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Abstract: In mice, the major urinary proteins (MUP) play a key role in pheromonal communication

by binding and transporting semiochemicals. MUP-IV is the only isoform known to be expressed in
the vomeronasal mucosa. In comparison with the MUP isoforms that are abundantly excreted in

the urine, MUP-IV is highly specific for the male mouse pheromone 2-sec-butyl-4,5-dihydrothiazole

(SBT). To examine the structural basis of this ligand preference, we determined the X-ray crystal
structure of MUP-IV bound to three mouse pheromones: SBT, 2,5-dimethylpyrazine, and 2-

heptanone. We also obtained the structure of MUP-IV with 2-ethylhexanol bound in the cavity.

These four structures show that relative to the major excreted MUP isoforms, three amino acid
substitutions within the binding calyx impact ligand coordination. The F103 for A along with F54 for

L result in a smaller cavity, potentially creating a more closely packed environment for the ligand.

The E118 for G substitution introduces a charged group into a hydrophobic environment. The
sidechain of E118 is observed to hydrogen bond to polar groups on all four ligands with nearly the

same geometry as seen for the water-mediated hydrogen bond network in the MUP-I and MUP-II

crystal structures. These differences in cavity size and interactions between the protein and ligand
are likely to contribute to the observed specificity of MUP-IV.
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Introduction

The major urinary proteins of the mouse (MUP)

sequester, transport, and slowly release pheromones

into the environment, playing a key role in social

signaling.1–4 The mouse genome encodes for � 38

MUPs5,6 which have been classified into four groups

based on nucleotide sequence similarity and tissue-

specific expression patterns. Group 1 MUPs are

expressed mainly in the liver and kidney and

excreted into the urine at high levels.7,8 Group 2

comprise pseudogenes and group 3 isoforms are gly-

cosylated.5,8 The group 4 MUPs are expressed in the

lachrymal and salivary glands.5,9 Historically, focus

has been on naturally abundant, small, volatile

ligands of MUPs, such as 2-sec-butyl-4,5-dihydro-

thiazole (SBT), 2,3-dehydro-exo-brevicomin (DHB),

6-hydroxy-6-methylheptan-3-one (HMH), and 2,5-

Abbreviations: DMP, 2,5-dimethylpyrazine; 2EH, 2-ethylhexanol;
HT, 2-heptanone; MUP, Major urinary protein; SBT, 2-sec-
butyl-4,5-dihydrothiazole.
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dimethylpyrazine (DMP), which have been shown to

influence aggression and puberty in mice.10–13 It has

also been shown that expression patterns of the 8–

14 excreted group 1 isoforms are similar among

related mice,5,8,14 which suggests that the MUP pro-

tein profile might also play a role in social communi-

cation.15–18 The precise roles of the group 4 isoforms

are currently unclear. In rodents, pheromones are

detected both by the main olfactory bulb and the

vomeronasal organ (VNO).1,19 It has been proposed

that the nasal MUP isoforms may function in facili-

tated transport to olfactory and vomeronasal recep-

tors.20 MUP isoform IV (MUP-IV), belongs to group

49 and is the only MUP known to be expressed in

the VNO.20 Interestingly, SBT binds to MUP-IV

about 20 times more tightly than to any of the five

most abundant group 1 isoforms.20

The first X-ray crystal structure of MUP21 con-

firmed that the mouse MUP belong to the lipocalin

superfamily.22 X-ray and NMR structures of MUP-I

and MUP-II have been determined in the presence

of SBT23,24 as well as other ligands.24–32 However,

until now, there have been no published structures

of a group 4 isoform. We have determined the X-ray

crystal structures of MUP-IV in complex with three

mouse pheromones to examine the structural basis

of ligand binding specificity.

Results

Overall structural similarity of MUPs

Four MUP-IV crystal structures were solved in the

orthorhombic space group using the Protein Data

Bank coordinates for MUP-I (PDB code 1i06, Ref.

24) as the search model for molecular replacement.

