
The C-type lectin fold as an evolutionary solution for
massive sequence variation
Stephen A McMahon1,5,6, Jason L Miller1,6, Jeffrey A Lawton1,5, Donald E Kerkow2,5, Asher Hodes3,
Marc A Marti-Renom4, Sergei Doulatov3,5, Eswar Narayanan4, Andrej Sali4, Jeff F Miller3 & Partho Ghosh1,2

Only few instances are known of protein folds that tolerate massive sequence variation for the sake of binding diversity. The
most extensively characterized is the immunoglobulin fold. We now add to this the C-type lectin (CLec) fold, as found in the
major tropism determinant (Mtd), a retroelement-encoded receptor-binding protein of Bordetella bacteriophage. Variation
in Mtd, with its B1013 possible sequences, enables phage adaptation to Bordetella spp. Mtd is an intertwined, pyramid-shaped
trimer, with variable residues organized by its CLec fold into discrete receptor-binding sites. The CLec fold provides
a highly static scaffold for combinatorial display of variable residues, probably reflecting a different evolutionary solution for
balancing diversity against stability from that in the immunoglobulin fold. Mtd variants are biased toward the receptor
pertactin, and there is evidence that the CLec fold is used broadly for sequence variation by related retroelements.

The major tropism determinant (Mtd, 40 kDa), the receptor-binding
protein of Bordetella bacteriophage, varies greatly in sequence1,2.
Variation in Mtd depends on a phage-encoded retroelement that
belongs to a family of retroelements implicated in generating sequence
diversity in various phage and bacterial genomes3. The Bordetella
bacteriophage retroelement can produce B1013 different sequence
variants of Mtd, rivaling the B1014–1016 possible sequences of
antibodies and T-cell receptors, whose immunoglobulin fold has
been the sole paradigm for toleration of massive sequence variation
in proteins4,5. Lack of similarity of Mtd to other proteins suggests that
it represents a previously unobserved evolutionary solution to this
problem. We therefore set out to understand how Mtd accommodates
massive sequence variation and creates diverse receptor-binding sites.

Diversity in Mtd is required for phage adaptation to Bordetella as
this bacterial pathogen varies its gene expression pattern according to
an infectious cycle. The expression pattern is regulated by the BvgAS
two-component system, such that virulence factors, for example
adhesins and the type III secretion system, are expressed only in the
pathogenic or Bvg+ phase of Bordetella6,7. In contrast, other genes,
including those required for motility, are expressed only in the
environmental or Bvg� phase. Certain other genes are expressed
preferentially at intermediate levels of Bvg activation8. For the
phage, this means that potential receptors appear and disappear as
Bordetella responds to its environment. Changes in Bordetella are met

by emergence of Mtd variants that maintain phage infectivity by using
newly expressed Bordetella surface molecules as receptors.

Mtd variants are produced by a unique adenine-specific muta-
genesis process involving a retroelement-encoded reverse transcriptase
(Bordetella reverse transcriptase, Brt; Fig. 1a). The process relies on
two nearly identical direct repeats, called the variable region (VR)
and template region (TR)1,2. In brief, sequence information in the
variable region, which encodes the C-terminal 45 residues of Mtd, is
replaced by sequence information from the template region, which
remains unchanged by this process. The mutagenic aspect derives
from the fact that adenines in the template region are transmitted to
the variable region with poor fidelity, being replaced at random by any
base1. As a consequence, variability in Mtd is focused to 12 adenine-
encoded amino acids that are scattered across its C-terminal variable
region (Fig. 1a).

RESULTS
Overall structure of Mtd
We determined crystal structures of four Mtd variants, P1, M1, P3c
and I1 (Fig. 1a), that differ in receptor specificity and host tropism
(resolution limits 1.56–2.52 Å, Supplementary Tables 1 and 2 online).
Mtd-P1 confers phage infectivity against Bordetella in the pathogenic
(Bvg+) but not environmental (Bvg�) phase because it uses the Bvg+-
specific surface protein and virulence factor pertactin as a receptor3,9.
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In contrast, Mtd-M1 confers infectivity against Bordetella in the Bvg�

phase only, indicating that it binds an unknown minus-specific recep-
tor, possibly glycosyl groups of the O-antigen as has been suggested by
indirect evidence (A.H. and J.F.M., unpublished data). Mtd-P3c
confers infectivity against the plus phase only but uses an unknown
receptor other than pertactin, and Mtd-I1 confers infectivity indis-
criminately against both plus and minus phases, indicating it uses an
unknown receptor expressed by both phases. The structure of a fifth
variant, Mtd-U1, was also determined. Mtd-U1 is a direct descendant
of Mtd-M1 and is not known to be infective, but is of interest because
its variable region resembles the template region in sequence.

