enthalpy-entropy balance and limit
the length and ramification of the ligand. By comparison, themore likely
explanation for the peculiarity of SCP2 binding cavity is that only high-
energywater is present in it. Thiswater goes undetected in typical X-ray
experiments and thus the cavity appears empty or with extra room
when occupied by a ligand. This highly mobile water should be more
like that of the typical solvating water layer of proteins, in rapid ex-
change with bulk solvent. The displacement of this highly mobile
water by a hydrophobic ligand is energetically favored because of the
hydrophobic nature of the cavity. Indeed, the energetic cost of keeping
high energywater in the cavity is only inferior to keep the cavity empty.

Thus, the apparent emptiness of the SCP2 binding site in some of the
crystallographic structures analyzed in this reviewmay be explained by
its occupation by easily exchangeable water. However, that may not be
the only reason. Indeed, experience teaches that the preparation of the
apo forms of lipid binding proteins is a hard practical problem. These
proteins, purified from natural sources or from heterologous recombi-
nant expression systems, always carry bound endogenous lipids (see
for instance the supplementary information for Ref. [37,38]). To prepare
the apo forms harsh procedures need to be applied. Simple extractive
treatments or batch delipidation with hydrophobic matrices are not al-
ways effective, and proteins must be chemically unfolded, stripped out
of lipids and refolded in solvents meticulously cleaned of contaminant



Fig. 8. Comparison between SCP2 and FABP binding sites. Panel A: binding site of Aedes
aegypti sterol carrier protein 2-like 2 (Q0GY13_AEDAE; 2qzt) in complex with two
molecules of palmitic acid. Panel B: human heart FABP (FABPH_HUMAN; 5ce4) in
complex with oleic acid. Carbon atoms are shown in gold or in orange. Oxygen for water
molecules was represented in pink, otherwise in red. Nitrogen and sulfur atoms are in
blue and yellow respectively. Liganded fatty-acid was represented with heavy sticks.
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lipids [Ermácora et al., unpublished results]. Since, none of the SCP2
structures analyzed here was reported to be from delipidated proteins,
the absence of ligands in them must be taken with caution. Thus, it is
likely that an additional cause of lack of electronic density in the binding
site is the presence of heterogeneous or highly mobile ligands.

From the analysis of the SCP2 complexes, binding to SCP2 can be en-
visaged as a simple diffusion of an aliphatic chain from bulk solvent to a
non-polar liquid-like phase. Once in the cavity, the ligand seems rela-
tively free to move around and occupy different regions in it. The cavity
can even allocate multiple ligands. Unlike more evolved binding sites,
with defined polar interactions and rigid geometric constraints, binding
to SCP2 seems to be little restrictive in terms of geometry, which offers
an explanation to the broad specificity, low selectivity, and variate stoi-
chiometry exhibited by these lipid binding proteins.

7. Specific recognition of protein sockets

An overlooked feature of SCP2 domains is that they may serve as
scaffolds for a protein-protein recognition device. The C-terminal helix
of SCP2 structure acts as a retractile module for homo and hetero
specific interactions. This device was originally described in a typical
domain of the SCP2 family, where it mediates sequence specific
interactions with the peroxisome import machinery. However, during
the structural analysis performed for this review, we realized that it is
present in the SCP2_2 and Alkyl_sulf_C families aswell, albeitwith a dif-
ferent purpose.

Most peroxisomal matrix proteins destined to peroxisomes share
the C-terminal type 1 peroxisomal targeting signal (PTS1) motif, com-
prising a C-terminal tripeptide with the consensus sequence -[S/A/C]-
[K/H/R]-[L/M], which is specifically recognized by the C-terminal seg-
ment of the import receptor peroxin Pex5 and allows translocation of
folded and functional proteins to peroxisomes [39]. The structure of
Pex5 is formed by seven consecutive tetratrico peptide repeat motifs
(TPR) [40]. In the case of the SCP2 domain from human non-specific
lipid-transfer protein (NLTP_HUMAN), the ten C-terminal residues
—upon a jack knife displacement— adopt an extended conformation,
pointing away from the core and penetrating the ring-like structure of
Pex5 (Fig. 9, Panel A). The most C-terminal AKL residues (141–143) of
SCP2 bind within the central hole and establish specific interactions
with four asparagine side chains locate on the N-terminal helices of
TPR segments 4, 5, 6, and 7. This interaction is essential for the peroxi-
some import process and takes place with little disturbance of the
core SCP2 domain. Interestingly, it takes place regardless the liganded
status of the SCP2 domain [39], which allows to consider that the pro-
tein crosses the membrane not only folded but also carrying a ligand.
In previous studies, it was proposed that ligand binding causes a confor-
mational extension of the C-terminus, exposing the PTS1 motif and en-
abling its interaction with the receptor Pex5. This conformational
change would be the basis of a ‘ligand-mediated protein targeting
mechanism’ [41,42]. In the X-ray structure Pex5-SCP2 complex no
lipid ligand was observed and the in vitro apparent affinity for a lipid li-
gand was roughly the same for free SCP2 and Pex5-SCP2 [39], which
seems to be at odds with a ‘ligand-mediated protein targeting mecha-
nism’. However, the absence of endogenous ligands in the preparations
of SCP2 and Pex5-SCP2 remains to be demonstrated (see Section 6), and
thus further experiments are needed to clarify the issue.