Each of the MUP-IV crystal structures show contin-

uous electron density for residues 10–161; residues

1–9 and 162.y were not observed in the electron den-

sity maps. As expected, MUP-IV adopts the canoni-

cal lipocalin fold, consisting of an eight-stranded

beta barrel enclosing a hydrophobic cavity.22 Overall,

the four MUP-IV structures reported here exhibit

mainchain root mean square deviations (RMSD) of

less than 0.2 Å to each other. MUP-IV is also highly

similar to MUP-I24 and MUP-II23 with an overall 1

Å rmsd for all backbone atoms for the pairwise com-

parisons. The largest differences between these

structures occur at the N- and C-termini and at the

loops near the single disulfide bond, reaching a max-

imum of � 5 Å for this region (Fig. 1). This overall

similarity in tertiary structure was anticipated, as

MUP-IV shares � 75% sequence identity with MUP-

I and MUP-II (Fig. 2). However, inside the occluded

binding cavity, the sequence identity to MUP-I and

MUP-II drops to 65% where the most structurally

significant cavity substitutions are an E118 for G,

an F54 for L, and an F103 for A.

Ligand–protein interactions in MUP-IV

We solved three high-resolution pheromone-bound

structures of MUP-IV from crystals soaked with syn-

thetically derived 2-heptanone (HT), DMP, and SBT

(Fig. 3). The effects of these pheromones are known;

HT extends estrus,33 DMP inhibits puberty,12 and

SBT both promotes intermale aggression as well as

inducing estrus synchrony.10,11 We also solved the

structure for a crystal which was not soaked with

Figure 1. Stereo image showing structure overlay of the SBT complexes of MUP-I (light grey, 1i06, ref. 24), MUP-II (dark

grey, 1jv4, ref. 23), and MUP-IV (black). Protein rendered as ribbon diagrams and SBT in ball-and-stick. Strands labeled

according to Ref. 24.

yNumbering is from the first residue of the mature sequence, thus
offset by 16 residues from the gene ORF.
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pheromone, but which contains a serendipitous

ligand. This is consistent with the findings of other

groups, where significant difference electron density

peaks are observed in the MUP binding pocket

even in the absence of exogenously introduced

ligand.21,24,26 Data collection and refinement statis-

tics are presented in Table I.

Initial electron density maps for the serendipi-

tous ligand structure are shown in Fig. 4(A). At the

1.0 Å resolution of this data set, the density is well

modeled by 2-ethylhexanol (2EH). The origin and

binding properties of this endogenous ligand are

unknown; however, 2EH is a common flavorant in

foodstuffs and is also a byproduct of plastic degrada-

tion.34–36 The hydroxyl group of 2EH is located

within hydrogen bonding distance to both E118 OE2

and the carbonyl of M38 [Figure 4(E)]. Potential

packing contacts for all four ligands are listed in

Supporting Information Table I.

As can be seen in Fig. 4(B), in the 1.4 Å struc-

ture solved from the crystal soaked with HT, the

electron density for the ligand was somewhat ambig-

uous. Modeling multiple conformations of HT

resulted in difference electron density peaks larger

than 3r around the ligands (Supporting Information

Figure 1). Re-examination of the initial electron den-

sity maps in comparison with those from the 2EH

structure suggested that 2EH might also be present

in this structure at partial occupancy. Including both

HT and 2EH, each at half occupancy, satisfactorily

modeled the observed density [Figure 4(F)]. In this

structure, E118 is observed in two rotamer positions,

one similar to that observed in the 2EH structure

(A), and the second with the plane of the carboxyl

rotated about 65� (B). The half-occupancy 2EH is

bound in the same orientation and makes the same

contacts as in the 2EH structure. The HT carbonyl

is positioned at an appropriate distance from the

OE2 atom of E118 and the OH atom of Y120 to

accepted hydrogen bonds.

In contrast to the HT data, the electron density

for the ligand was quite clear in the 1.4 Å DMP-

bound structure [Fig. 4(C)]. Here, DMP is well-mod-

eled at full occupancy in a single conformation, with

the N4 atom of the pyrazine ring at hydrogen bond-

ing distance to the OE2 atom of E118 [Fig. 4(G)]. In

this structure, the sidechain of E118 is in the (B)

position. The plane of the DMP ring is perpendicular

to and in van der Waals contact with the sidechains

of F56 and L105; the methyl groups potentially

make packing contact with Y84 and F103 at the top

and bottom of the cavity, respectively.

