Structure of the Plasmodium 6-cysteine s48/45 domain
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The s48/45 domain was first noted in Plasmodium proteins more
than 15 y ago. Previously believed to be unique to Plasmodium,
the s48/45 domain is present in other aconoidasidans. In Plasmo-
dium, members of the s48/45 family of proteins are localized on
the surface of the parasite in different stages, mostly by glycosyl-
phosphatydylinositol-anchoring. Members such as P52 and P36
seem to play a role in invasion of hepatocytes, and Pfs230 and
Pfs48/45 are involved in fertilization in the sexual stages and have
been consistently studied as targets of transmission-blocking vac-
cines for years. In this report, we present the molecular structure for
the s48/45 domain corresponding to the C-terminal domain of the
blood-stage protein Pf12 from Plasmodium falciparum, obtained by
NMR. Our results indicate that this domain is a g-sandwich formed by
two sheets with a mixture of parallel and antiparallel strands. Of the
six conserved cysteines, two pairs link the g-sheets by two disulfide
bonds, and the third pair forms a bond outside the core. The structure
of the s48/45 domain conforms well to the previously defined surface
antigen 1 (SAG1)-related-sequence (SRS) fold observed in the SAG
family of surface antigens found in Toxoplasma gondii. Despite ex-
treme sequence divergence, remarkable spatial conservation of one
of the disulfide bonds is observed, supporting the hypothesis that
the domains have evolved from a common ancestor. Furthermore,
a homologous domain is present in ephrins, raising the possibility
that the precursor of the s48/45 and SRS domains emerged from
an ancient transfer to Apicomplexa from metazoan hosts.
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alaria is caused by Plasmodium parasites one of which,

Plasmodium falciparum, claims the lives of nearly a million
children each year in Africa alone. Efforts to develop a malaria
vaccine would benefit considerably from a more complete un-
derstanding of the structure and function of Plasmodium proteins
that play key roles in infection. Plasmodium is transmitted to
humans when infected mosquitoes inoculate sporozoites into the
skin while taking a blood meal. The sporozoites travel from the
skin to the liver, where they invade hepatocytes and replicate tens-
of thousands-fold, differentiating into merozoites that exit the
liver and invade erythrocytes. After several rounds of replication
in erythrocytes, some parasites differentiate into male and female
gametocytes and are subsequently taken up by an Anopheles
mosquito in a blood meal. Within the mosquito, fertilization takes
place and the resulting ookinetes invade the midgut epithelium,
resulting in sporozoites that travel to the salivary glands and are
transmitted to the human host, completing the cycle.

The 6-cysteine Plasmodium gamete-surface homology s48/45
domain originally identified by Williamson et al. (1) (partially de-
fined by Pfam model PF07422) is found in P. falciparum proteins that
are expressed in all stages of the parasite life cycle in both the human
and mosquito hosts (Table S1) (1-3). The domain might occur in 1-
14 copies per protein, either as the sole globular domain or in
combination with p-helix-forming hexapeptide repeats, as is the case
of sequestrin. Previously believed to be exclusive to Plasmodium (4-
6), the domain also exists in proteins found in all members of the
aconoidasidan (hematozoan) clade of Apicomplexa, which unites
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the haemosporidians (Plasmodium) and piroplasms. In Plasmo-
dium, the s48/45 family has undergone a lineage-specific expan-
sion, with 12 distinct members [Pfs230, Pfs48/45, Pfs230p, Pfs47,
P52, P36, Pf41, Pf38, Pf12, P12p, Pf92 and sequestrin (not pre-
viously included) (Table S1)] encoded by the genome of P. falci-
parum (2, 7). Conserved homologs are present in the genomes of
other Plasmodium species. Most of the proteins containing the
s48/45 domain are expressed on the surface of the parasite (8-11).
Pfs48/45 and Pfs230 are current targets of malaria transmission-
blocking vaccine development (12, 13).