Tropic variants of Mtd are nearly identical in overall structure,
indicating that no large conformational changes result from sequence
variation. Mtd is an intertwined, pyramid-shaped trimer (Fig. 1b),
corresponding in size and shape to knobs seen at the ends of phage tail
fibers2. A largely hydrophobic interface buries 44,500 Å2 of surface
area in each protomer, consistent with obligatory trimerization (Sup-
plementary Data online). Hydrogen bonds and a shared cation are also
involved in trimerization. Mtd protomers are composed of N-terminal,
intermediate and C-terminal domains (Fig. 1b and Supplementary

Fig. 1 online). At the apex of the pyramid, trimerization of the
N-terminal domain (residues 1–48) of Mtd forms a three-fold sym-
metric b-prism. This resembles the pseudo three-fold–symmetric
b-prisms of monocot lectins (r.m.s. deviation 2.4 Å, 60 Ca atoms),
but lacks residues in these lectins identified as binding carbohydrates
(Supplementary Data)10,11. The intermediate domain forms a
b-sandwich containing three- and four-stranded antiparallel sheets
with a nearly right-angle turn in the middle, and it has a novel fold
(Supplementary Data). Functional roles for the b-prism and b-sand-
wich domains are not known, but tethering Mtd to the phage surface
seems a likely possibility. The overall intertwining nature of the protein,
which is important for the function of the C-terminal variable domain,
is best appreciated by noticing that the b-prism domain occupies a
different face of the pyramid than the other domains do (Fig. 1b).

C-type lectin fold in the variable domain
The C-terminal domain has a C-type lectin (CLec) fold12, as identified
by structural homology searches13 (Fig. 2a). The CLec fold of Mtd is
related to those of divergently and convergently evolved CLec proteins,
such as macrophage mannose receptor (r.m.s. deviation 2.7 Å, 101 Ca,
Z ¼ 6.5)14 and intimin (r.m.s. deviation 3.0 Å, 89 Ca, Z ¼ 5.8)15,16,
respectively. Notably, the CLec fold is not functionally restricted to
calcium-dependent carbohydrate binding but instead constitutes a
general ligand (including protein)-binding motif17.

The typical topological features of the B110–130-residue CLec fold,
also seen in Mtd, are a two-stranded antiparallel b-sheet formed by the
domain’s N and C termini (b1b5), which are connected by two
a-helices and a three-stranded antiparallel b-sheet (b2b3b4) (Fig. 2a).
The b2b3b4 sheet in Mtd contains an additional three-residue
strand, b4¢, and a short 310-helix. The CLec fold in Mtd has conver-
gently evolved; it has different core residues than do divergently
evolved CLec proteins and lacks residues required for calcium- or
carbohydrate-binding12. Likewise, none of the four disulfide bond–
forming cysteines seen in many CLec domains is found in Mtd, con-
firming that disulfides are not required for stability of the CLec fold.
Unique to Mtd are two B40-residue inserts that interrupt secondary
structure elements and stabilize the variable region (see below).

Variable region
All 12 adenine-encoded variable residues of Mtd are organized into a
solvent-exposed receptor-binding site on the external face of the
b2b3b4b4¢ sheet (Fig. 2b), indicative of an elegant coevolution
between the genetic mechanism of variation and the physical target
of this variation. Notably, this same face has been shown to be
responsible for protein-protein interactions in the CLec proteins
Ly49A18 and intimin15,16.