We also solved the structure of MUP-IV com-

plexed with SBT to 1.0 Å resolution. SBT exists as a

racemic mixture and it has been shown that each

enantiomer binds to MUP-I with equal affinity.37

The electron density for SBT bound to MUP-IV is

consistent with at least two positions for the alkyl

chain and the peak heights are consistent with the

placement of the dihydrothiazole ring nitrogen near

E118 and with the sulfur atom oriented toward V82

[Fig. 4(D)]. Based on the electron density peak

heights and the local interactions, we modeled both

the R and S enantiomers into the density, each at

partial occupancy [Fig. 4(H)]. However, a persistent

peak at > 5r of the Fo-Fc electron density maps as

well as clear density for an alternative rotamer (A)

of E118 led us to model a water molecule at low oc-

cupancy near the C9 of SBT. Alternately, we could

envision a third orientation of SBT, either flipped

180� about the horizontal or about the vertical axis

in Fig. 4(H). However, the resulting maps for each of

these models had difference peaks greater than 4r
surrounding the ligand (Supporting Information Fig-

ure 1). Ultimately, the observed electron density was

Figure 2. MUP sequence alignment. Dots represent residues that are identical to MUP-I. Boxed residues line the ligand

binding pocket, as identified by CASTp.60 Underlined sequence denotes crystallographically observed residues in MUP-IV.

Sequence identies: 98% for MUP-II to MUP-I; 74% for MUP-IV to MUP-I; 75% for MUP-IV to MUP-II.

Figure 3. Chemical structures of 2EH (2-ethylhexanol) and

the three MUP pheromones soaked into the MUP-IV

crystals: DMP (2,5-dimethylpyrazine), HT (2-heptanone) and

SBT (2-sec-butyl-4,5-dihydrothiazole).
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sufficiently modeled with two enantiomers of SBT,

each at occupancy of 0.4 and a corresponding occu-

pancy of 0.2 for the water near the C9 atom and for

the (A) rotamer of E118. In each enantiomer, atom

N3 is within hydrogen bonding distance to the OE2

of E118 in the (B) rotamer position. Similar to what

we observe for DMP, the dihydrothiazole ring and

C6 are perpendicular to and in potential van der

Waals contact with the sidechains of F56 and L105.

The branched alkyl chain of SBT is in close contact

with V40, L116, L69, and Y84.

Discussion

Ligand coordination in MUP-IV

We were somewhat surprised to find that SBT binds

to MUP-IV in an inverted orientation relative to

MUP-I (Fig. 5). In the first X-ray structure of MUP-

I, the endogenous ligand was modeled as SBT in a

similar inverted orientation.21 It has since been the

consensus, based on higher resolution MUP-I and

MUP-II crystal structures23,24 as well as NMR

data37 that SBT binds to MUP-I and MUP-II in the

orientation shown in Figure 5(C), with the branched

sec-butyl group oriented toward the base of the cav-

ity. In contrast, alignment of protein backbone atoms

reveals several differences in SBT binding between

MUP-IV and MUP-I (or MUP-II). In MUP-IV, the

branched sec-butyl group is oriented toward the top

of the cavity and the two ordered water molecules

that form a hydrogen bond network in MUP-I24 and

MUP-II23 are absent. Instead, the carboxyl moiety of

E118 (G118 in MUP-I and MUP-II) occupies this

space, within hydrogen bonding distance to the N3

atom of SBT [Fig. 5(B)].z The sidechain of Y120 is

also rotated � 90� relative to its position in MUP-I

and MUP-II, such that the OE1 atom of E118 (in

both rotamers) is within hydrogen bonding distance

of the Y120 hydroxyl.

