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ABSTRACT

The structure of the BA42 protein belonging to the Antarctic flavobacterium Bizionia argentinensis was determined by

nuclear magnetic resonance and X-ray crystallography. This is the first structure of a member of the PF04536 family com-

prised of a stand-alone TPM domain. The structure reveals a new topological variant of the four b-strands constituting the

central b-sheet of the aba architecture and a double metal binding site stabilizing a pair of crossing loops, not observed in

previous structures of proteins belonging to this family. BA42 shows differences in structure and dynamics in the presence

or absence of bound metals. The affinity for divalent metal ions is close to that observed in proteins that modulate their

activity as a function of metal concentration, anticipating a possible role for BA42.
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INTRODUCTION

The family Flavobacteriaceae comprises more than 40

genera, many of them constituted by strains recovered

from a variety of marine habitats. Particularly interesting

are those living in polar marine environments, where

they play a relevant role in the mineralization of organic

matter.1 Recently, an orange-pigmented psychrophilic

marine bacterial strain designated JUB59 was isolated

from Antarctic surface seawater. Further biochemical and

phylogenetic characterization proved that strain JUB59

represents a novel species of the genus Bizionia into the

family Flavobacteriaceae for which the name Bizionia

argentinensis sp. nov. was proposed.2

The genome of B. argentinensis was recently decoded3

and has been deposited at the DDBJ/EMBL/GenBank

under the accession code AFXZ00000000. This genome

constitutes a relevant source for the discovery of new

proteins showing biological activity in extreme condi-

tions of low temperatures. These biomolecules can signif-

icantly contribute to the understanding of the general

mechanisms allowing biological systems to adapt them-

selves to these particular life conditions.
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Seqencing of this new genome also provides an oppor-

tunity to investigate the function of genes with unknown

function that are largely conserved within the family Fla-

vobacteriaceae. The emergence of novel DNA sequencing

technologies in recent years has resulted in an enormous,

and ever-growing, number of gene sequences.4 Despite

the large increase in the number of sequences, the overall

structural coverage of proteins—including proteins for

which reliable homology models can be generated—on

the residue level has increased from 30% to 40% over

the last 10 years.5 Three-dimensional structural informa-

tion often provides the insight required to understand

macromolecular function and to progress toward a

greater understanding of proteomes through analysis of

macromolecular complexes and assemblies.6–8 Compre-

hensive structural coverage and accurate functional anno-

tation are universal goals that are being actively pursued

by a wide range of individual investigators, as well as by

multidisciplinary, multiinstitutional consortia.5 Without

discovery-driven efforts, large amounts of biology will

continue to remain obscure, and it will not be possible

to systemically examine the structural features of full

proteomes, which undoubtedly would lead to unexpected

functional and biological insights.

A protocol based on bioinformatics analysis and NMR

screening was set up to identify suitable targets for struc-

ture determination among the proteins coded in the B.

argentinensis genome presenting features that make them

of interest in a structural genomics project: cytosolic

location, low sequence identity with proteins of known

function, presence of homologs in the family Flavobacter-

iaceae, and low to medium molecular weight. Based on

these criteria, 50 ORFs from the B. argentinensis genome

were selected, subsequently amplified by PCR and cloned

in expression vectors. Further analysis of protein expres-

sion and solubility in Escherichia coli BL21 cells allowed

the identification of more than 30 candidates for struc-

ture determination. The first selected target was BA42, a

145-residue long protein coded by the ORF 42 contig 3,

which showed excellent solubility and expression levels in

E. coli.9

A BLAST search revealed that BA42 gives the highest

hits (E-value � 1 3 10246) to flavobacterial proteins

only (Fig. 1). The closest sequence homolog shows only

a 67% amino acid identity, indicating that protein

sequences of organisms that are closer in the evolution-

ary line might remain undiscovered. BA42 encodes a sin-

gle domain constituted by a TPM (TLP18.3/Psb32/

MOLO-1; PFAM PF04536, formerly known as DUF477),

a protein family with more than 1350 members in pro-

karyotic and eukaryotic kingdoms. Very recently, the

NMR structure of two TPM domains belonging to pro-

karyotic proteins (CG2496 from Corynebacterium gluta-

micum [PDB code 2KPT] and PG0361 from

Porphyromonas gingivalis [PDB code 2KW7])10 and the

X-ray structure of the TPM domain of Arabidopsis thali-

ana AtTPL18.3 protein (PDB code 3PTJ)11 have been

determined. These three structures, despite sharing a very

low sequence identity, present a similar aba “sandwich”

structure, not previously found in other protein

domains. The function of CG2496 and PG0361 remains

unknown, whereas AtTLP18.3 was classified as a thyla-

koid acid phosphatase,11 and was proposed to provide

partial protection for the PSII complex to resist photoin-

hibition under fluctuating high-light conditions.12 In

this context, we have solved the structure in solution and

in the crystalline state of BA42 to gain information about

its possible functional role. Our results show that BA42

presents a circular permutation of the common fold

observed for the other three members of the PF04536

family, and two metal binding sites for divalent metal

ions, which stabilize a rare structural feature of two

crossing loops.

MATERIALS AND METHODS

Cloning

The BA42 gene was amplified by PCR using B. argenti-

nensis genomic DNA as template, 50-GAGAACCTGTA

CTTTCAGGGTATGTCTAAA ATAGAAGAGTTTTTAACA

G-30 as 50-primer and 50-GGGGACCACTTTGTACAAGA

AAGCTGGGTTATTATCCTTTTGAAATTG-TGTTTGGTA

ATTC-30 as 30-primer. The PCR product was purified,

amplified with the forward primer 50-GGGGACAAGTTT

GTACAAAAAAGCAGGCTCGGAGAA CCTGTACTTTCA

G-30 and the reverse primer 50-GGGGACCACTTTGTAC

AAGAAAGCTGGGTTA-30, and recombined using the

GatewayVR BP ClonaseVR II enzyme mix into the pDONR

vector (Invitrogen). The plasmid DNA from positive

clones was purified, confirmed by DNA sequencing, and

recombined into the pDEST-527 expression vector using

the GatewayVR LR ClonaseVR II enzyme mix.