An entirely different use for the C-terminal adapter is exemplified
by the stand-alone SCP2 domain from Archaeoglobus fulgidus
(O28738_ARCFU, 3cnu). The domain crystallizes as a homo dimer
with two-fold symmetry and swapped C-terminal helices (Fig. 9, Panel
B). Interestingly, each C-terminal helix penetrates the binding cavity
of the opposite monomer, as if it were a ligand. Since very little is
known on this protein other than its structure, it remains to see if its di-
merization mode has a bearing on its function.

Another example of the protruding C-terminal device can be found
in the SCP2_2 family, which comprises mostly bacterial acetyl transfer-
ases responsible of aminoglycoside antibiotic resistance [11]. These pro-
teins have a complex architecture. They are hexamers (dimers of
trimers), with an C3 rotation axis. Each monomer in turn possesses
three domains that concertedly generate the catalytic site, one of
which —the C-terminal domain— is a SCP2 domain (Fig. 9, Panel C).
The structural meaning of the protruding C-terminal residues of the
SCPdomain is twofold: to latch the three domains together and to locate
the general base C-terminal Pheα–carboxylate in the vicinity of the es-
sential water molecule involved in the transfer of the Acyl-CoA moiety
to the aminoglycoside amino group. Interestingly, the protruding exten-
sion of the SCP2 domain wedges between the other two domains to
snuggle in place for its function.

Finally, the Alkyl_sulf_C family also exhibits a protruding C-terminus
with a structural role. The overall protein belongs to the fold of metallo-
β-lactamases with a conserved binuclear Zn2+ cluster in the active site
and three domains: the N-terminal, catalytic, αββα sandwich domain;
an α-helical dimerization domain; and a SCP2 C-terminal domain. Ex-
emplified by Sec-alkylsulfatase from Pseudomonas sp. (F8KAY7_9PSED,
2yhe), the SCP2 domain is kept in close proximity to the other two do-
mains by the C-terminal extension acting as a latch (Fig. 9, Panel D). It is
tempting to speculate that the SCP2 domain acts as a receptacle for the
hydrophobic alcohol released from the alkyl sulfate substrate.
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It can hardly be a coincidence that the three mentioned SCP2 fami-
lies include examples of C-termini that extend away from the core and
connect to other domains. Thus, this plasticity of the recognitionmodule
seems a structural feature of the SCP2 fold preserved through evolution
in different contexts. However, the C-termini in the different SCP2
families share no sequence homology, and convergent evolution
should have recreate both the overall fold and the capacity of protrude
its C-terminal residues as a interaction module. Parsimony suggests
that both features must have arisen simultaneously, in which case the
fold is well suited to harbor different C-terminal extensions. These con-
siderations are of practical interest because the SCP2 fold can be envis-
aged as a versatile scaffold in protein engineering combining its matrix
building, cargo, and interaction capacities.

8. Interaction with membranes and lipid transfer activity

Only members of the SCP2 family have been studied in deep for its
capacity to transfer lipids to membranes. It is unknown if members of
the SCP2_2 or the Alkyl_sulf C families SCP-2 posses such activity. The
first protein responsible for accelerating the translocation from donor
to acceptor membranes of sterols. Purified in 1977 by Bloj et al. [43]
from rat liver homogenates, was identified as SCP2 [6]. These initial
findings were confirmed and extended by many others. The literature
is too large to be fully listed here, and only a few examples are given.
In vitro transfer of phospholipids between membranes is greatly accel-
erated by rat liver SCP2 [44]. SCP2 stimulates intermembrane sterol
transfer by direct interaction with sterol in the membrane and enhanc-
ing its desorption from the membrane [45]. Also, SCP2 stimulates
the exchange of glycosphingolipids and gangliosides [46], fatty acids
[47,48], and oxidized derivatives [49,47].