Three of the s48/45 proteins (Pfs48/45, Pfs230, and Pfs47) are
involved in male/female gamete fusion in the mosquito midgut.
Pfs48/45 is predicted to be glycosylphosphatidylinositol (GPI)-
anchored to the gamete surface (14). Pfs230 is a soluble protein
that associates with the gamete membrane by binding to Pfs48/45
(15). Deletion of either Pfs48/45 or Pfs230 greatly reduces zygote
formation (16, 17). It is unknown if the role of Pfs48/45 is only to
bind to Pfs230, which functions directly in gamete fusion, or if both
are directly involved in facilitating fusion. Pfs48/45 has three s48/
45 domains, whereas Pfs230 has 14 s48/45 domains (2, 4). Anti-
bodies specific for either protein block transmission to the mos-
quito, and complement enhances the effect of antibodies specific
for Pfs230 (9, 18-20). Pfs47, a duplicated and contiguous paralo-
gue of Pfs48/45, is found on female gametes; its deletion in rodent
Plasmodium berghei, but not in P. falciparum, greatly reduces
fertilization in the mosquito (11, 21). The presence of multiple
species-specific paralogues of this family might result in backup
functions in different lineages within the genus Plasmodium.

Sporozoites express two members of the s48/45 family, P36
and P52, from contiguous, duplicated genes. The functions of
these two proteins appear to be different because the deletion of
either gene influences the ability of the parasite to efficiently
infect hepatocytes, with no effect on their ability to invade sali-
vary gland cells in the mosquito (22, 23). In P. berghei there is
also evidence that these genes may be required for invasion of
hepatocytes and to promote normal development in the liver.
Deletion of Pbs36 and Pbs36p results in sporozoites that are
unable to develop beyond a small round body, reflecting a defect
in normal invasion (8, 24).

The asexual-stage parasites that replicate within erythrocytes
express four members of the s48/45 family (Pf12, P38, Pf41, and
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Pf92), all located on the surface of merozoites. Each member has
a signal sequence and three of them are GPI-anchored to the
merozoite surface (10, 14). Because Pf41 has no GPI anchor
signal or transmembrane domain for attachment to the mem-
brane, it is likely to bind another merozoite surface protein. Pf41,
Pf38, and Pfl12 are strongly recognized by immune sera from
naturally infected patients, and Pf38 and Pf92 are under bal-
ancing selection (10, 25-27). Attempts to delete Pf92 have been
reportedly unsuccessful; however, no information for the de-
letion of the other genes is available (28). Although a specific
function has not been described for any of these proteins, the
possibility exists for them to have a role in red blood cell binding.
To date, no experimentally determined molecular structure for
any s48/45 domain has been reported, mainly because of protein-
expression challenges (29-34). However, considering the impor-
tance of structural information in the effective design of subunit
vaccine candidates, we present the solution three-dimensional
structure of the s48/45 domain obtained by NMR spectroscopy of
the C-terminal domain of Pf12 expressed in Escherichia coli.

Results

Production of Soluble Pf12 D2. The C-terminal s48/45 domain of
Pf12 (Pf12 D2) was produced in E. coli as a soluble histidine-
tagged protein by initially harmonizing the DNA sequence of
Pf12 for expression in E. coli based on the procedure published by
Angov et al. (35), and then targeting the protein for expression in
the bacterial periplasm (Figs. S1 and S2) (35, 36). Only the pro-
tein expressed as a soluble fraction, extracted through the osmotic
shock procedure as described, was used for our studies. The use of
PBS as a buffer was avoided because it led to protein aggregation.
Soluble expression was assessed by Western blot analysis probing
with o-His antibody (Fig. S3). Following purification by gradient
immobilized metal affinity chromatography, size-exclusion FPLC
on a Superdex75 column resulted in the elution of a single protein
peak, indicating that Pf12 D2 is a monomer in solution (Fig. S4).
The protein was more than 95% pure, as judged by Gelcode blue-
stained SDS/PAGE electrophoresis (Fig. S5); the expected mo-
lecular weight of cleaved Pf12 D2 was 14.5 kDa. The identity of
the protein was confirmed by N-terminal sequencing and mass
spectrometry. For NMR spectroscopy, the final isotopically la-
beled product was found to be most stable at concentrations no
higher than 7 mg/mL in 25 mM sodium acetate-d; pH 5.0.