Table I. Data Collection and Refinement Statistics

Dataset 2EH HT DMP SBT

PDB code 3kfh 3kfg 3kfi 3kff
Data collection

Wavelength (Å) 0.90 0.90 1.54 0.90
Resolution (Å) 25–1.02 25–1.43 50–1.42 25–0.96
Highest Shell (Å) 1.06–1.02 1.48–1.43 1.47–1.42 0.99–0.96
Cell edges (P212121) (Å) 47.8, 54.1, 61.4 47.7, 53.8, 61.0 47.8, 53.4, 61.5 47.6, 53.7, 61.2
Mosaicity 0.49 1.20 1.20 0.56
Total observations 476,188 100,588 85,540 439,458
Unique observations 75,259 28,552 29,102 92,249
Redundancy 6.4 3.5 2.9 4.8
Completeness (%) 92.0 (47.3) 96.0 (91.9) 95.1 (83.2) 95.7 (73.0)
Rmerge 0.070 (0.303) 0.099 (0.299) 0.054 (0.277) 0.068 (0.302)
I/r 19.9 (2.2) 10.4 (2.4) 16.3 (2.4) 16.9 (2.4)
Wilson B 8.2 16.6 20.6 5.9

Refinement
Program Shelxl Refmac5 Refmac5 Shelxl
Rwork (%) 13.0 16.3 14.8 13.6
Rfree (%) 16.2 20.3 18.1 16.4
RMSD bonds (Å) 0.016 0.019 0.015 0.014
RMSD angles (Å) 2.30 1.80 1.51 2.10
Ramachandran most favored (%) 91.5 91.5 92.3 90.8
Allowed (%) 7.7 7.7 7.0 8.5
No. protein atoms 1354 1312 1275 1348
No. alt. sidechain atoms 94 58 27 94
No. alt. mainchain atoms 12 6 0 6
No. H2O atoms 270 252 232 344
No. Cl� atoms 1 2 2 1
No. Ligand atoms 9 17 8 18
Bav protein (Å2) 14.7 20.1 24.8 11.3
Bav Solvent (Å2) 28.2 35.6 38.2 24.8
Bav Ligand (Å2) 22.0 21.0 22.8 17.6
Modeled ligand 2EH HT and HEH DMP R-SBT and S-SBT

2EH, MUP-IV with bound 2-ethylhexanol; HT, MUP-IV soaked with 2-heptanone; DMP, MUP-IV with bound 2,5-dimethyl-
pyrazine; SBT, MUP-IV with bound 2-sec-butyl-4,5-dihydrothiazole. Numbers in parentheses are values for the highest re-
solution shell.
As previously observed, Y97 occurs near a hairpin turn, falling into a disallowed region of the Ramachandran plot.24

zWe note that all MUP structures, including those presented here,
have been determined at pH 4.8-7.2.21,23,24,26-32 The pKa of the
conjugate acid of thiazole and pyrazine derivatives is around
pH 2,38,39 thus, the sp2 hybridized nitrogen is less likely to be pro-
tonated at the pH of the experiments than is a Glu residue. To sat-
isfy hydrogen bonding potential, we show E118 as protonated at
OE2 in the figures. This is a reasonable assumption, given the
hydrophobic nature of theMUP cavity and the pH of the crystals.
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As we observe a low occupancy water molecule

near C9 of SBT in almost the same location as one

of the ordered cavity waters in MUP-I and MUP-II

[Fig. 5(A)], we cannot rule out that a small fraction

of SBT may be bound in the upright orientation (see

Supporting Information Figure 1H). However, in

this position, the distance between the thiazole ring

N3 and the E118 carboxyl oxygens is greater than

3.5 Å. Potentially, the low-occupancy water could

provide a water-mediated hydrogen bond with E118,

likely resulting in weaker binding for this particular

orientation. Consequently, the hydrogen bond

between the thiazole ring nitrogen and the E118 car-

boxyl is the most likely explanation for the inverted

orientation of SBT observed in our MUP-IV

structure.

The water-mediated hydrogen bond network

was also observed in the MUP-I structure with

HMH (PDB code 1i05).24 Thus, it is of interest to

examine the potential differences in the interactions

with HMH that can be provided by the two proteins.