Protein expression and purification

For 15N- and 13C-labeling, BL21 (kDE3) E. coli cells

harboring the BA42 expression plasmid were grown at

37�C in M9 medium containing 1 g L21 15NH4Cl, 2 g

L21 U-13C6-glucose, and 100 lg mL21 ampicillin up to

an OD600 nm � 0.8. Recombinant protein expression was

induced with 1 mM isopropyl-b-D-thiogalactopyranoside

for 16 h at 20�C. Cells were centrifuged (5000g, 10 min)

and the pellet resuspended in 20 mM Tris–HCl (pH 7.5),

0.5M NaCl, 40 lg mL21 phenylmethylsulfonyl fluoride

and disrupted by sonication. The cell debris was clarified

by centrifugation (40,000g, 30 min). The soluble fraction

containing the 6xHis-tagged protein was loaded onto a

HiTrap IMAC HP column (GE Healthcare). The column

was washed with 10 volumes of binding buffer (20 mM

Tris–HCl, 0.5M NaCl, pH 7.5) and the recombinant pro-

tein was eluted using a linear gradient of up to 100%
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elution buffer (20 mM Tris–HCl, 0.5M NaCl, 0.7M imid-

azole, pH 7.5). The protein fraction collected in the elu-

tion step was dialyzed against 20 mM Tris–HCl, 0.1M

NaCl (pH 7.5) and the His-tag was cleaved using TEV

protease (Sigma–Aldrich) with 0.03 mg mg21 fusion pro-

tein at 28�C for 16 h. After cleavage, the TEV protease

and His-tag were removed by passage through a HiTrap

IMAC HP column. The purified recombinant BA42 pro-

tein was concentrated and subjected to gel filtration

using a Superdex-75 column (GE Healthcare). The purity

of the eluted protein sample was assayed by SDS-PAGE.

The absorbance at 280 nm was used to estimate the pro-

tein content of homogeneous BA42 preparations.

NMR measurements

NMR spectra were collected at 301 K on a Bruker

Avance 600 MHz spectrometer equipped with a triple-

resonance cryoprobe. Chemical shifts for BA42 were

already available.9 For the structure determination, three-

dimensional 1HA15N NOESY and 1HA13C NOESY, sepa-

rately optimized for aliphatic and aromatic side chains,

were collected with 100 ms mixing time. Three distinct

sets of residual dipolar constants (RDCs) were measured:
1JHN–N, 3JHa–Ca, 1JCa–C0. Anisotropic data were collected

by dissolving the protein directly in 14 mg mL21 liquid

crystalline Pf1 (Asla Biotech) as the alignment medium.

Figure 1
Multiple alignment of BA42 with amino acid sequences of close sequence homologs generated by ClustalW (http://www.ebi.ac.uk/clustalW). Amino

acids are shaded by property: blue, positively charged; red, negatively charged; white, hydrophobic and aromatic; green, neutral hydrophilic; orange,

glycine or proline. The species abbreviations and NCBI reference sequence codes are: BA: Bizionia argentinensis (ZP_08818491.1), FF: Flavobacte-
rium frigoris (ZP_09895063.1), GL: Gillisia limnaea (ZP_09670103.1), ZP: Zunongwangia profunda (YP_003583329.1), CA: Croceibacter atlanticus

(YP_003715719.1), ZG: Zobellia galactanivorans (YP_004735430.1), JM: Joostella marina (ZP_10108153.1), CL: Cellulophaga algicola
(YP_004163638.1), KA: Kordia algicida (ZP_02161151.1), PS: Polaribacter sp. (ZP_01053120.1). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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1JHa–Ca couplings were obtained from the 1H-coupled

(F1) version of the HACACO experiment.13 1JHN–N RDCs

were measured by an in-phase/anti-phase HSQC experi-

ment.14 1JCa–C0 RDCs were measured in a modified ver-

sion of the J-modulated HN(COCA) experiment.15 NMR

data were processed with NMRPipe16 and analyzed with

NMRView17 programs on a Linux workstation. Spectra

were zero filled to 4K and 0.5K points in the t2 and t1

dimensions, respectively, and were apodized using a

phase-shifted Gaussian function.

The 1H and 15N resonance variations were followed at

35�C by collecting HSQC experiments. Combined chemi-

cal shift perturbations were calculated with a scaling fac-

tor (aN) of 0.17 using the following equation:

D ppm 5 sqrt ððDdHNÞ2 1 ðDdN3aNÞ2Þ:

Hydrodynamic measurements of BA42 using pulsed-field
gradients

Diffusion-ordered spectroscopy experiments were per-

formed using the BPPSTE (bipolar pulse pairs stimulated

echo) method.18 The duration of the total diffusion

phase-encoding gradient pulse was 2 ms, the diffusion

delay was 0.15 s, and the minimum gradient strength was

set from 0.25 to 50 G cm21. Diffusion coefficients were

measured using 0.4 mM BA42 in 10 mM phosphate buffer

(pH 7.5) at 28�C, and 0.2% dioxane was used as a radius

standard.19

15N relaxation and 1HA15N heteronuclear NOE measure-
ments of BA42

The 15N relaxation experiments were all measured at

28�C. Measurements of 15N T1 and 15N T2 were per-

formed at 60.81 MHz 15N frequency (1.5 mM protein

concentrations at pH 7.5) using standard pulse

schemes.20,21 Six time points were collected for 15N T1

and 15N T2 in an interleaved manner. The 15N T1

delays used were of 14, 350, 700, 1050, 1400, and 2100

ms, and of 8.4, 25.1, 41.9, 75.4, 125.7, and 167.6 ms

for 15N T2. In the direct dimension (1H), the carrier

frequency was set on the water resonance with a spec-

tral width of 22.7 ppm; the indirect (15N) dimension

was centred at 116.8 ppm with a spectral width of 25

ppm. Two thousand complex data points with 256

complex increments were collected. Typical T1 experi-

ments were acquired with 64 scans and a repetition

delay of 3 T1s, while T2 experiments were acquired

with 64 scans.
1HA15N heteronuclear NOE data were acquired with

interleaved, unenhanced, and enhanced (3 s 1H excitation

period) spectra. 1HA15N heteronuclear NOE values rep-

resent the ratio of peak heights from the enhanced and

unenhanced spectra.