The mechanism of SCP2-mediated transfer enhancement for yeast
SCP2 was described with a collisional model [48], involving lipid bind-
ing and membrane interaction. The interaction of SCP2 with vesicles
was probed by circular dichroism [48,50], rotational correlation time
[51], and membrane surface pressure [52]. SCP2 membrane interaction
and lipid transport depend on vesicle composition, charge, curvature
and concentration, being higher for small highly-curved negatively-
charge vesicles [53,54,48]. Strikingly, this feature is observed from
yeast to mammals SCP2 and could be related to the fact that most
SCP2 have a surface patch of positive electrostatic potential. This sug-
gests that electrostatic interactions are important for SCP2 interaction
withmembranes, as it is reported formany other protein-membrane in-
teractions [55]. The SCP2 positive patch is predominantly located at he-
lices H2, H3, and/or H4 (Fig. 1), were most of the SCP2 structures have
openings that could be the path for ligand access and/or exit [56].
NMR relaxation experiments of human SCP2 also identified highmobil-
ity in α helices H2, H3, and H4, which is lost after ligand binding [57].
This conformational plasticity might be related to the access/exit of di-
verse lipid ligands to the binding pocket and with the optimization of
protein-ligand and protein-membrane contacts.

The selectivity of the interaction may be determined by the compo-
sition and biophysical properties of the membranes, however other
mechanisms are utilized as well. Interaction of SCP2 with other soluble
ormembrane-associated proteinsmay allow targeting to specific organ-
elles. The best studied case is the import to peroxisome of human non-
specific lipid-transfer protein (NLTP_HUMAN),mediated by the interac-
tion with the receptor Pex5 (see Section 7). In the X-ray structure of the
complex, the primary recognitionmotif is the peroxisomal targeting sig-
nal (PTS1) [39]. However, there is also a secondary interaction surface
Fig. 9. The C-terminus of SCP2 domains as a recognition device. Panel A. The SCP2 domain
of human non-specific lipid-transfer protein (NLTP_HUMAN; 2c0l; highlighted with a
transparent surface) docks into the TPR domain of the import receptor peroxin Pex5 via
the C-terminal ten residues (atom-colored sticks). Panel B. The Archaeoglobus fulgidus
SCP2 domain (O28738_ARCFU, 3cnu) forms a homodimer with two-fold symmetry and
C-terminal helices swapping. One of the monomers has been represented as a
transparent surface to highlight the protrusion of the C-terminus into the binding cavity
of the opposite monomer. Panel C. The enhanced intracellular survival protein from
Mycobacterium tuberculosis (EIS_MYCTU, 3r1k) possesses three domains. The most C-
terminal is a SCP2 domain whose last ten residues wedge into the other two domains
and locate the catalytic α–carboxilate of a strictly conserved Phe residue in position for
water mediated transfer of an acetyl group from Acyl-CoA to a aminoglycoside –NH2

group. Panel D. The distal residues of the C-terminus of the SCP2 domain of Sec-
alkylsulfatase from Pseudomonas sp. (F8KAY7_9PSED, 2yhe, transparent surface)
protrude into the catalytic domain of the enzyme.
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mediated by SCP2 residues in α helices H1b and H2. The residues in-
volved in the secondary binding site are not conserved among peroxi-
somal SCP2, and more structural studies, on this and other SCP2-
peroxin complexes, are needed to shed more light on this issue.

9. Concluding remarks

The SCP2 fold is a very successful and widespread domain scaffold
present in all forms of life. It fulfillsmany different roles, includingmod-
ular protein matrix building, lipid binding and transfer, catalytic assis-
tance, and protein-protein recognition. Although the discovery of SCP2
proteins can be traced back to the early 1970s, the importance of this
domain is only now beginning to be fully appreciated. Structural fea-
tures common to the SCP2 fold are described in this review, including
the organization of its lipid-binding cavity and the logic behind the pro-
miscuity of ligand recognition. Over two hundred of different combina-
tions of SCP2 with more than one hundred different domains are
currently known. An effort has been made to clarify the structural clas-
sification of the SCP2 domains and to bridge the gap between sequence
and structure analysis. As a result, we can clearly see that most of the
natural history and functional aspects related to SCP2 remain to be dis-
covered, particularly in microorganisms and plants, where most of this
domain has been found.
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