All but two of the variable residues in the template region are
encoded by AAC (Fig. 1a). Adenine-specific mutagenesis of AAC-
encoded asparagine permits substitution by 14 other amino acids
covering the gamut of chemical character. For example, tryptophan
cannot be encoded, but phenylalanine and tyrosine can, and likewise
glutamic acid and lysine cannot be encoded, but aspartic acid and
arginine (and also histidine) can. Notably, use of the AAC codon
precludes the introduction of a nonsense codon. Residues 348 and 369
are encoded by ACG (threonine) and ATC (isoleucine), respectively, in
the template region, and adenine-specific mutagenesis of these permits
substitution by three other amino acids (serine, proline and alanine
for 348; valine, leucine and phenylalanine for 369). There does not
seem to be a structural need for residue 348 to be small, but 369 may
need to be hydrophobic to pack between the invariant residues Trp307
and Trp309.

VR
VR

VR

C-type
lectin

β-prism

β-sandwich

ND

–

+/–

+

+
380375 IMH370365360355350345340

1
Mtd VR

337 381
TR Brt

Brt-mediated mutagenesisa

b

Figure 1 Mtd variation and structure. (a) Genome organization of the

Bordetella bacteriophage retroelement (to scale, except for Brt). Variable

region (VR) sequences for the five Mtd variants studied and the predicted

sequence of the template region (TR) are shown (variable positions differing

between VR and TR in red and those that are identical in blue). Region

corresponding to the initiation of mutagenic homing (IMH) sequence is

underlined. Tropism is indicated to the right of sequences: +, Bvg+; �,

Bvg�; +/�, either Bvg+ or Bvg�; ND, not determined. Adenine-containing

codons in TR are denoted by colored symbols. Adenine-specific mutagenesis

of codons (blue or white) results in nonsynonymous substitutions; the three
adenine-containing codons at the end of the sequence are part of the IMH

element and invariant. (b) Left, structure of Mtd trimer (height B90 Å, base

B50 Å) with protomers colored blue, green and gold and locations of VR

indicated. Mtd-P1 is depicted, but other Mtd variants are identical (average

r.m.s. deviation 0.33 Å, 376 Ca atoms). Right, Mtd protomer. Green,

b-prism domain; red, b-sandwich; blue, C-type lectin. Molecular graphics

were made with PyMOL (http://pymol.sourceforge.net).
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The binding site also contains two invariant, solvent-exposed
aromatic residues, Trp307 and Trp345, which are likely to partake in
receptor interactions (Fig. 2b). Two additional aromatic residues,
Tyr322 and Tyr333, are contributed by the b2b3 loop from a
neighboring protomer that intertwines into the binding site
(Fig. 2b). The b2b3 loop varies greatly in structure among CLec
proteins and is responsible for calcium-dependent carbohydrate
binding among a subset of them19. The variable residues along with
the above invariant aromatic residues together constitute B900 Å2 of
surface area per protomer of Mtd-P1.

Concordance between the genetic mechanism and physical target of
variation is also seen in the b5 strand at the C terminus of Mtd. The
b5 strand is encoded by a 21-bp genetic element (initiation of
mutagenic homing, IMH) that sets the directionality of information
transfer and is not replaced by the template region3. It is therefore
invariant despite containing adenine-encoded residues and is also
noteworthy in containing codons that differ between the variable and
template regions at bases other than adenine (those encoding residues
376–379). Invariance of IMH at the nucleotide level is reflected at the
protein level, with b5 positioned in the central core of trimer, making

close intra- and intermolecular contacts that
could be disrupted by variation.

Mtd variants
Structural comparison of tropic variants of
Mtd reveals that the main chain conforma-
tion of the CLec domain is remarkably invar-
iant despite large differences in sequence
(Fig. 2c, r.m.s. deviation 0.27 Å, 45 Ca).
This is made more notable by the fact that
more than half the variable residues (344,
346, 347, 359, 360, 364 and 366) are located

on loops (Fig. 2b). Providing stabilization to these loops are the two
inserts in the CLec domain along with the trimeric assembly. The
inserts form hydrogen bonds to the main chain and invariant side
chains (such as Ser351, 353 and 365) of the variable region (Fig. 2d).
Trimeric assembly results in a similar pattern of hydrogen bonds, for
example between the b2b3 loop of one protomer and the invariant
side chain of Arg354 of another protomer (Fig. 2e). The b2b3 loop
has the same intertwining conformation in all Mtd variants examined,
being positioned exclusively over invariant residues (351–356)
(Fig. 2b,c). The b-prism and b-sandwich domains reinforce overall
trimeric assembly and therefore may have indirect roles in stabilizing
the backbone of the variable region.