NMR structure calculation

Structure calculation was performed with XPLOR-

NIH22 using a simulated annealing protocol,23 slightly

modified to incorporate RDCs, and a refinement against

a database of Ramachandran plot dihedral angles.24,25

Calculations were performed over residues 7–145, exclud-

ing the first six N-terminal residues that turned out to

be unstructured. The simulated annealing was driven by

NMR-derived constraints during the entire calculation,

with force constraints and weighting factors optimized to

increase the score of low energy structures. A set of 2313

interproton distance restraints was used, subdivided into

three groups: strong (1.8–3.5 Å), medium (1.8–4.5 Å),

and weak (3.2–5.0 Å). Backbone dihedral restraints (u
and w angles) were derived from chemical shift analyses

using the program TALOS1.26 Backbone hydrogen

bonds were recognized by evaluating the spatial relation-

ship of amide protons with potential acceptors in the

initial structures produced without the use of hydrogen

bond constraints. In addition, specific side chain hydro-

gen bonds were clearly identified using the WHAT IF

server27 with structures generated in later stages of the

structural determination and were used as additional

restraints in the last cycle of minimization. Three distinct

sets of backbone RDCs (Table I) were included.

Observed RDCs were fitted to a preliminary structure,

using the singular value decomposition method with the

PALES program,28 which provides an initial guess of the

magnitude and orientation of the molecular alignment

tensor. Subsequent optimization during the simulated

annealing process led to the following final values for the

NAH normalized magnitude of the RDC tensor and

rhombicity, respectively: DaNH 5 5.6 Hz and R 5 0.66.

A complete cross-validation of RDCs was conducted by

carrying out a series of simulated annealing calculations,

each one lacking 10% of RDCs randomly chosen from

the whole dataset. The missing RDCs were back-

calculated to evaluate how well each RDC could be pre-

dicted; an average Rfree of 32.75% was obtained. The 20

lower energy target function structures (from a total of

1000) showing no distance violations above 0.5 Å and

dihedral violations above 5� were subjected to an energy

minimization process. The energy minimization proce-

dure has been performed through the Gromacs 4.6.5 MD

package.29 The 20 initial system topologies have been

obtained through the pdb2gmx program and parameter-

ized with the AMBER ff03 force-field.30 The structures

have been immersed in a triclinic box filled with TIP3P

water molecules31 imposing a minimum distance of 1.0

nm between the solute and the box walls, while the

charges have been neutralized adding 9 Na1 counterions.

A total of 2000 minimization steps, using the conjugate

gradient algorithm, have been executed for each of the

20 systems, imposing restraints of 1000 kJ mol21nm21
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on the protein backbone atoms and of 500 kJ mol21

nm21 on the sidechains atoms, while the water atoms

have been considered as fully flexible, to remove all the

unfavorable interaction without altering the solved struc-

tures. No experimental restraints were used in this final

minimization. An ensemble of the 20 minimized models

was chosen to represent the protein solution structure

and, together with the constraint list, they were depos-

ited in the Protein Data Bank (code 2MPB). Structural

statistics are provided in Table I.

Crystallization

Initial crystallization trials were made on 96-well

plates using a Honeybee 963 robot (Digilab, Marlbor-

ough, MA) and screens from Jena Bioscience (Jena,

Germany) and Hampton Research (Aliso Viejo, CA), in

a sitting drop vapor diffusion configuration. After 5

days of equilibration at 20�C, 22 conditions out of the

480 tested showed promising hits, most of them corre-

sponding to tiny needles. Crystals were optimized by

the hanging drop method by mixing 1 lL of the con-

centrated protein stock (16 mg mL21 in Tris 10 mM,

pH 7.5) with an equal amount of crystallization solu-

tion. The following condition yielded the best crystals:

24% (w/v) PEG 2000 MME, 0.1M sodium acetate,

0.1M MES, pH 6.5. In this experiment, long thin bars

with a maximum size of 0.4 mm 3 0.05 mm 3 0.05

mm were obtained after 1 week. Samples were cryopro-

tected in mother liquor added with 10% (w/v) PEG

400 and then cryocooled in liquid nitrogen in Hampton

Research loops.

X-ray data collection and processing

Diffraction data were collected at 100 K on a single

crystal at the PROXIMA 1 protein crystallography beam-

line at the SOLEIL Synchrotron (France), using a PILA-

TUS 6M detector (Dectris, Baden, Switzerland). Data

were processed with the program XDS32 running in a

semi-automated approach using the xdsme package

(http://code.google.com/p/xdsme/). A total of 5% of the

recorded reflections were flagged for cross validation.

Details on data collection parameters and processing sta-

tistics are shown in Table II.

Structure resolution, refinement, and
deposition

The BA42 structure was solved by the molecular

replacement method with the program AMoRe,33 using

the coordinates of the previously solved NMR model as

starting probe. A unique straightforward solution was

found in the asymmetric unit, and the oriented coordi-

nates were subjected to positional and individual B-

factor refinement with the program Buster.34 Hydrogen

atoms were included with the MolProbity server,35 and

model building was performed with the program

Coot.36 In the last refinement cycles, 169 water mole-

cules as well as two Ca21 ions were added to the crystal-

lographic model. The final coordinates were deposited in

the Protein Data Bank under the code 4OA3. Details on

the refinement process are found in Table II.