Structural Characterization of Pf12 D2. The solution NMR structure
of Pf12 D2 was determined on the basis of 2,361 experimental
NMR restraints, including 1,477 NOE-derived interproton dis-
tance restraints and 192 residual dipolar couplings. The latter
provide long-range orientational information in the form of bond
vector orientations relative to an external alignment tensor (37).
A summary of the structural statistics is provided in Table S2,
and a best-fit superposition of the final simulated annealing
structures is shown in Fig. 14. The three disulfide bonds are
uniquely determined from the NMR structure and comprise
Cys153-Cys185, Cys199-Cys260, and Cys210-Cys258. The struc-
ture comprises three p-sheets and a short helix (residues 168—
173) (Fig. 2): the five-stranded p-sheet A (B2, p1, p4, B9, p8) has
a 1x, —2x, —2x, 1 topology; the four-stranded B-sheet B (B3, p11,
10, B5) has a 3x, —1, —1 topology; and the two-stranded B-sheet
C (B6, B7) comprises a simple antiparallel B-sheet connected
by a type I turn. Disulfide bonds A (Cys153-Cys185) and B
(Cys199—Cys260) bridge p-sheets A and B connecting strands p1
to B3, and p4 to P10, respectively; disulfide bond C (Cys210-
Cys258) bridges the loop connecting strands 5 and p6 to strand
p10 in sheet B (Fig. 2B). The core of the protein is packed by an
unusually large preponderance of aromatic residues (Fig. 1B).
The loop connecting the single helix with strand p3 is disordered
(see, for example, the structure superpositions in Fig. 14, and the
low values of the "H-{">N} heteronuclear NOEs in Fig. 1C).
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Fig. 1. NMR structure of Pf12 D2. (A) Stereoview of the backbone super-
position of the 100 final simulated annealing structures. The backbone atoms
(N, Ca, C') are in red, and the three disulfide bonds (between residues 153-
185, 199-260, and 210-258) are in yellow. (B) Stereoview of a tube pre-
sentation of the backbone (with strands colored in red, and the helix in blue)
showing the large number of aromatic residues (ice blue). (C) Heteronuclear
"H-{">N}-NOE profile as a function of residue number, showing that the loop
connecting the single helix with strand p3 is highly mobile and disordered.

The electrostatic potential mapped on the molecular surface of
Pf12 D2 is shown in Fig. 3. Although there are certainly patches of
charged residues on the surface, it can also be seen that most of the
protein surface is hydrophobic. In the absence of the D1 domain
and knowledge of the interactions between the D1 and D2 domain,
it is difficult to speculate as to the potential ligand binding site.
Nevertheless, certain features of the surface of Pf12 D2 are worth
noting. On the front surface in the view of Fig. 34, the largely
hydrophobic surface is surrounded by a ring of four negative
charges comprising Glu206, Glu222, Glu225, and Asp236. In the
center of the front face of the protein is a deep hydrophobic
pocket, at the bottom of which lies Phe197 and the disulfide bridge
formed by Cys210 and Cys258, bounded by Val205, Pro207,
Val212, Met235, and His237. It is possible that this pocket may
constitute a ligand binding site. The backside of the protein, dis-
played in Fig. 3B, is mildly concave and comprises a central hy-
drophobic region surrounded by a partial ring of charged residues
comprising Lys255, Glu273, Lys188, Asp193, Glul48, Lys151,
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Fig. 2. Overall view of the structure of Pf12 D2. (A) Two approximately orthogonal views displaying a ribbon diagram of Pf12 D2 with f sheets in red, the
helix in blue, and the disulfide bonds in yellow. (B) Secondary structure topology of Pf12 D2.