The binding sites of the five Mtd variants studied differ greatly in
their pattern of hydrophobicity. Mtd-P1 and Mtd-I1 have highly
hydrophobic binding sites, and the continuity of the hydrophobic
surface decreases successively for Mtd-P3c, Mtd-M1 and Mtd-U1
(Fig. 3), with Mtd-U1 having nine template region–encoded mostly
hydrophilic residues (Fig. 1a). The binding sites of Mtd-P1 and Mtd-
I1 accommodate four or five large, exposed hydrophobic residues, and
although a preponderance of exposed hydrophobic surface is typically
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Figure 2 Variable region (a) Left, C-type lectin

domain of Mtd. Red, variable region (VR); pink,

insert 1 (residues 200–236, between b1 and a1);

green, insert 2 (residues 264–305, between a2

and b2); gray, other regions. Secondary structure

elements are labeled, including short 310-helix in

VR. The last strand (b5) in the C-type lectin fold

corresponds to the IMH and is positioned in the

core of the trimer. Right, the C-type lectin domain

(residues 639–763) of mannose macrophage

receptor. Red, a-helices; blue, b-strands and

loops. (b) Receptor-binding site (residues 307–

369) of Mtd. Gray, main chain and nonaromatic

invariant side chains; orange, invariant aromatic

side chains; red, variable side chains; blue,
b2b3 loop from a neighboring protomer and its

invariant Tyr322 and Tyr333. (c) Superposition of

variable regions of Mtd variants. (d) Stabilization

of VR by insert 2. Main chain and side chains

(Glu267 and Ser270) of insert 2 (green) form

hydrogen bonds to main chain and side chains

(Ser351 and Ser353) of VR (gray). Red spheres,

Ca positions of variable residues; dashed lines,

hydrogen bonds; yellow atoms, carbons; red

atoms, oxygens. Main chain atoms are indicated

in parentheses. (e) Stabilization of VR by

trimeric assembly. Main chain of b2b3 loop

(blue) and side chain of Glu243 from a

neighboring protomer form hydrogen bonds with

main chain and side chain (Arg354) of VR.

Coloration is as in d.
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correlated with protein instability20, both Mtd-P1 and Mtd-I1 are
highly stable proteins. Protein stability is probably aided by the
hydrophilic surface formed by invariant residues surrounding the
binding site.

Pertactin interactions
Direct association between Mtd-P1 and its Bordetella receptor pertac-
tin3 was examined using purified components. The ectodomain of
pertactin (Prn-E) was incubated with Mtd variants and found by a
coprecipitation assay to associate with Mtd-P1 but not with Mtd-I1 or
Mtd-U1 (Fig. 4a). Notably, pertactin also associated with Mtd-P3c
and, weakly, with Mtd-M1, both direct descendants of Mtd-P1 (ref. 1).
Tyr359 is the only variable residue common to these three pertactin-
binding Mtd variants (Fig. 1a) and is also highly conserved among
plus-tropic phages1. Although an explanation for the importance of
Tyr359 requires further investigation, our results suggest that this
residue is a dominant pertactin-binding determinant. The existence of
pertactin cross-reactivity, conferred by the single residue Tyr359, along
with the observation that the variable region is usually replaced in
short patches rather than en bloc3 explain why phage tropism is vastly
skewed toward the plus phase. This skew is evident in the fact that
plus-tropic phages convert to minus-tropic or indiscriminate (infect-
ing both plus and minus Bordetella) phages at a frequency of 10�6, in

contrast to the thousand-fold greater fre-
quency of 10�3 at which minus-tropic and
indiscriminate phages convert to plus-tropic
phages1. It is possible that this skew affects
Bordetella variation between its pathogenic
(plus) and environmental (minus) phases.