Although we do not have the structure of MUP-IV

with HMH, the interaction of HMH with MUP-I

does share features with 2EH and HT binding to

MUP-IV (Fig. 6). Manual modeling of HMH onto

2EH/HT in MUP-IV suggests that with a small rota-

tion, the MUP-IV cavity could accommodate the

open conformation of HMH with hydrogen bonding

interactions between the carbonyl and hydroxyl

groups of HMH and the sidechains of E118 and

Y120, respectively [Fig. 6(E)]. Inverting the orienta-

tion of HMH increases potential steric clashes with

F90 and F103 at the base of the MUP-IV cavity (not

shown).

Interestingly, in the structures of two pyrazine

derivatives bound to MUP-I determined by Bingham

et al., the water mediated hydrogen bonding net-

work was not observed.26 An alignment of these

MUP-I complexes with our DMP-bound MUP-IV

structure shows that in MUP-I, the pyrazine ring is

shifted into the space occupied by E118 in MUP-IV

[Fig. 7(A)]. This is likely because of the observed

hydrogen bonding interaction between the ligand

and Y120 [Fig. 7(C)].26 Hence, it appears that the

binding mode of pyrazine derivatives also differs

between MUP-IV and MUP-I. However, Y120 does

play a role in ligand coordination in each of these

structures: participating in either a direct or a

water-mediated hydrogen bond with the ligand in

MUP-I or stabilizing the orientation of E118 in

MUP-IV. A general role for Y120 in MUP binding to

a variety of ligands has also been noted recently by

Pertinhez, et al.32

The MUP-IV cavity
As observed for other MUP structures,21,23–32,37 each

of our MUP-IV ligands reside closer to one side of

the cavity, making packing contacts with 9–12 of the

16 residues that line the MUP-IV pocket (Fig. 2,

Supporting Information Table I). However, the cav-

ity volume in MUP-IV is � 25% smaller than that of

MUP-I or MUP-II (Supporting Information Table II).

This is primarily because of three interior substitu-

tions: E118 for G, F54 for L, and F103 for A (Fig. 8).

In MUP-I and MUP-II, the base of the cavity is

formed by I15, in packing contact with L42, I92, and

L101. In MUP-IV, the base of the cavity is formed by

F103, F54, and F90, shortening the longest dimen-

sion by about 4 Å. Although differently shaped in

Figure 4. Electron density maps for MUP-IV. A-D: Sigma-A

weighted maps after molecular replacement, model

rebuilding, and five cycles of restrained positional and

isotropic B-factor refinement to 1.5 Å. RW � 28, RF � 30,

FOM � 0.77 for all four structures. E-H: Final sigma-A

weighted m2Fo-Fc maps. Dotted lines show potential

hydrogen bonding contacts. Maps are contoured at 1.0r
and 3.0r for m2Fo-Fc and mFo-Fc, respectively.

Perez-Miller et al. PROTEIN SCIENCE VOL 19:1469—1479 1473

http://firstglance.jmol.org/fg.htm?mol=1i05


the regions furthest from the ligand (Fig. 8), all

three MUP cavities are roughly the same dimension

in the plane perpendicular to the longest dimension,

through the center of the ligand (Supporting Infor-

mation Table II). Increased contact area with ligand

in the smaller MUP-IV cavity is likely to contribute

to the increased affinity of MUP-IV for SBT when

compared with MUP-I and MUP-II.20 On the other

hand, the smaller cavity may be less able to accom-

modate larger ligands such as HMH, possibly con-

tributing to the decreased relative affinity for this

ligand.20

Implications for thermodynamics of binding
Numerous studies have shown a large favorable

