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Attempts to crystallize AtNTT1, a chloroplast ATP/ADP

transporter from Arabidopsis thaliana, revealed an unex-

pected contaminant, Strep-Tactin, a variant of streptavidin

that was used during purification of the protein. Although it

was present in very small amounts, crystals of Strep-Tactin

were reproducibly grown from the AtNTT1 solution. AtNTT1

was overexpressed in Escherichia coli and purified from

detergent-solubilized membrane fractions using Strep-Tactin

affinity chromatography based on an engineered streptavidin.

The contamination of protein solutions purified on Strep-

Tactin columns has never been described previously and

seems to be specific to membrane proteins solubilized in

detergents. Trace amounts of Strep-Tactin were observed to be

eluted from a Strep-Tactin column using several routinely used

detergents, illustrating their possible role in the contamina-

tion. This finding raises an alarm and suggests caution in

membrane-protein purification using Strep-Tactin affinity

columns, where detergents are essential components. The

small crystals of contaminant protein led to the structure at

1.9 Å resolution of Strep-Tactin in complex with desthiobiotin.
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1. Introduction

Crystallization is a multifactor-dependent process, although

protein purity and structural homogeneity are considered to

be the most critical factors. Even a trace amount of impurity

can interfere with crystallization or can lead to crystals of poor

diffraction quality (Caylor et al., 1999). Many of the proteins

prepared for structural studies are now overexpressed with

tags and their purification is greatly improved with the aid of

affinity columns. However, even in the last decades of protein

crystallography, the crystallization of target proteins in the

presence of contaminants as well as the crystallization of trace

amounts of contaminants has been reported several times

(Cámara-Artigas et al., 2006; Lohkamp & Dobritzsch, 2008;

Contreras-Martel et al., 2006). Among all proteins, membrane

proteins remain particularly difficult to produce and crystal-

lize. The presence of contaminants that crystallize easily is a

major obstacle when screening the crystallization conditions.

As an example, AcrB, a multidrug-efflux pump that is located

in the plasmic membrane of Escherichia coli, is easily co-

purified with His-tagged overexpressed membrane proteins

purified by metal-affinity chromotagraphy and crystallizes

even when present in trace quantities (Veesler et al., 2008).

Strep-tagged membrane proteins exhibit a higher specificity
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for engineered streptavidin matrices (Schmidt & Skerra, 1994;

Voss & Skerra, 1997) and can thus be better purified, as shown

previously by our group and others (Deniaud et al., 2009). In

order to crystallize AtNTT1 for structural studies, the protein

was purified by two-step affinity chromatography including

a Strep-Tactin matrix. Strep-Tactin is a genetically engineered

variant of streptavidin with improved peptide-binding

capacity (Voss & Skerra, 1997; Schmidt & Skerra, 2007).

Unexpectedly, Strep-Tactin crystals were obtained. To the best

of our knowledge, this is the first report describing the crys-

tallization of a contaminant derived from an affinity column.

These crystals led to the first structure of the complex between

the engineered streptavidin and the biotin analogue desthio-

biotin.

2. Methods

2.1. Expression and purification of AtNTT1

AtNTT1 (UniProt sequence No. Q39002) lacking the first 79

residues corresponding to the N-terminal transit peptide, but

containing an N-terminal His tag and a C-terminal Strep-tag

II, was expressed and purified as described previously

(Deniaud et al., 2011, 2012). Briefly, the protein was over-

expressed in E. coli C43 cells. For purification of AtNTT1,

membranes were prepared by ultracentrifugation and solu-

bilized in 50 mM Tris pH 8, 100 mM NaCl, 1%(w/v) lauryl-

amidodimethylpropylaminoxide (LAPAO), 10 mM imidazole

and one tablet of EDTA-free Complete protease inhibitor

(Roche) per 50 ml. Extracted proteins were applied in batches

onto Ni–NTA beads (Qiagen) for 2 h. The resin was washed

before elution with 200 mM imidazole. After desalting, Ni-

purified proteins were incubated overnight with Strep-Tactin

beads (IBA). After washing, proteins were eluted in 20 mM

Tris pH 8, 100 mM NaCl, 0.1%(w/v) LAPAO, 3 mM desthio-

biotin. The buffer was exchanged to 20 mM Tris pH 8, 10 mM

NaCl, 0.1%(w/v) LAPAO using a PD10 desalting column (GE

Healthcare). Finally, pure proteins were concentrated on an

Amicon concentrator with a 50 kDa cutoff before crystal-

lization.