Potentially trivalent Mtd-P1 was found by
static light scattering to associate with only a
single pertactin molecule (Supplementary
Fig. 2 online). This suggests that pertactin
sterically occludes other binding sites, associ-
ates with Mtd pseudo symmetrically or
both. The binding sites in Mtd are fixed in

relation to one another by trimeric intertwining and not flexibly
disposed to adapt to target surfaces as in antibodies. The entropically
driven association between Mtd-P1 and pertactin has a modest
Kd of B3 mM, as assessed by isothermal titration calorimetry
(ITC), which also provided further evidence for 3:1 Mtd/pertactin
stoichiometry (Fig. 4b). As Bordetella bacteriophage seems to have
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Figure 4 Pertactin association. (a) Top, coprecipitations showing association

of Mtd variants with the His-tagged ectodomain of pertactin (Prn-E),

visualized using SDS-PAGE and Coomassie staining. I, relative amount of

each variant incubated; E, relative amount eluted. Bottom, coprecipitation

of Mtd variants in the absence of Prn-E, visualized using SDS-PAGE and

Coomassie staining. W, relative amount of each variant upon the last of

three washes. (b) Isothermal titration calorimetry of binding between Mtd-P1

and Prn-E. Top, measurements of the endothermic reaction resulting from

successive 15-ml injections of Mtd-P1 into a solution of Prn-E. Middle,
integrated heats of injection plotted against molar ratio of Mtd-P1 trimer

to Prn-E. Bottom, summary of data from experiments carried out at 15.5

and 23 1C, with free energy and entropy changes calculated using the

relationships DG ¼ �RT ln(1/Kd) and DG ¼ DH �TDS. N is the number

of Mtd trimers calculated to bind Prn-E.

Figure 3 Receptor-binding site. Molecular surface

in stereo of receptor-binding sites of Mtd variants.

Residue coloration: green, variable hydrophobic

(Ala, Val, Leu, Ile, Phe, Tyr, Trp and Met); yellow,

invariant hydrophobic; red, variable hydrophilic

(Ser, Thr, Asn, Gln, Asp, Glu, His, Lys, Arg and

Cys); blue, invariant hydrophilic. ‘Invariant’ shows

surface surrounding the receptor-binding site,

with binding site residues uncolored and all

others colored as above.
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12 Mtd trimers in total1,2, this modest affinity is likely to translate to
high avidity in binding outer membrane–confined pertactin. The
affinity of Mtd-M1 for pertactin is too low to be quantified precisely,
but a Kd of Z40 mM can be estimated (see Methods), distinguishing
between infectious (3 mM) and noninfectious (Z40 mM) interactions.

Variable proteins of other retroelements
Nine retroelements having reverse transcriptases similar to the one
in the Bordetella bacteriophage retroelement, and similar adenine-
specific differences between the template and variable regions, have
been identified in phage and bacterial genomes3. Potentially variable
proteins of these related retroelements have low sequence identity to
Mtd (B17%), but structural and mechanistic considerations enable
sequence alignment consisting of the b2b3b4b4¢ sheet of the CLec fold
(Fig. 5). In particular, the invariant Mtd binding site residue Trp345 is
present in a highly conserved GGXW motif. Invariant residues
(Ser351, Ser353 and Arg354) involved in loop stabilization, trimeric
contacts or both (Fig. 2d,e) are also generally conserved. As in Mtd,
residues differing between variable and template regions, or that could
potentially vary through an adenine-specific mechanism, are located
chiefly between the b3 and b5 strands.

These conclusions are supported by profile-profile–based sequence
alignments, which show statistically significant matches (e-values o
10�8) between the C terminus of Mtd and C termini of potentially
variable proteins from Treponema denticola, Vibrio harveyi ML phage,
two Trichodesmium species and two Nostoc species (Supplementary
Methods online). An additional piece of evidence is that variable

regions and IMH elements of related retroelements are consistently
located at the extreme C terminus of potentially variable proteins3.
This property is not necessitated by genetic mechanisms of variation,
but it is consistent with features of the CLec fold of Mtd (Fig. 2).
Together, these results provide evidence that the CLec fold is used
broadly as a scaffold for sequence variation by related retroelements.

In contrast to the CLec domain, neither the b-prism nor the
b-sandwich domain of Mtd is conserved in proteins of related retro-
elements. Indeed, some of these putatively variable proteins (such as
Trichodesmium erythraeum 2) are quite short and seem to be com-
posed of only the CLec domain, whereas others (such as Bacteroides
thetaiotaomicron and Trichodesmium erythraeum 1A) are quite large
and have additional, uncharacterized domains. The biological func-
tions of these proteins are currently unknown, but those from
B. thetaiotaomicron and T. denticola are predicted to be lipoproteins
that localize to the outer bacterial surface and the one from
Bifidobacterium longum to have a signal sequence that is consistent
with secretion. These three bacterial species are part of the normal
human microbiota, and variability in their CLec folds may have a role
in modulating interactions with host tissues.