Table I
Experimental Restraints and Structural Statistics for the

20 Lowest-Energy Structures of the BA42 Protein

Number of experimental restraints 2650
Distance restraints from NOEs 1560
Intraresidue 437
Sequential 498
Medium range 273
Long range 352
Hydrogen bond distance restraints 172
Dihedral angle restraints 254
Residual dipolar coupling constants 332
HAN 116
HaACa 113
CaACO 103
Average number of restraints per residue 19
XPLOR energies (kcal mol21)

Etotal 613.2 6 19.8
Ebond 23.0 6 3.7
Eangle 282.2 6 7.8
Eimproper 58.1 6 3.0
Evdw 26.9 6 8.1
Ecdih 0.3 6 0.2
Enoe 25.6 6 2.7
Esani 197.1 6 3.0

Rms deviations from experimental restraints
Average distance restraints violation (�) 0.021 6 0.001
Average dihedral angle restraints violation (�) 0.13 6 0.06
Average HAN RDC constants violation (Hz) 0.68 6 0.03a

Average HaACa RDC constants violation (Hz) 1.06 6 0.03a

Average CaACO RDC constants violation (Hz) 3.13 6 0.05a

Rfree (%)
HAN RDC 30.8
HaACa RDC 26.8
Ca-CORDC 25.9

Rms deviations from idealized covalent geometry
Bond (�) 0.0030 6 0.0001
Angle (�) 0.660 6 0.007
Improper (�) 0.57 6 0.01

MolProbity analysis
Clashscoreb 0
Ramachandran favored (%) 95.8 6 1.2
Ramachandran outliers (%) 0.39 6 0.48
MolProbity scorec 0.99 6 0.22

What if quality indicatorsd,e

First generation packing quality 1.9 6 0.5
Second generation packing quality 5.1 6 1.5
Ramachandran plot appearance 1.76 0.2
Chi-1/chi-2 rotamer normality 3.5 6 0.5
Backbone conformation 0.5 6 0.2
Coordinates precision

Backbone
(�)

All heavy
atoms (�)

0.27 6 0.04 0.84 6 0.06

aNormalized with respect to the HAN value.
bNumber of serious steric overlaps (>0.4 Å) per 1000 atoms.
cCombines the clashscore, rotamer, and Ramachandran evaluations into a single

score, normalized to be on the same scale as X-ray resolution.
dStructure Z-scores, positive is better than average.
eResidues 7–145.
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Circular dichroism experiments

Far-UV circular dichroism (CD) measurements were

performed on a Jasco J-810 spectropolarimeter using a

Peltier temperature-controlled sample holder in a 0.2

cm path length cell with a protein concentration of 5

lM in presence of 20 mM Tris–HCl pH 7.0. Thermal

unfolding curves were followed by monitoring at 223

nm using 2.0�C min21 ramp rate, 1.0�C of sampling

with 5 s of waiting. The metal-free sample was meas-

ured in addition of 1 mM of EDTA and the metal-

bound sample was performed by incubating with 30

lM CaCl2.

RESULTS

BA42 shows a three-layered aba architecture
in solution

BA42 was obtained as a recombinant protein and

labeled with 15N/13C as previously described.9 In this

work, we tackled the determination of the BA42 struc-

ture. Our first goal was to determine the multimerization

state of BA42 in solution. BA42 behaves as a globular

monomeric protein as judged from the experimental

hydrodynamic radius (Rh 5 20.3 6 0.2 Å), obtained

using a PFG experiment.37 The observed value fits well

with that expected for a well-folded protein of 145 resi-

dues (20.1 Å).38

The high-resolution structure of BA42 in solution was

determined by NMR standard procedures, including the

use of three types of residual dipolar couplings (RDCs).

BA42 shows a defined conformation for residues 8–145.

Residues 4–7 showed a lower T1/T2 ratio than the aver-

age, indicating the existence of a local flexibility in the ps

time-scale (see below). A good convergence was achieved

for the 8–145 region, resulting in a 0.40 6 0.05 Å and

1.12 6 0.06 Å rmsd for backbone and heavy atoms with

respect to the average, respectively [Fig. 2(A)]. Quality

indicators and the distribution in the Ramachandran

regions are in line with those of current reliable struc-

tures (Table I).

The structure of BA42 shows an a/b fold [Fig. 2(B)]

consisting of five a-helices and a four-stranded b-sheet

with the topology D(")A(")B(")C(#). a-Helices I, IV,

and V are packed against one side of the b-sheet, while

a-helix II is located on the opposite side, constituting an

aba sandwich structure. a-Helix III is perpendicular to

the plane of the middle layer. The locations of regular

secondary structure elements are: b-strands A (residues

30–36), B (64–70), C (75–80), and D (142–144), and a-

helices I (10–23), II (43–53), III (82–85), IV (94–104),

and V (109–127).

BA42 shows a rigid conformation in solution

15N relaxation rates measurements were used to

determine the global and local dynamics of BA42. The

correlation time of BA42 (145 aa) calculated using the

T1/T2 average value is 8.0 6 0.2 ns at 28�C, in accord-

ance with the prediction of a simple empirical formula

for a globular protein of this MW in water at 300 K.39

This result, together with the observed value of the

hydrodynamic radius already discussed, indicates that

BA42 behaves as a monomer in solution, even at the

high concentrations used for the structural study

(around 0.8 mM).

Figure 3(A) shows the experimental 15N T1/T2 ratios

as well as those calculated for the lowest energy struc-

ture considered as a rigid body, using the program

HYDRONMR.40 Comparison of both values in the

Table II
Experimental Data and Structural Statistics of the Crystal Structure of

BA42

BA42

Data collection
Synchrotron source SOLEIL
Beamline PROXIMA 1
Number of frames 600
Oscillation step (�) 0.2
Detector distance (mm) 196
Wavelength (�) 0.97857
Exposure per frame (s) 0.2

Indexing and scaling
Cell parameters a (�) 31.92

b (�) 39.62
c (�) 106.97

a 5 b 5 c (�) 90
Spacegroup P212121

Resolution limit (�) 1.39
Number of total reflections 118,799
Number of unique reflections 27,591
Average multiplicity a 4.3 (4.4)
<I/r(I)> 16.0 (2.0)
Rmerge 0.049 (0.695)
Completeness (%) 98.1 (96.8)
Molecules per asymmetric unit 1
Solvent content (%) 40
B-factor (Wilson plot, �2) 20