2.2. Crystallization, data collection and structure
determination

AtNTT1 concentrations ranged from 5 to 10 mg ml�1. As

it is a contaminant, the concentration of Strep-Tactin in the

crystallizations setups is difficult to estimate. However, Strep-

Tactin crystals appeared in one of the two phases during, or

close to, a phase separation, meaning that the initially very low

concentration of Strep-Tactin is most probably increased in

this step. Crystallization screening was performed using a

vapour-diffusion setup in 96-well plates by mixing 100 nl

protein solution with an equal amount of reservoir solution

(100 ml of a commercial screening condition; Qiagen) at 293 K

(HTX platform, EMBL Grenoble/PSB). Crystals obtained in

0.01 M magnesium sulfate, 50 mM sodium cacodylate pH 6.5,

2 M ammonium sulfate were flash-cooled in liquid nitrogen in

the presence of 30%(v/v) glycerol as a cryoprotectant. When

crystallization was repeated manually, 1 ml drops were equili-

brated over 500 ml reservoirs. Diffraction data were collected

at 100 K on beamline ID14eh1 at the ESRF, Grenoble and
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Figure 1
(a) SDS–PAGE of AtNTT1 solution after two-step purification. The main band corresponds to the expected molecular weight of AtNTT1 and a second
faint band corresponds to an AtNTT1 dimer. No bands at molecular weights of 19, 38 or 76 kDa corresponding to Strep-Tactin monomers, dimers or
tetramers, respectively, are visible. (b) Strep-Tactin crystals. The figure represents a portion of the crystallization drop and highlights the phase separation
occurring in the drop. The right part (central part of the drop) contains a strong precipitate, while Strep-Tactin crystals (seen on the left) grow within the
outer shell of the drop. The typical length of the crystals shown in the picture is 50 mm. (c) Release of Strep-Tactin from Strep-Tactin beads in the
presence of detergents. UV chromatogram revealing the presence of Strep-Tactin released from the beads in the presence of the following detergents:
0.1%(w/v) LAPAO, 0.2%(w/v) octylglucoside (OG), 0.1%(w/v) CHAPS, 0.05%(w/v) dodecylmaltoside (DDM), 0.1%(w/v) Fos-Choline 12 (FC12),
1%(w/v) OG, 1%(w/v) CHAPS, 1%(w/v) DDM, 1%(w/v) LAPAO and 1%(w/v) FC12.



were processed with XDS (Kabsch, 2010) and programs from

the CCP4 suite (Winn et al., 2011). The structure was solved by

molecular replacement with the program Phaser (McCoy et al.,

2007) using the polyalanine chain of PDB entry 1mk5 (Hyre et

al., 2006) as a starting model. The model was further built and

refined with Coot (Emsley & Cowtan, 2004) and REFMAC

(Murshudov et al., 2011), respectively. Data-collection and

processing statistics are summarized in Table 1.

2.3. Detergent elution of engineered streptavidin from
Strep-Tactin

A 1 ml Strep-Tactin Sepharose High Performance (Strep-

Trap) column (GE Healthcare) was used at a flow rate of

1 ml min�1. The column was washed sequentially with 10 ml

20 mM Tris pH 8, 0.1 M NaCl containing different detergents

at two different concentrations.

3. Results and discussion

3.1. Purification and crystallization

The final purity of AtNTT1 is shown in Fig. 1(a). Small

crystals appeared from the initial crystallization assays after

2–3 d. The crystals were obtained from different protein

batches purified with beads that were used in a few purifica-

tions or with freshly prepared beads. When reproduced in

larger drops, they clearly appeared at the peripheral region

of the drops (Fig. 1b) near the consolution boundary that

delineates the two immiscible phases obtained when using

detergents (Reiss-Husson & Picot, 1999). It is highly probable

that phase separation may have assisted in concentrating

Strep-Tactin into the phase which is poor in detergent, whereas
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Table 1
Statistics of data collection, processing and structure refinement.

Values in parentheses are for the highest resolution shell.

Data collection and processing
Diffraction source Beamline ID14eh1,

ESRF Grenoble
Wavelength (Å) 0.9334
Temperature (K) 100
Detector ADSC Quantum 210
Rotation range per image (�) 1
Total rotation range (�) 251
Space group I222
Unit-cell parameters (Å, �) a = 46.72, b = 93.78, c = 104.41,

� = � = � = 90
Resolution range (Å) 46.86–1.88 (1.98–1.88)
No. of unique reflections 19097
Completeness (%) 99.5 (96.7)
Mean I/�(I) 5.8 (1.8)
Multiplicity 6.1 (4.3)
Rmerge 0.12 (0.41)
Overall B factor from Wilson plot (Å2) 12.5

Structure refinement
Resolution range (Å) 46.86–1.88 (1.93–1.88)
Completeness (%) 99.4 (93.6)
No. of reflections (working set) 17153 (1210)
No. of reflections (test set) 966 (70)
R factor/Rfree (%) 18.14 (23.50)/21.90 (29.60)
R.m.s.d. bond lengths (Å) 0.0118
R.m.s.d. bond angles (�) 1.3821
Average B values (Å2) 15.2
No. of non-H atoms (protein) 1809
No. of non-H atoms (ligand) 30
No. of water molecules 91
No. of atoms (sulfate ions) 30
Total No. of non-H atoms 1960
Ramachandran plot (%)