enthalpic and small unfavorable entropic contribu-

tion to MUP-ligand binding even though the MUP

cavity is largely hydrophobic.20,26,27,29,31,40,41 When

compared with MUP-I, SBT binding to MUP-IV

is characterized by a more favorable enthalpy (by

5 kcal/mol) and less favorable entropy (by

21 cal/mol/K).20 From the known difference in affin-

ities of MUP-I and MUP-IV for SBT,20 we can calcu-

late a DDG of �1.9 kcal/mol in favor of binding to

MUP-IV, which is within the range expected for

hydrogen bonding interactions. However, there are

other factors that are likely to impact ligand binding

to MUP-IV when compared with MUP-I. For exam-

ple, ligand stabilization by hydrogen bonding occurs

in both cavities, though based on the polarizability

of carboxylate versus water, we would expect the

substitution of a direct hydrogen bond with the E118

sidechain in MUP-IV to be more favorable. The

smaller cavity is likely to provide a more closely

packed environment for ligands, which might con-

tribute favorably to binding energy. Indeed, SBT is

less solvent accessible in MUP-IV versus MUP-I or

MUP-II (Supporting Information Table II). However,

a more tightly packed environment could also result

in decreased conformational mobility of ligand and

protein, contributing unfavorably to the entropy

term. Simultaneously, based on the cavity volume

difference of about 100 Å3, it is also reasonable to

think that less water may be displaced upon ligand

Figure 5. Details of SBT coordination in MUP-IV versus MUP-I. A. Stereoview of structure overlay, protein backbone atoms

aligned. The MUP-IV complex is shown in black and the MUP-I complex (1i06, Ref. 24) is shown in gray ball-and-stick

representations. B. Hydrogen bonding diagram for the SBT-MUP-IV complex. C. Hydrogen bonding diagram for SBT-MUP-I

complex (1i06) adapted with permission from Figure 4, Ref. 24. For clarity, views are rotated 180� about the vertical, relative to

Figure 4.
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binding to MUP-IV, further contributing to the

larger entropy penalty. One caveat here is that the

differences in cavity shape and the inverted orienta-

tion of SBT make it difficult to draw direct conclu-

sions from comparison of MUP-IV and MUP-I, as

even the conserved residues contact different ligand

atoms. In addition, if a more closely packed environ-

ment underlies the greater entropic cost of binding,

we would expect to see a greater entropic penalty for

other ligands bound to MUP-IV, not just SBT. How-

ever, this is not the case. In fact, the available ther-

modynamic data show that relative to MUP-I, there

is a smaller entropic penalty for binding of HMH

and DHB.20 Thus, elucidation of the contributions of

cavity substitutions to the thermodynamics of ligand

binding to MUP-IV will require additional studies.

Summary

MUPs are members of the lipocalin superfamily, a

diverse group of proteins with a common fold and

low-sequence identity.42,43 Lipocalins are currently

of medical interest because of the allergic nature of

excreted lipocalins from some species, including

mouse.44,45 Lipocalins are also being engineered to

Figure 6. 2EH and HT coordination in MUP-IV versus HMH coordination in MUP-I. A. Stereoview of structure overlay, protein

backbone atoms aligned. The MUP-IV-HT/HEH complex is shown in black and the MUP-I-HMH complex (1i05, Ref. 24) is

shown in gray ball-and-stick representations. B. Hydrogen bonding diagram for 2EH-bound MUP-IV. C. Hydrogen bonding

diagram for HT-bound MUP-IV. D. Hydrogen bonding pattern in the the HMH-MUP-I complex (1i05) adapted with permission

from Figure 4, Ref. 24. E. Potential fit of HMH in the MUP-IV cavity. Left: HMH was manually rotated from its initial position in

MUP-I (gray) to a position which minimizes van der Waals contacts in MUP-IV (black). Right: Potential hydrogen bonding

interactions for HMH modeled into the MUP-IV cavity.
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target specific molecules for both medical and bio-

tech applications.46,47 Sequence identity amongst lip-

ocalins is very low, approaching 20%, making it diffi-

cult to identify lipocalins based on sequence

alone.42,48,49 With respect to the key protein–ligand

interactions discussed in this article, inspection of

lipocalin sequences in the PFAM database

(PF00061)50 shows that at least 16 amino acids

occur at the position equivalent to 118 (in MUP-IV),

with glutamate showing up most frequently (Sup-

porting Information Figure 2). Conservation is also

low at position 120 (Figure S2). Low-sequence

Figure 7. Pyrazine coordination in MUP-IV versus MUP-I. A. Stereoview of structure overlay, protein backbone atoms

aligned. MUP-IV complex shown in black and MUP-I complex (1qy1, ref 26) shown in gray ball-and-stick representations. B.