Refinement
Resolution range (�) 30.6–1.39
Number of protein atoms 1109
Number of ligand atoms 2
Number of water molecules 169
R 0.174
Rfree 0.205

Rms deviations from ideal values
Bond lengths (�) 0.01
Bond angles (�) 1.1
B-factor (average, �2) 24

MolProbity validationb

Clashscore 0.88
Poor rotamers (%) 1.6

Ramachandran plot
Favored (%) 98.6
Allowed (%) 1.4
Disallowed (%) —

aValues in parentheses correspond to the highest resolution shell: 1.47–1.39 Å.
bChen et al.35.
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graph shows a very good agreement for all residues,

except for the 4–7 region, which exhibits a lower value

for T1/T2, typical of protein regions presenting fast

movements. The rest of the protein shows a moderate

anisotropy, resulting in T1/T2 values that vary in the

8.5–6.3 interval. This behavior is the result of BA42

being a slightly prolate ellipsoid presenting an axially

symmetric rotational diffusion tensor with an anisot-

ropy (Dk/D?) of 1.23. The main axis of the diffusion

tensor is almost parallel to a-helices I, IV, and V, and is

almost perpendicular to a-helices II and III, as well as

the HN vectors belonging to the central b-sheet. As a

consequence, 15N nuclei located in a-helices I, IV, and

V show the highest T1/T2 values (around 8), due to a

slower reorientation with respect to the magnetic field

of the NH vectors belonging to these segments as com-

pared to those pointing perpendicular to the main axis.

This is the case for NHs belonging to the b-strands and

a-helices II and III, which show a much lower T1/T2

value (around 6.3). The agreement between calculated

and experimental T1/T2 ratios is a further validation of

the structure, as they contain structural information

similar to that of the residual dipolar couplings.41 The

first seven residues of BA42 constitute the only region

presenting local flexibility, whereas the rest of the pro-

tein shows a marked rigidity. Notably, a long region of

the protein, comprising residues 127–141, shows no

defined secondary structure but at the same time the

observed 15N-relaxation rates [Fig. 3(A)] indicate the

absence of flexibility.

Figure 2
Solution structure of BA42. (A) Stereoview of the solution structure of BA42. The bundle of 20 energy minimized structures with the lowest target
function is shown. (B) Ribbon view of the structure closest to the mean, a-helices in red and b-sheet in cyan and turns in green. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The BA42 solution structure shows an
infrequent structural feature: a pair of
crossing loops

Careful examination of the solution structure of BA42

reveals the presence of a peculiar feature: the loop

connecting the last a-helix (V) and the C-terminal b-

strand (D) crosses over the loop between the N-terminal

a-helix (I) and the first b-strand (A) [Fig. 3(B)]. This

loop-crossing is very rare in protein structures and is

thought to be energetically unfavorable.44,45 No

Figure 3
(A) Comparison of 15N T1/T2 ratios of BA42, experimental values (open circles), and values calculated using the program HYDRONMR (black
circles). Overhead, the secondary structure of BA42 is shown; the a-helices are represented by white arrows and the b-sheets by gray cylinders. (B)

View of loop-crossing in the solution structure of BA42: the loop connecting the last a-helix (V) and the C-terminal b-strand (D) crosses over the

loop between the N-terminal a-helix (I) and the first b-strand (A). On the right, two examples of structures having a pair of crossing loops,
DmpA42 (1B65) and cAMP-dependent protein kinase (PKA)43 (1CDK), are shown. The loops are highlighted in orange. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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particular interaction between the loops could be identi-

fied as a plausible explanation for the stabilization of this

conformation. We can safely discard an alternative inter-

pretation of some NOEs between residues of b-strands D

and A, as being intermolecular instead of intramolecular.

If this were the case, a swapped dimer, in which the C-

terminal b-strand of one monomer pairs with the rest of

the b-sheet of the other monomer and vice versa, would

avoid the loop crossing in the BA42 structure. However,

this alternative structure for BA42 is not compatible with

the value of the hydrodynamic radius, and particularly,

with the value of the correlation time calculated from
15N relaxation rates and the T2 value measured for 15N

nuclei. A dimeric structure of BA42, consisting of 290

residues and a MW of 33 kDa, would show a larger value

for sc (in the order of 12 ns) and significantly shorter

average 15N T2 values (around 50 ms) than those deter-

mined experimentally (8.0 ns and 96 ms, respectively).

The crystal structure of BA42 reveals a
double metal binding site

In search of undiscovered features that may be respon-

sible for the stabilization of the long C-terminal loop

conformation packed against the structured core, we

undertook the exploration of experimental conditions to

crystallize the BA42 protein. High quality crystals of

BA42 were obtained, which diffracted X-rays at a maxi-

mum resolution of 1.39 Å in the spacegroup P212121.

The crystal structure was solved by molecular replace-

ment starting from the BA42 NMR model, as described

before. The final coordinates show excellent stereochem-

istry, with more than 98% of the residues in the favored

region of the Ramachandran plot (Table II). There is

continuous density in the polypeptide chain without

breaks. A few side chains corresponding to polar exposed

residues could not be located in the electron density, and

were therefore modeled only to their Cb.

The mother liquor used for crystallization did not

contain divalent cations. However, clear electron density

compatible with two divalent cations could be seen in

the first cycles of refinement in the vicinity of residues

E24, E30, D134, I135, D136, I138, and N140. Calcium

was eventually assigned to this density after several con-

cluding observations: (i) the Fourier maps yielded elec-

tron density levels compatible with calcium after

refinement, (ii) the expected coordination geometry and

binding distances for calcium were observed, (iii) there

was lack of signal in the X-ray excitation scan ruling out

the presence of transition metals, (iv) both calcium

atoms and their surrounding water molecules show

almost similar values for their B-factors after refinement.