DISCUSSION
Highly variable proteins may be conceptually divided into predators
and prey. Predator proteins are those, such as antibodies, that function
by binding unanticipated ligands. Massive diversity in predator
proteins enhances the likelihood of, for example, an antibody binding
a novel antigen with sufficient affinity to stimulate an immune
response, or Mtd to a novel bacterial cell surface receptor to initiate
an infection. For prey proteins, variability is responsible for evasion
from predatory binding proteins, resulting in the phenomenon known
as antigenic variation. Notably, pertactin itself is antigenically var-
iant21, requiring Mtd to keep pace with pertactin variation driven by
selection pressure from antibodies.

Although predator proteins are extremely rare, a fairly large number
of antigenically variable prey proteins are known, with well-character-
ized examples being trypanosomal variable-surface glycoproteins22

and gonococcal pilins23. The selection pressure for diversity in anti-
genically variable proteins is not nearly as great as for predator
proteins. For example, the number of possible variable-surface glyco-
protein sequences24 is estimated to be B103, considerably lower than
the B1014–1016 possible sequences of immune system proteins5 and
B1013 possible Mtd sequences1. In addition, structural demands on
prey proteins are much less severe than those on predator proteins.
Antigenic variation need only lessen the affinity with which an
antibody binds, which may be achieved through small changes,
whereas the binding site of a predatory protein must accommodate
almost any sequence in order to have sufficient diversity to bind
almost any ligand. This latter demand has been met successfully by the
immunoglobulin fold in the vertebrate immune system. It may have
also been met by the leucine-rich repeat fold in the immune system of
jawless fish, although in this case the extent of diversity is not known
and antigen binding has not yet been demonstrated25. Our work
provides the first evidence that evolution has made use not only of the
immunoglobulin fold but also of the CLec fold as a paradigm for
massive sequence variation in predatory binding proteins.

Are there consequences for using one fold over the other? In
contrast to the CLec fold of Mtd, which displays a fixed number of
variable residues on an invariant backbone, the number of variable
residues displayed on loops by the immunoglobulin fold of antibodies
and T-cell receptors is not fixed, and neither is the backbone
conformation. This is made possible by variable residues in the
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Figure 5 Structure-based sequence alignment of Mtd with potentially

variable proteins of related retroelements. Pink, identical residues; yellow,

chemically conserved residues (grouped as follows: Trp, Phe, Tyr; Ala, Val,

Leu, Ile; Ser, Thr; Asn, Gln, Asp, Glu; Arg, Lys); light gray, variable residues

in Mtd and residues that differ between VR and TR in genomic sequences

of potentially variable proteins; dark gray, residues that could vary by an

adenine-specific mechanism in potentially variable proteins. In assigning

color, grays take precedence over pink and yellow, such that certain

putatively variable residues are also identical or conserved. Secondary

structure elements (box, b-strand; oval, 310- helix) for Mtd and the GGXW
motif are denoted above the alignment. VHML, Vibrio harveyi bacteriophage

VHML; B.l., Bifidobacterium longum; B.t., Bacteroides thetaiotaomicron;

T.d., Treponema denticola; T.e., Trichodesmium erythraeum IMS101;

N. PCC, Nostoc sp. PCC 7120; N.p., Nostoc punctiforme PCC 73102.

Nine of these sequences are identified as belonging to the DUF-323 family

(Supplementary Methods), suggesting that DUF-323 proteins are likely to

have C-type lectin folds.
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immunoglobulin fold being continuous in primary sequence rather
than dispersed as in the CLec fold. It is reasonable to expect that the
immunoglobulin fold provides greater binding diversity because of its
combined sequence and conformational variations. However, there
seems to be a cost for greater diversity, as certain conformations of the
immunoglobulin fold are deleterious to protein stability and promote
fibril formation, as in the case of light chain amyloidosis26–29. It seems
likely that the CLec fold, although more limited in diversity, is less
susceptible to unstable conformations and protein misfolding
errors because of its static scaffold and that evolution has arrived at
different balances between diversity and stability in the CLec and
immunoglobulin folds.