Lys165, Glul71, and Lys175. This type of surface is characteristic
of many protein-interaction surfaces (38) and may therefore rep-
resent the site of interaction with another domain or protein. The
surface of Pf12 D2, however, does not possess the equivalent of the
basic groove or acid cap seen in the structurally related surface
antigen 1 (SAG1) (39) and SporoSAG (40) proteins (see below),
respectively, from Toxoplasma gondii.

Structural Neighbors of the s48/45 Domain and Its Relationship to the
SAG1-Related Sequence Superfamily. Using fold-prediction meth-
ods, it was previously shown that the s48/45 domain is likely to
adopt the same fold as the SAG1-related sequence (SRS) domain,
a B-sandwich found in the lineage-specifically expanded group of
proteins from 7. gondii, such as SAG1, SporoSAG, and BSR4 (2,
39). We confirmed this hypothesis using profile-profile compar-
isons with the HHpred program (41): a comparison of the PSI-
BLAST-derived profile of the s48/45 family with that of the SRS
superfamily yielded highly significant hits (P = 10™"'; probability
94%) (Table S3). This finding was further validated by a Dali (42)
search of the Protein Data Bank using the structure of Pf12 s48/45
determined in this study, which recovers the SRS domains with z >
5 (Fig.4). Indeed, 96 residues of SAG D1, 92 residues of SporoSAG
D2, and 91 residues of BSR4 D1 can be superimposed onto Pf12
D2 with Ca atomic rms differences of 2.6, 2.9, and 2.7 A, re-
spectively. However, the percentage sequence identities for the
corresponding structurally superimposed regions are only 16%,
13%, and 12%, suggesting rather extensive sequence divergence

6694 | www.pnas.org/cgi/doi/10.1073/pnas.1204363109

between the SRS and s48/45 domains, despite their sharing a
common structural scaffold (Fig. 4). Structure similarity searches
using the DaliLite (43) program indicate that the f-sandwich fold
shared by s48/45 and the SRS superfamily is further related to
comparable p-sandwich domains found in a diverse array of cell-
surface molecules from various organisms (z > 4 in reciprocal
structure similarity searches) (44). These molecules include the
cysteine protease inhibitors amoebiasin-2 (3m86) from Ent-
amoeba histolytica and chagasin (2nnr) from Trypanosoma cruzi,
ephrins (2wo3), which are animal neural signaling molecules, and
the copper-binding plastocyanins (2q5b). All these B-sandwich
domains are united by the pattern of crossover between the two
sheets of the sandwich and the zone of variability, which is re-
stricted to one edge of the p-sandwich (Figs. S6 and S7). The
ephrins, s48/45, and SRS display a cysteine at the end of strand 3
of their respective p-sandwich domains (equivalent to the first
cysteine participating in disulfide bridge B in the latter two
domains) (Fig. S6). However, the partner cysteine on the opposite
sheet in the ephrins is not equivalent to that seen in the s48/45 and
SRS domains (Figs. S6 and S7). This structurally equivalent,
unique disulfide bond B shared by s48/45 and SRS distinguishes
them from the rest of the related p-sandwich domains. Disulfide
bond A bridges strands 1 and 3 of the sandwich in the s48/45
domain, but in the case of SRS it bridges strand p1 to the final
strand B11, which lies adjacent to the second strand in the struc-
ture (Figs. 2 and 4). Thus, one of the cysteine pairs forming
disulfide bond A appears to have diverged between the s48/45 and
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Fig. 3. Molecular surface of Pf12 D2. Two views (A and B) related by a 180°
rotation displaying the molecular surface of Pf12 D2 with the electrostatic
potential mapped onto the surface (Left). The corresponding panels (Right) are
backbone tube representations in the same orientation as the surfaces to guide
the eye. The electrostatic potential was created by the program GRASP (65).

SRS; yet, each disulfide bond mediates a comparable cross-sheet
contact in both of these domains.