Favoured regions 90.2
Additionally allowed 9.8
Outliers 0

Figure 2
The structure of the triple mutant of streptavidin in the presence of desthiobiotin. (a) Overall picture showing the tetramer. Monomers in cyan and blue
form the dimer that is present in the asymmetric unit; monomers in yellow and red are generated by crystallographic symmetry and constitute the second
dimer forming the tetramer. (b) Binding sites of desthiobiotin (orange) within the dimer. The colour code for the monomers is the same as in (a). (c)
Binding pocket with three mutations: Glu44Val, Ser45Thr and Val47Arg. The monomer in cyan forms the binding pocket for desthiobiotin. The same
protein with the three mutations but in the apo form (shown in grey) adopts an open conformation of the binding site (PDB entry 1kff; Korndörfer &
Skerra, 2002). In the presence of Strep-tag II (PDB entry 1kl3; Korndörfer & Skerra, 2002) the loop is also open (data not shown). Mutations in
streptavidin R7-2 are shown in magenta (PDB entry 3rdq; Magalhães et al., 2011). Desthiobiotin complexed to R7-2 streptavidin superimposes with the
ligand in the structure presented here (not shown).



AtNTT1 amassed in the detergent-rich phase as a precipitate.

However, Strep-Tactin was not detected in SDS–PAGE

analysis (Fig. 1a); only N-terminal sequencing of the purified

solution revealed low amounts of Strep-Tactin in addition to

AtNTT1, the major protein in the solution. In contrast,

N-terminal sequencing of dissolved crystals clearly revealed

the presence of only engineered streptavidin from Strepto-

myces avidinii.

3.2. Structure of the engineered streptavidin bound to
desthiobiotin

The best crystals diffracted X-rays isotropically to 1.8 Å

resolution. The space group (I222) and unit-cell parameters

(a = 46.87, b = 94.03, c = 104.60 Å) have been reported

previously for several streptavidin structures. The crystals are

isomorphous to those used to obtain the structures with PBD

codes 1mk5 (Hyre et al., 2006), 1df8 (Hyre et al., 2000) and 2izl

(Katz, 1997). The structure was refined at 1.9 Å resolution

with an R factor of 18.1% and an Rfree of 21.9% (Table 1).

Strep-Tactin forms a tetramer (Fig. 2a) generated by crystallo-

graphic symmetry from one dimer contained in the asym-

metric unit (Fig. 2b). Monomers A and B of the asymmetric

unit consist of residues 15–134 and 16–135, respectively, as

well as one desthiobiotin molecule per monomer. The struc-

ture highlights the three mutations E44V, S45T and V47R

localized in the biotin-binding site that were engineered to

improve the Strep-Tag II binding (Fig. 2c). The side chains of

these mutated residues were easily identified in the experi-

mental electron-density map.

A large number of streptavidin structures have been

deposited in the PDB, either of native streptavidin in the apo

form or complexed with biotin or Strep-tag II peptides or of

streptavidin mutants (see Table 4 in Korndörfer & Skerra,

2002 and, more recently, Chivers et al., 2011). The structure

presented here is the only structure of the triple mutant in the

presence of desthiobiotin. In general, in the presence of biotin

or biotin analogues the binding site of native streptavidin is

tightly closed by a loop consisting of residues 45–52, whereas

in the apo form or in the presence of Strep-Tag II peptide this

loop is open and even partially disordered. However, the lid-

like loop in known structures of the triple mutant is always

in an open conformation (Korndörfer & Skerra, 2002). In

contrast, in the presence of desthiobiotin, a biotin analogue,

the loop of the triple mutant is in a closed conformation and

folds back on the ligand (Fig. 2c). The overall structure of the

tetramer and the precise details of the binding pocket are very

similar to most streptavidin structures that were crystallized in

the presence of biotin analogues, with typical r.m.s.d.s on C�

atoms in the region of 0.4 Å. The three Strep-Tactin mutations

do not modify the immediate ligand environment in the

binding pocket, as seen in Fig. 3(a). Indeed, Thr45 interacts

with desthiobiotin in a similar way as Ser45 does with biotin.