Hydrogen bonding diagram for DMP-MUP-IV complex. C. Hydrogen bonding diagram for PRZ-MUP-I complex (1qy1).

Figure 8. Stereoview of the molecular surface inside the MUP cavity. MUP-IV shown in black ball-and stick representation

with a mesh rendering of the cavity surface. MUP-I shown in grey ball-and-stick with the cavity displayed as a solid surface

(1i06, Ref. 24).
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conservation of cavity residues simply reflects the

diverse nature of ligands accomodated by a common

architecture.22,32,42,43,48

In summary, our X-ray crystal structures of

MUP-IV elucidate the role of E118 in MUP-IV and

reinforce the role of Y120 in ligand binding within

the MUP family. In each structure, we observe the

carboxyl of E118 (G118 in MUP-I and MUP-II) to

form a bifurcated hydrogen bond with the hydroxyl

of Y120 and each of the four ligands presented here,

replacing the ordered water network observed in

MUP-I and MUP-II. Conversely, the hydrogen bond

between the E118 and Y120 sidechains likely stabil-

izes the position of E118 while still allowing the flex-

ibility to interact with the polar groups on a wide

variety of ligands. In conjunction with the decreased

cavity size because of the F103 for A and F54 for L

substitutions, E118 potentially contributes to the

increased binding affinity of MUP-IV for SBT in

comparison to the group 1 isoforms.

Materials and Methods

Materials
MUP-IV was expressed in E. coli, purified using

nickel-affinity chromatography, followed by proteo-

lytic removal of the 6-HIS tag, as previously

described.20,37 HT was purchased from Sigma

(Sigma-Aldrich, St. Louis, MO) and DMP was pur-

chased from Fluka (Sigma-Aldrich, St. Louis, MO).

SBT was synthesized as described previously.37,51

Calcium chloride and ethylene glycol were pur-

chased from Sigma (Sigma-Aldrich, St. Louis, MO),

and polyethylene glycol 3350 was purchased from

Hampton Research (Aliso Viejo, CA).

Crystallization, data collection, and refinement
MUP-IV crystals were grown by sitting drop vapor

diffusion with 0.2–0.5M calcium chloride dihydrate

and 20% (w/v) polyethylene glycol 3350. Crystals

were soaked in mother liquor with pheromone at 5–

10 mM (� 30:1 molar ratio) for � 5 min and then

cryoprotected with 25% ethylene glycol in the soak

solution before flash cooling in an N2 gas stream at

–180�C. Data for the structure of MUP-IV with

DMP was collected on a home source RU-H2R gener-

ator with Raxis IVþþ image plate detector. Data for

the remaining structures were collected at the

advanced photon source at Argonne National Labo-

ratory (Argonne, IL) on the BioCARS beamline

14BMC. To limit overloads in the low-resolution

shell for the SBT and 2EH structures, data from two

different exposure times were merged. Data were

indexed, integrated, and scaled using the HKL2000

program suite52 and cross-validated data sets were

created using the CCP4 suite.53 The structure of

MUP-IV was solved by molecular replacement in

AMoRe54 using the protein coordinates of MUP-I,

PDB code 1i06.24 The resulting model was rigid-body

refined and subjected to one round of simulated

annealing to reduce model bias using the Crystallog-

raphy and NMR System.55 All models were then

refined to � 1.4 Å using Refmac5 (v5.2.0019)56 from

within the CCP4i suite. The structures containing

SBT and 2EH were then refined to the full resolu-

tion (� 1 Å) in Shelxl.57 All structures were refined

with riding hydrogens and anisotropic individual B-

factors. Model building was performed using Coot.58

Validation and structure comparisons were accom-

plished using the CCP4 suite programs Procheck,

LSQKAB, Areaimol, and Baverage.53 Cavity surfaces

and volumes were calculated with SwissPDB Viewer

(v4.0)59 and CASTp.60 Figures were generated using

PyMol (v0.99rc6 for windows).61

Sequence analysis

Lipocalin sequence alignments were obtained from

the PFAM database (PF00061).50 The smaller set of

156 representative sequences (April 30, 2010) was

used to generate the frequency plot via the

WebLogo62 server.
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