Discussion

The structure of the C-terminal domain of the protein Pf12 from
P. falciparum solved by NMR defines the s48/45 domain, pre-
viously considered exclusive to the Plasmodium species. As shown
in Fig. 2, this domain features an SRS fold, characterized by
a sandwich formed by p-sheets resulting from a mixture of parallel
and antiparallel strands (39) that positions the s48/45 domain as
a homolog of the SRS family. This family of surface antigens from
T. gondii is defined by the presence of an N-terminal secretion
signal, a GPI anchor, and a set of conserved amino acids, among
which are six cysteines involved in the formation of three disulfide
bonds important in maintaining the structure of the SRS fold (40).

To date, more than 160 DNA sequences from T. gondii have
been identified as belonging to the SRS superfamily (45), but only
the structures for SAG1, SporoSAG, and BSR4 have been solved
(39, 40, 46, 47). Although there is some structural divergence
among these three proteins, and within each protein the N-ter-
minal (D1) and C-terminal (D2) domains are also structurally
distinct, the SRS fold is observed as a common feature in the
domains of all three (40) (Fig. 4). Overall, comparison of the
structure of Pf12 D2 to the D1 domain of SAG1, D2 of SporoSAG,
and D1 of BSR4 (Fig. 4) indicates that despite having a low
identity for both the overall sequence (4-9%) and the structurally
matched regions (12-16%), the structure is indeed superimpos-
able on the SRS structures with Ca rms deviations ranging from 2.6
to 2.9 A, not a significant difference compared with the deviation
reported between the superimposition of the D1 and D2 domains
from the crystal structure of SAG1 (2.7 A) (39). As seen in Fig. 4,
the core structure of the SRS fold is evidently conserved in Pf12
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Toxoplasma gondii

BSR4 D1 (2jks)
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Fig. 4. Comparison of the fold of Pf12 D2 with the folds of three surface
antigens from T. gondii (SAG D1, sporoSAG D2, and BSR4 D1) belonging to
the SRS superfamily. The ribbon diagrams show the four domains in identical
orientations.

D2, but distinct characteristics are also observed in the periphery
of the core (Fig. 2) [i.e., a double-stranded B-sheet (36, $7), a short
a-helix, and a disordered loop (residues 174-180)] (Fig. 1). This
last feature, indicative of extensive mobility (as demonstrated by
the low '"H-{'N} NOE values), could in principle be present in
the T. gondii SRS proteins for which the structures are available.
However, because these features were derived from crystals, at
the moment it is not clear whether this is a particular feature of
Pf12, the s48/45 domain, or the SRS fold in general.

A common characteristic of both the SRS and the s48/45 domains
is their tendency to occur as tandem paralogous pairs. The two
tandem domains forming a pair in s48/45 proteins were respectively
labeled as “A-type” and “B-type” domains in the original work de-
fining the s48/45 domains (2, 4). The structure of Pf12 D2 reported
here corresponds to the B-type or second domain in the pair.

The remarkable conservation of one of the disulfide bonds in
all four structures, Pf12 D2, SAG1, SporoSAG, and BSR4 (Fig. 4
and Fig. S8), corresponding to disulfide B (Cys199-Cys260) in
Pf12 D2 (Fig. 2), suggests that this structural component is es-
sential in the stability of the SRS fold. A second bridge, disulfide
A (Cys153-Cysl185), although not spatially matched to the di-
sulfide found in the three structures from 7. gondii at the same
position, seems to serve the equivalent purpose of keeping the
main B-sheets of the sandwich together (Figs. 2 and 4, and Fig.
S8). Despite structural differences, three disulfide bonds are
positionally conserved within both domains of SAG1, BSR4, and
SporoSAG; however, analysis of other SRS sequences predicts
that the third disulfide bond might not be strictly conserved, or is
even absent in some members of the family (40). In the case of
Pf12 D2, the third disulfide bond (Cys210-Cys258) is positioned
outside the main fold, bringing the third B-sheet closer to the
core (Fig. 2); similar to the T. gondii family, not all of the s48/45
domains may require the presence of this disulfide. Analysis of
the sequences from proteins Pfs230, Pfs48/45, and Pf12 by Carter
et al. (4), leading to the original prediction of the disulfide bond
connectivity in the s48/45 domain, showed that with the exception
of the first domain of Pfs48/45, all predicted domains have an even
number of cysteines, most of them anticipated to form three or
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two disulfide bonds, but a few would only form one bond within
each domain.