The role of this mutation cannot be easily understood from the

structure. However, a large modification of the cavity results

from the Val47Arg mutation. Indeed, the bulky arginine

residue prolongs the ridge of the cavity towards the adjacent

dimer, as seen in Figs. 3(b) and 3(c), which compare the cavity

of wild-type streptavidin with that of Strep-Tactin. In addition,

Arg47 forms hydrogen bonds to Trp120 and Asn118, both

from the adjacent dimer. Trp120 has been shown to participate

in the high binding affinity of biotin by capping the ligand

(Chilkoti et al., 1995). Therefore, enhancing the interaction

between the two adjacent dimers via the interaction of Trp120

and Arg47 might enhance both the ligand binding and the

stability of the tetramer. Although residue 44 does not directly

interact with the ligand, it can be noticed from the strept-

avidin–biotin complex that Glu44 is almost within hydrogen-

bonding distance of Arg53 (4.2 Å between Glu44 O"2 and
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Figure 3
A comparison between streptavidin–biotin and Strep-Tactin–desthiobiotin complexes. (a) The overlay of both binding pockets shows the superposition
of biotin with desthiobiotin. Residues 44–47 of Strep-Tactin (in cyan) and streptavidin (in grey) are represented and the three mutations Glu44Val,
Ser45Thr and Val47Arg are highlighted. Among these, only the side chain of residue 45 points towards the ligand. The arrow indicates that the protein–
ligand interaction is similar in both complexes. (b) Surface representation of the binding cavity of wild-type streptavidin with biotin. (c) Surface
representation of the binding cavity of Strep-Tactin with desthiobiotin. In addition, residues from the adjacent dimer (same colour code as in Fig. 2),
Trp120 and Asn118, which interact with Arg47 are represented. Residues 44, 45 and 47 are shown in red.



Arg53 N"). Because these two residues are located at both

extremities of the flexible loop that moves during ligand

binding, their interaction could control the loop movement.

Mutation of Glu44 to Val44 prevents any hydrogen-bonding

interaction with Arg53 and could thus modify the dynamical

properties of the loop. A structure of a multiple mutant

engineered to alter desthiobiotin-binding properties in

complex with desthiobiotin has recently been published

(Magalhães et al., 2011). Interestingly, the authors have iden-

tified a mutation Ser52Gly at the base of the flexible loop

which slows the dissociation of desthiobiotin. They also

identified a series of mutations that enlarge the cavity

compared with that of wild-type streptavidin. The residues are

located on the opposite ridge of the cavity compared with the

Strep-Tactin mutations (Fig. 2c). Desthiobiotin in the Strep-

Tactin structure superimposes perfectly with the same ligand

in the R7-2 mutant (PDB entry 3rdq; Magalhães et al., 2011).

3.3. Elution of Strep-Tactin from Strep-Tactin matrix

The elution of Strep-Tactin from the matrix was assayed

using detergents with different alkyl-chain lengths, polar

heads and critical micellar concentrations (CMCs; see legend

to Fig. 1c). With the exception of LAPAO, all of these deter-

gents were described as being compatible with Strep-Tactin

purification (GE Healthcare application note). For each

detergent, two concentrations were assayed: below and above

the maximal concentration mentioned in the application note.

Strep-Tactin could be eluted in all conditions to different

extents (Fig. 1c), indicating that many of the detergents

commonly used for membrane-protein purification are able to

release Strep-Tactin from the column or the beads. Although

the injection order of the detergents was different, the relative

magnitudes of the UV-absorbance levels are similar at low and

high detergent concentrations. In particular, low Strep-Tactin

levels were observed at low OG concentration, even though

LAPAO was applied first. Similarly, the level of Strep-Tactin

released at high FC12 concentration is consistent with the

level observed at low concentration. These two observations

indicate that the elution of Strep-Tactin is not influenced by

the previous use of LAPAO.

A possible explanation of this release is that most probably

not all of the monomers within the tetramer are covalently

bound to the resin. Indeed, the exceptional stability of

streptavidin tetramers is increased after binding biotin (Sano

et al., 1997; Katz, 1997). A single covalent bond could be

sufficient to bind whole tetramers to the resin. When binding a

Strep-Tag II peptide, loop 45–52 is in an open conformation

(Korndörfer & Skerra, 2002) and the interaction with Trp120

from the adjacent dimer is weakened. However, the tetramer

still exists owing to the hydrophobicity of the dimer–dimer

interface (Sano et al., 1997). It might well be the case that

detergent molecules disrupt this hydrophobic interface during

the course of purification, explaining the release of Strep-

Tactin from the matrix during elution. During crystallization,

Strep-Tactin could have been concentrated in a low-detergent

phase, favouring the formation of the dimeric hydrophobic

interface. The reconstituted tetramers that are reinforced by

the presence of desthiobiotin crystallize in the presence of the

appropriate precipitant.

4. Conclusions

Chromatography based on Strep-tag affinity is routinely used

for purification of membrane proteins. Although the detergent

present in the protein solution does not hinder the binding of

AtNTT1 to the Strep-Tactin column, our findings on the effect

of detergent on the release of Strep-Tactin clearly highlight

that such matrices need to be carefully used and that the

concept of the stability of streptavidin against mild detergents

should be reviewed thoroughly.
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