METHODS
Expression and purification. Coding sequences of Mtd (1–381) variants and

Prn-E (38–640) were amplified by PCR from B. bronchiseptica RB50 or phage

lysates. Mtd variants were expressed in Escherichia coli BL21 (DE3) as

glutathione S-transferase fusion or His-tagged proteins and purified by

standard procedures, including proteolytic removal of fusions or tags. Prn-E

was expressed similarly, with an N-terminal His-tag, and refolded and purified

from inclusion bodies30 without removal of the tag (Supplementary Methods).

Structure determination. Crystals of Mtd variants were grown by vapor

diffusion at 25 1C by mixing equal volumes of protein with various precipitants

(Supplementary Methods). For phase determination by MAD, methionine

substitutions were introduced in Mtd-P1 at Leu52 and Val53 via QuikChange

(Stratagene), and selenomethionine was biosynthetically incorporated into

the mutated protein, which was then purified and crystallized. Inverse-

beam, three-wavelength diffraction data to 1.5-Å resolution were collected at

B110 K from cryoprotected crystals (19-ID, Advanced Photon Source) and

processed and scaled using HKL2000 (ref. 31) (Supplementary Tables 1 and 2).

Positions of three selenomethionines (Met100, Met182 and Met245) and

initial phases were determined using SOLVE32, and solvent flattening was

performed using DM33. Automated model building with ARP/wARP34

produced a trace of residues 5–380. This model was used for molecular

replacement with Amore33 of native Mtd-P1, Mtd-P3c, Mtd-I1, Mtd-M1 and

Mtd-U1. O35 was used for manual model building and REFMAC533 for

refinement of 95% of data (the remaining 5% were used for a validation

refinement protocol). Waters having Z3 s Fo–Fc density and within 2.6–3.4 Å

of a hydrogen bond donor or acceptor were modeled. At least one divalent

cation was modeled and refined in each structure. All variable residues were

within electron density in 2Fo–Fc maps calculated with model phases, except for

His346 in Mtd-M1 and Phe346 in Mtd-I1, for which density was seen only to

the Cb atom.

Coprecipitation assay. Prn-E (80 mM, His tagged) was incubated (5 min,

25 1C) with Mtd variants (42 mM trimer) in binding buffer (150 mM NaCl and

50 mM Tris (pH 8.0)). Ni2+-NTA agarose beads were added and incubated for

5 min with the protein mixture, after which beads were washed three times

with binding buffer supplemented with 25 mM imidazole. Bound proteins

were eluted with binding buffer supplemented with 500 mM imidazole and

visualized by SDS-PAGE and Coomassie staining. The final wash was devoid

of protein.

Isothermal titration calorimetry. ITC measurements were performed at

15 and 23 1C and data were analyzed with Origin (MicroCal MCS). Mtd-P1

(450 mM trimer) was injected from a stirring syringe into a calorimeter cell

containing Prn-E (45 mM); both proteins were in 150 mM NaCl and 50 mM

Tris (pH 8.0). Estimation of the lower bound for the Kd of binding between

Mtd-M1 and Prn-E derives from the following argument. Mtd-M1 (400 mM)

was used in ITC experiments with Prn-E (40 mM), following the same protocol

as for Mtd-P1, but no heat of binding was observable. This means that value of

the parameter c (c ¼ Mtot/Kd, where Mtot is the concentration of Prn-E in the

cell)36 for Mtd-M1 is likely to be o1, as values of 1 o c o 500 yield

interpretable binding isotherms. Therefore, the binding affinity can be esti-

mated to have a Kd Z 40 mM. For comparison, the value of c for Mtd-P1

(450 mM) binding to Prn-E (45 mM) is B14. In addition, interpretable and

consistent binding data for Mtd-P1 were also obtained in experiments carried

out with c B3.

Accession codes. Protein Data Bank: Coordinates have been deposited with the

accession codes 1YU0, 1YU1, 1YU2, 1YU3 and 1YU4. BIND identifiers (http://

bind.ca): 330939, 330940.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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