The crystal and solution structures of BA42 are very

similar with respect to the backbone conformation, with

a Ca rmsd of 0.9 Å [Fig. 4(A)]. In accordance with the

flexibility for the first seven residues observed in solution

using 15N relaxation measurements, no electron density

was detected for the first four residues in the X-ray

model. The crystal structure confirms that the loop V-D

crosses over the loop I-A, but reveals a feature not

detectable in the NMR solution experiments: the pres-

ence of two bound Ca21 ions [represented by spheres in

Fig. 4(A)]. The first Ca21 ion is bound by the side

chains of E30 and D134, and by the carbonyl oxygen of

I135, with three water molecules completing the coordi-

nation sphere. The second Ca21 ion interacts with the

side chains of E24, E30, D136, and N140, with the car-

bonyl oxygen of I138 and with one water molecule [Fig.

4(B)]. This double metal binding site stabilizes the con-

formation of the crossing loops, as the two Ca21 ions

link the loop V-D (through residues D134, I135, D136,

and N140) with two residues located at the edges of the

loop crossing below: the first residue of the loop I-A

(E24) and the first residue of b-strand A (E30). Addi-

tionally, two salt bridges between R21 (a-helix I) and

D136 (loop V-D) and between E13 (a-helix I) and K144

(b-strand D) further stabilize the loop conformation.

Metal binding induces a significant
conformational change in BA42

To prove that metal binding is crucial to stabilize the

structure of BA42 with the C-terminal segment anchored

to the aba region, we treated a sample of 15N-labeled

protein with an excess of EDTA. The 1HA15N HSQC

spectrum revealed a large number of peaks varying their

position [Fig. 5(A)], indicative of a significant structural

change. Elimination of EDTA and addition of an excess

of Ca21 restore an almost identical spectrum to that of

the beginning (data not shown), indicating that metal

binding is indeed the responsible for the structural

change.

The HSQC spectrum of metal-free BA42 showed a

reduced number of peaks, indicating that some amide

groups are more solvent-exposed and/or they belong to

regions with diminished conformational stability, leading

to broader signals. Standard 3D experiments were con-

ducted on a doubly labeled BA42 sample, leading to an

almost complete assignment of the backbone nuclei of

the metal-free state. Residues that were not assigned

(because their cross peaks were not detected in the NMR

experiments) were E40 (loop A-II), N53 (last residue of

a-helix II), D57, K60, L61, N63 (loop II-B), R97 (a-helix

IV), T141, and S143 (loop V-D). For the remaining resi-

dues, their chemical shift perturbation due to metal

binding could be calculated, and is presented for the HN

group in Figure 5(B). Regions exhibiting the largest

chemical shift perturbation upon metal binding are the

loop V-D and the b-strand D, followed by two regions

that are in proximity to them in the structure of BA42:

the loop I-A, the b-strand A, and the loop II-B. Most of
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the residues whose cross-peaks were not detected belong

to these regions, with the exception of E40 and R97. The

amide proton of E40 is solvent-exposed in the metal-

bound structure, showing already a low intensity signal

in the 1HA15N HSQC spectrum of this form.

Despite the generalized change of the HAN chemical

shifts, calculation of the chemical shift index using Ha,

Ca, Cb, and C0 chemical shift values of the BA42 metal-

free form reveals that the secondary structure elements

involve the same residues as in the metal-bound form

Figure 4
Crystal structure of BA42. (A) Schematic superposition of crystal structure (green) and solution structure (red). The bound Ca21 atoms are dis-

played as green spheres. (B) Coordination of two bound Ca21 ions. Left, the first Ca21 ion is bound by the side chains of E30 and D134, by the
carbonyl oxygen of I135 and interacts with three water molecules. The second Ca21 ion is bound by the side chains of E24, E30, D136, and N140,

with the carbonyl oxygen of I138 and interacts with one water molecule. Right, a detail showing the side chains interacting with the two bound
Ca21 atoms in the structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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[Fig. 5(C)]. All a-helices and b-strands remain unaltered

after EDTA treatment, in particular b-strand A, which

shows significant chemical shift perturbations.

To complete the picture about the conformational

change provoked by the EDTA treatment, we measured

the HAN NOE effect [Fig. 6(A)]. Values lower than 0.7

are indicative of flexibility in the ps time-scale. It is

already evident that the region 131–145 is very flexible,

exhibiting HAN NOE values in the range of 0.6 to 22.5.

Figure 7(B) shows the difference between the measured

HAN NOEs of the EDTA-treated form and the metal-

bound form. Residues showing negatives DNOE are

expected to be more rigid in the metal-bound form than

in the metal-free form, and vice versa. Large and negative

DNOE values were obtained for the C-terminal tail, indi-

cating that the 131–145 segment dramatically increases

its flexibility in the absence of Ca21. Interestingly, there

is some evidence that the N-terminal region (4–7) is

Figure 5
Conformational changes of BA42 inducted by calcium binding. (A) 1HA15N HSQC spectra of BA42. BA42 was incubated with an excess of EDTA
(blue spectrum) and, after elimination of EDTA by dialysis, the protein was treated with 3 mM CaCl2 (black spectrum). (B) HN chemical shift per-

turbation of BA42 in the presence or absence of Ca21. Not assigned amide nuclei are indicated with a negative index. The secondary structure of
the metal-bound form is illustrated above. (C) Secondary structure prediction of metal-free BA42. The secondary structure was predicted from the

chemical shift index calculated for Ha, Ca, Cb, and C0. Red circles at the top, for shifts consistent with helical structures; blue circles at the bot-

tom, for shifts consistent with sheet structures; and gray circles at the center, for intermediary shifts. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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more structured after EDTA treatment. All these results

together indicate that removal of the two metal ions

from BA42 primarily changes the conformation of the C-

tail, leading to a very flexible region comprising residues

131–145, without significantly weakening the stability

and the position of the five a-helices and the three b-

strands.

Calcium binding enhances the
conformational stability of BA42

To assess whether the conformational change induced

by Ca21 binding affected the stability of the protein, we

performed thermal denaturation experiments by CD. In

a first experiment, we found that the far-UV spectra of

BA42 in the metal-free form and in the presence of an

excess of Ca21 were almost identical; they are dominated

by an a-helix content with two minima at 209 nm and

223 nm (Supporting Information material). This result is

in line with the chemical shift analysis, indicating that

the secondary structure is not altered by metal binding.