The disulfide bond pattern for the s48/45 domain, where cys-
teines 1-2, 3-6, and 4-5 are connected, previously proposed
independently by Carter et al. through visual inspection and
scoring of the sequences mentioned above (4), and by Gerloff
et al. through comparative structural homology models of
Pfs230, Pfs48/45, Pfs47, and Pf12 based on SAG1 as a template
(2), is now validated by the disulfide bonds observed between
Cys153-Cys185, Cys199-Cys260, and Cys210-Cys258 in the
structure of Pf12 D2 (Fig. 2).

The members of the SRS superfamily, developmentally expressed
on the surface of 7. gondii, are generally considered adhesins in-
volved in host-cell attachment and invasion (45, 48). In particular,
SAGT1 is a highly immunogenic prototypic member of the family
expressed on the invasive tachyzoite, predicted to bind polyanionic
ligands and presumed to serve as an immune decoy facilitating
chronic infection; anti-SAG1 antibodies reduce parasite invasion
in vitro, and SAG1-null parasites showed less virulence in mice
experiments (39, 49-51).

In Plasmodium, so far there are four proteins (Pf12, Pf38, Pf41,
P£92) from the s48/45 family that have been validated as merozoite
surface proteins. Pf12, Pf38, and Pf41 are readily recognized by
immune sera from infected patients from endemic areas (10, 25,
26); however, no function has been ascribed to any of them yet.
The first step in invasion of merozoites into red blood cells is the
binding of any part of the merozoite to the red blood cell surface.
It is tempting to speculate that one of the s48/45 proteins could
possibly be the long-anticipated initiator of the invasion cascade.

From an evolutionary perspective, f-sandwich domains with
a structure comparable to the s48/45 and SRS are found in a wide
range of cell-surface proteins from bacteria to eukaryotes, in-
cluding versions from other parasites, such as Entamoeba and
trypanosomes. This finding indicates that such domains have an
ancient history of being used in extracellular interactions. How-
ever, classic members of the s48/45 and SRS family are currently
only known from apicomplexan clades of coccidia and aconoida-
sida. These members are apparently absent in Cryptosporidium,
which belongs to a more basal lineage of apicomplexans (Fig. S9),
suggesting that these domains emerged in the common ancestor of
the coccidians and aconoidasidans. This pattern of evolution is
congruent with that of several other surface molecules [for exam-
ple, the AMA1/MAEBL adhesins (44)]. Given that profile-profile
searches indicate the ephrins as the next best hit after the SRS
superfamily (Table S3), it is conceivable that the precursor of the
s48/45 and SRS domains was derived from an ephrin-like precursor
originally acquired from their metazoan hosts. Subsequent to their
divergence, the SRS domain has undergone independent explosive
radiations in different coccidians, but the s48/45 domains have
undergone an expansion only in the Plasmodium lineage.

Despite the early recognition of Pfs230 and Pfs48/45 as
transmission-blocking targets (9, 19) and subsequent identifica-
tion of other members of the initially named 6-cys family (1, 5,
6), technical difficulties in recombinant protein expression have
been a major hurdle in the successful production of full-length
s48/45 proteins in soluble and stable conditions. The one ex-
ception has been Pfs48/45 (12). In the case of Pf12, after multiple
failed attempts for the production of recombinant full length
Pf12, we opted for engineering the protein for expression as
separate domains with success in the production of the soluble

1. Williamson KC, Criscio MD, Kaslow DC (1993) Cloning and expression of the gene for
Plasmodium falciparum transmission-blocking target antigen, Pfs230. Mol Biochem
Parasitol 58:355-358.

. Gerloff DL, Creasey A, Maslau S, Carter R (2005) Structural models for the protein
family characterized by gamete surface protein Pfs230 of Plasmodium falciparum.
Proc Natl Acad Sci USA 102:13598-13603.