The unfolding–folding process was reversible in both

cases. To investigate the thermal unfolding, BA42 was

incubated in the presence or absence of Ca21 at different

temperatures and the molar ellipticity at 223 nm was

recorded. The thermal denaturation process presents a

cooperative behavior where the melting temperature

(Tm) increases with Ca21 binding. The calculated Tm’s

for the metal-free BA42 and for the metal-bound BA42

were (47.6 6 0.4) �C and (61.9 6 0.4) �C, respectively.

BA42 shows a micromolar dissociation
constant for Ca21 binding

To evaluate the metal binding affinity, we titrated the

metal-free form of BA42 with Ca21. We followed the

binding by inspection of the high-field resonances in the

range of 0.5 to 21.5 ppm in the 1D 1H NMR spectrum.

Figure 7(A) shows this spectral region during a titration

experiment, evidencing the changes in chemical shifts of

the methyl groups from V71, I78, V88, and I100, and

one b-proton from M56. All these residues are high-

lighted in the metal-bound state structure in Figure 7(B).

The fact that residues far away from the metal binding

site, like V7, I78, I100, and V88, are sensitive to the vari-

ation in metal occupancy reflects a slight but significant

change in the tertiary structure of the three-layered aba

structure. The large shielding effect observed for M56 Hb

chemical shift in the metal-bound state is particularly

indicative of the structural changes triggered by Ca21

binding. It is provoked mainly by the proximity to L136,

creating a highly hydrophobic environment for the side

chain of M56. In the metal-free state, the chemical shift

of the two b-protons of M56 move to 1.84 ppm, a value

compatible with a solvent-exposed side chain.

During the course of the titration experiment, all

peaks belonging to the metal-free protein decrease their

intensities when the Ca21 concentration rises, with a

simultaneous appearance of the metal-bound form peaks.

This indicates that the exchange kinetics is slow in the

NMR-time scale. This behavior is observed even for

peaks that show a small difference in chemical shift

between the two forms, like I100, leading to an estimated

upper limit for the exchange rate constant (kex) of 0.4

s21 at 300 K. Such slow exchange kinetics reflects the

large conformational change associated to metal binding.

We used the variation of the peak integrals as a func-

tion of the Ca21 concentration to evaluate both the stoi-

chiometry and the affinity of the interaction. Different

samples, however, showed a lagged phase in which the

addition of Ca21 did not change the populations of the

two forms [Fig. 7(C)]. Fitting the curve with a Hill equa-

tion varying the n coefficient yielded the best accordance

for n 5 2, indicating that there is a positive cooperative

interaction between both cations. The total dissociation

constant calculated from the fitting is 1826, leading an

average Kd of 43 lM for each site, or equivalently, an

affinity constant of 2.3 3 104M21. This relatively high to

Figure 6
1HA15N heteronuclear NOE of BA42. (A) HAN NOEs measured for
the EDTA-treated form of BA42. (B) Difference between the measured

HAN NOEs for the EDTA-treated form and the metal-bound form.
The secondary structure of the metal-bound form is illustrated above.
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moderate affinity is compatible with the fact that in the

samples used for NMR and X-ray crystallography, no

trace of the metal-free protein was observed. It can be

thus concluded that the protein was able to pick up two

Ca21 ions from the culture medium, without the need of

metal addition.

PF04536 members are the only structural
homologs of BA42

A search for structural homologs of BA42 with the

program Dali46 showed that the closest structures are

those of the other three PF04536 members [Fig. 8(A)],

confirming that this type of a/b architecture is a distinc-

tive feature of this family. The best matches are the

entries PG0361 (Z-score 12.0, Ca rmsd 5 2.9 Å for 124

aligned residues with 15% sequence identity), CG2496

(11.6, 2.7 Å, 114, 15%), and AtTLP18.3 (11.1, 2.8 Å, 119,

12%). AtTLP18.3 shows two additional a-helices (I and

IV) and shares with BA42 the presence of a structural

element corresponding to a-helix III (a-helix V). One

distinct feature of BA42 is the topology of its b-sheet:

AtTLP18.3, PG0361, and CG2496 exhibit an

A(")B(")C(")D(#) topology, in contrast to the

D(")A(")B(")C(#) topology of BA42 [Fig. 8(B)]. In gen-

eral, the long C-terminal tail of BA42 has a similar posi-

tion to that of the N-terminus in the other three

structures, resulting in a circular permutation of the fold.

A second characterizing feature of BA42 is the presence

of the two metal binding sites, which favors the position-

ing of the C-tail to complete the fourth strand of the b-

sheet.

Figure 7
Metal binding affinity. (A) Titration of metal-free BA42 with Ca21 followed by 1D 1H NMR spectra in the range of 0.5 to 21.5 ppm. The methyl

groups from V71, I78, V88, and I100, and one b-proton from M56 are indicated. (B) Ribbon view of metal-bound structure evidencing V71, I78, V88,
I100, and M56 residues. (C) Variation of the peak integral of 1D 1H NMR spectra as a function of the Ca21 concentration. The curve was fitted using

the Hill equation (full line) giving an n coefficient of 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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DISCUSSION

The structural and functional knowledge of the

PF04536 family are slowly growing. The peculiar aba

sandwich structure shown by these protein domains has

no close structural homologs outside this protein family.

The BA42 protein, however, exhibits two distinctive

features. First, BA42 is the only protein, among those for

which a structure was determined, constituted solely by a

TPM domain; the other three proteins are multi-domain.