3. Punta M, et al. (2012) The Pfam protein families database. Nucleic Acids Res 40(Database

issue, D1):D290-D301.
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D2 domain in the periplasm of E. coli. The conservation of this
structural component is important in Plasmodium biology. Thus,
further functional and structural characterization of s48/45 pro-
teins is indispensable.

Methods

Cloning, Expression, and Purification. Recombinant soluble Pf12 D2, the C-
terminal domain of the P. falciparum protein Pf12 (PFF0615c), was produced
in E. coli. Details on cloning, expression, labeling and purification are pro-
vided in S/ Methods.

NMR Spectroscopy. All NMR spectra were collected on 0.4-mM protein
samples in 15 mM sodium ds-acetate at pH 5.0, and were recorded at 35 °C
on Bruker DRX600, DRX800, and Avance 900 spectrometers, equipped with
z-gradient cryoprobes. Spectra were processed using the program NMRPipe
(52), and analyzed using the programs PIPP and CAPP (53). Sequential as-
signment of 'H, '*N, and '3C resonances was achieved by means of through-
bond heteronuclear scalar correlations along the protein backbone and side
chains (54) (55) using 3D HNCO, CBCACONH, HNCACB, (H)C(CO)NH TOCSY,
and H(CCO)NH-TOCSY experiments, and a 30-ms mixing time '*C-separated
NOE experiment. Interproton distance restraints were derived from 3D '°N-
and '*Cseparated NOE experiments at a mixing time of 120 ms. Side chain
torsion angle restraints were derived from 3Jyc,(aromatic, methyl, and
methylene) and 3Jclcy(aromatic, methyl, and methylene) scalar couplings
measured by quantitative J correlation spectroscopy (56), in combination
with data from a short mixing time (30 ms) 3D '3C-separated NOE spectrum
recorded in H,0.

Residual "Dyp, 'Deatr 'Dic »and 2Dyne dipolar couplings (57) were mea-
sured in a liquid crystalline medium of phage pf1 (11 mg/mL) (58). The
magnitudes of the axial (D."") and rhombic (n) components of the align-
ment tensor DN" were obtained by examining the distribution of the nor-
malized residual dipolar couplings (59). Heteronuclear ">N-{"H} NOE data
were collected and analyzed as described previously (60), on a 0.3 mM 5N-
labeled sample in 25 mM sodium acetate, pH 5.0.

Structure Calculations. Interproton distance restraints were classified into four
distance ranges: 1.8-2.7 A (1.8-2.9 A for NOEs involving NH protons), 1.8-3.3
A (1.8-3.5 A for NOEs involving NH protons), 1.8-5.0 A and 1.8-6.0 A, cor-
responding to strong, medium, weak, and very weak NOEs, respectively (54).
Next, 0.5 A was added to the upper distance limits for NOEs involving methyl
groups. Distances involving ambiguous NOEs, nonstereospecifically assigned
methylene and methyl groups, and the H& and He protons of Tyr and Phe
were represented as a £(r~%)~"® sum. Backbone ¢/ torsion angle restraints
were obtained on the basis of backbone N, "Hy, *Ca, "Ha, '3Cp, and '3C’
chemical shifts using the program TALOS+ (61). Structures were calculated
by simulated annealing in torsion angle space (62) using the program Xplor-
NIH (63). The target function comprised terms for the experimental NMR
restraints (NOE-derived interproton distances, backbone, and side-chain
torsion angles, *Ca/'*Cp chemical shifts, and residual dipolar couplings),
terms to maintain idealized covalent geometry, a quartic van der Waals
repulsion term to prevent atomic overlap, a multidimensional torsion-angle
database potential of mean force, and a hydrogen bonding database po-
tential of mean force. Structure figures were created using the programs
VMD-XPLOR (64) and GRASP (65). The coordinates and experimental
restraints have been deposited in the Protein Dadata Bank (PDB ID 2LOE)
and the chemical-shift assignments in the Biological Magnetic Resonance
Bank (BMRB ID 18210).
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