A Pfam analysis of the sequence of the two bacterial pro-

teins CG2496 (684 residues) and PG0361 (435 residues)

shows the probable presence of a signal peptide in the

first 30–40 residues, and other putative trans-membrane

Figure 8
(A) Known structures of the PF04536 family members. They include AtTPL18.3 from Arabidopsis thaliana (3PTJ), CG2496 from Corynebacterium

glutamicum, (2KPT), and PG0361 from Porphyromonas gingivalis (2KW7). (B) Topology of BA42 and AtTLP18.3 showing the different disposition

of the four strands forming the central b-sheet.
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domains toward the C-termini of these proteins. The

Arabidopsis thaliana acid phosphatase AtTLP18.3 (285

residues) shows both a chloroplast import peptide and a

thylakoid lumen import peptide at its N-terminus, and a

trans-membrane region at its C-terminus.11 Very

recently, a TPM domain was also identified as part of

MOLO-1, a positive regulator of levamisole-sensitive ace-

tylcholine receptor at the Caenorhabditis elegans neuro-

muscular junction.47 As in the other cases, the TPM

domain of MOLO-1 constitutes a single extracellular

globular domain of a protein containing a one-pass

transmembrane segment. In all these proteins, the TPM

domain is linked to proteins that are imported and anch-

ored to membranes. The existence of a single TPM

domain constituting the entire protein is a characteristic

that seems to be present only in members of the family

Flavobacteriaceae. Second, the topology of the BA42 fold

represents a yet unknown topological variant of the TPM

domain family and is related to the topology of the com-

mon core of the other three structures by a circular per-

mutation. The BA42 fold can be converted to the

“common” fold observed for CG2496, PG0361, and

AtTLP18.3 by connecting the N- and C-termini by a

linker and creating the new termini by cleaving the

loop between the last a-helix (V) and the C-terminal

b-strand (D).

The completion of the four-stranded b-sheet either by

an N-terminal b-strand (in the three already known

TPM domain structures) or by a C-terminal b-strand

(BA42) gives rise to rarely observed topological features.

In the structures of CG2496, PG0361, and AtTLP18.3 the

bab unit, formed by the first N-terminal b-strand, the

connecting a-helix and the second b-strand, is left-

handed. This kind of bab supersecondary structure unit

containing a two-stranded parallel b-sheet and a cross-

over a-helix, is right-handed in �98.5% of the structures

in the non-redundant protein database.48 The circular

permutation in the BA42 fold breaks the left-handed

unit, but creates an even rarer topological feature, a pair

of crossing loops as described before. In the context of

the BA42 structure, this conformation is stabilized by the

presence of a double metal binding site. The residues

constituting these metal binding sites are highly con-

served in all BA42 homologs (see Fig. 1) suggesting that

this unusual and distinctive characteristic is shared by all

these proteins.

Crossing connections are unfavorable because the

crossing both buries and dehydrates a loop peptide

group (which costs around 5 kcal mol21),44 or demands

additional loop bending to avoid this dehydration, which

also costs a few kcal mol21.45 In more recent works,

however, it is recognized that the rule “no loop cross-

overs” finds an increasing number of violations in the

folds deposited in the PDB, although it is still present in

a reduced number of proteins.49 Examples of protein

structures containing crossing-loops are the DOM-fold

(a consensus structure of the domains in DmpA, L-ami-

nopeptidase D-Ala-esterase/amidase, OAT, ornithine ace-

tyltransferase, and MocoBD, molybdenum cofactor-

binding domain)42 [Fig. 3(B)] and the sodC-encoded

Mycobacterium tuberculosis superoxide dismutase

(SOD).50 The most relevant example of the presence of

this crossover connection is the kinase superfamily43,51

where it is considered a hallmark. Both the structure of

type IIb phosphatidylinositol phosphate kinase (PIPK)

and serine/threonine and tyrosine kinases (PKs) share a

pair of crossing loops in their C-terminal domains [Fig.

3(B)].43 In particular, it was observed that the “crossing

loops” structure is formed in the catalytic region of PKs,

where a magnesium ion is fundamental for ATP interac-

tion and the phosphotransfer reaction.51,52 To our

knowledge, however, there is no example of a crossover

connection stabilized by direct formation of a metal

binding site, as we found in BA42.

In response to low temperatures, psychrophiles use

diverse strategies for adaptation.53–55 In most organ-

isms, the conformational flexibility of proteins is

adjusted, resulting in a loose structure characterized by

a low conformational stability.56,57 This feature is pre-

ponderantly observed in the metal-free form of BA42.

In fact, an increase of 14�C in the melting temperature

is caused by metal binding, revealing a strong difference

in the conformational stability between the two forms.

The transition between the native and unfolded states

occurs by a largely cooperative event, which is in line

with the proposed model of folding funnels for psy-

chrophilic enzymes.58 As in the case of other cold-

adapted proteins studied so far, the unfolding mecha-

nism is reversible, both in the absence or presence of

metals.48

Probably related to this change in thermal stability, the

overall structural dynamics of the two forms of BA42 are

also different. The metal-bound form is characterized by

a notable rigidity, with the exception of the first seven

residues. Without the metal, BA42 undergoes a transition

to a more flexible structure, presenting a long C-terminal

tail of 17 residues largely disordered. Most of the HN-

NOEs measured for the metal-free form in the structured

core showed a slightly smaller value with respect to the

metal-bound form, indicating that overall the whole core

is less compact. In this respect, BA42 shows a flexibility

that is modulated by the metal concentration. This dual

behavior may reflect a differential need in the two states

of the protein, as postulated for other psychrophilic pro-

teins.58 It can be hypothesized that the flexible form of

metal-free BA42, in particular around the metal binding

domain, may favor the interaction with the metals at low

temperature by reducing the energy cost of induced-fit

mechanisms. Conversely, it is possible that the rigidity of

the metal bound form can be used to improve binding

to a yet unknown molecular target, by increasing the

affinity constant and the selectivity as a consequence of a
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reduced mobility, as already observed for the heat-stable

domain of the psychrophilic phosphoglycerate kinase.59

Finally, the averaged value of the metal binding affinity

constant is 2.3 3 104M21 for each site. This value is

remarkably similar to that of the lowest affinity calcium-

binding site of calmodulin measured at the same buffer,

pH, and similar ionic strength and temperature (2.5 3

104M21).60 This suggests a possible role of BA42 in

sensing the Ca21 concentration, which triggers a large

structural rearrangement that stabilizes the conformation

and possible changes its activity. Further experiments are

in progress to determine the presence of an enzymatic

activity in either of the two forms of BA42, which can

help in revealing its possible role in the context of the

life-cycle of B. argentinensis.
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