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Abstract Beyond the rewards of plant genome analysis and gene identiﬁcation, characterisation of protein activities, post-translational modiﬁcations and protein complex composition remains a challenge for plant biologists. Ideally, methods should allow rapid isolation of proteins from plant material achieving a high degree of purity. We tested three puriﬁcation strategies based on the eight-amino acid StrepII, six-amino acid His6 and 181-amino acid Tandem Aﬃnity Puriﬁcation (TAP) aﬃnity tags for enrichment of a membraneanchored protein kinase, NtCDPK2, and a soluble protein, AtSGT1b, from leaf extracts. Transiently expressed StrepII-tagged NtCDPK2 was puriﬁed from Nicotiana benthamiana to almost complete homogeneity in less than 60 min and was directly suitable for enzymatic or mass-spectrometric analyses, allowing the identiﬁcation of in planta phosphorylation sites. In contrast, puriﬁcation of NtCDPK2 via His6 tag yielded partially oxidised protein of low purity. AtSGT1b could be isolated after transient expression from N. benthamiana or from transgenic Arabidopsis thaliana as either TAP-tagged or StrepII-tagged protein. While StrepII-tag puriﬁcation achieved similar yield and high purity as the TAP-tag strategy, it was considerably easier and faster. Using either tagging strategy, a protein was co-puriﬁed with AtSGT1b from N. benthaniana and A. thaliana leaf extracts, suggesting that both the StrepII and TAP tags are suitable for puriﬁcation of protein complexes from plant material. We propose that the StrepII epitope, in particular, may serve as a generally utilizable tag to further our understanding of protein functions, post-translational modiﬁcations and interaction dynamics in plants. Abbreviations: AEBSF, 4-(2-aminoethyl)benzenesulfonyl ﬂuoride hydrochloride; AP, alkaline phosphatase; CDPK, calcium dependent protein kinase; HA, haemaglutinin; IMAC, immobilised metal aﬃnity chromatography; Q-TOF MS, quadrupole time-of-ﬂight mass spectrometry; TAP tag, tandem aﬃnity puriﬁcation tag



Introduction An increasing interest in analysing the biochemical functions, post-translational modiﬁcations and
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interacting partners of plant proteins demands improved puriﬁcation techniques. Efraim Racker’s motto ‘‘Don’t waste clean thinking on dirty enzymes’’ adopted by Arthur Kornberg in his ‘‘ten commandments’’ (Kornberg, 2003) may serve as a guide. But how do we best get ‘‘dirty’’ proteins clean? This is greatly facilitated by the



136 use of aﬃnity tags. These polypeptides or small proteins are fused to the protein of interest and allow puriﬁcation via an aﬃnity matrix. A wide variety of aﬃnity tags is currently available (Terpe, 2003). The ideal tag is small and allows rapid and ﬂexible puriﬁcation from a complex mixture, achieving high yield and purity. A small tag is generally less likely to interfere with the biological function of a protein. Rapid puriﬁcation aids in maintaining protein integrity and post-translational modiﬁcations and increases the probability of co-purifying transiently bound interactors. Flexibility ensures that starting materials and buﬀers as well as buﬀer additives are not limited by the particular requirements of the tag. High yield and purity facilitate biochemical characterisation and make it easier to distinguish interactors from background. In puriﬁying two diﬀerent proteins from leaf crude extracts, we tested the performance of the StrepII (WSHPQFEK), the His6 and the tandem aﬃnity puriﬁcation-(TAP) tags. The StrepII tag binds to a streptavidin derivative termed Strep Tactin. It mimics structurally biotin and can be eluted from the StrepTactin matrix by washing with biotin or desthiobiotin containing buﬀers (Skerra and Schmidt, 2000; www.iba-go.com). The His6 tag, comprising a stretch of six consecutive histidines, allows puriﬁcation via immobilised metal aﬃnity chromatography (IMAC). Nickel or Cobalt chelating resins are used (Chaga, 2001). The TAP tag has an IgG-binding protein A moiety separated by a TEV protease cleavage site from a calmodulin-binding peptide. The tagged protein is ﬁrst bound via its protein A to an IgG column, cleaved oﬀ using TEV protease and then bound to a calmodulin column in the presence of calcium and eluted with EGTA (Rigaut et al., 1999). In this study we were aiming to ﬁnd methods for rapid isolation of proteins in high purity for subsequent mass-spectrometric analyses. We puriﬁed the membrane-associated calcium-dependent protein kinase NtCDPK2 from tobacco (Romeis et al., 2001), transiently expressed in N. benthamiana, and the soluble protein AtSGT1b from A. thaliana (Austin et al., 2002) either transiently expressed in N. benthamiana or stably expressed in transgenic A. thaliana. NtCDPK2StrepII puriﬁcation was compared to NtCDPK2His6 puriﬁcation. For AtSGT1b we compared



puriﬁcations via the StrepII tag and the TAP tag. These experiments demonstrate that the StrepII tag is vastly superior to His6 in terms of ﬂexibility and purity and oﬀers key advantages over the TAP tag in terms of size, speed of puriﬁcation and ﬂexibility. We conclude that the StrepII tag is a valuable tool for rapid, easy and high quality protein puriﬁcation from plant material.



Materials and methods Vectors, bacterial strains, plant material and growth conditions The following binary vectors derived from pamPAT-MCS (accession number AY436765) were used in this study: pXCS-GFP, pXCS-HisHA, pXCS-HAHAT, pXCS-HAStrep (accession number AY457636), pXCSG-Strep and pXCSGTAP (see below for construction details). These were introduced into Agrobacterium tumefaciens GV3101::pMP90RK (Koncz and Schell, 1986) carrying gentamycin, kanamycin and rifampicin resistances and conferred an additional carbenicillin resistance to transformed bacteria. The binary vector 35S:p19 conferring kanamycin resistance and carrying the gene for the p19 silencing suppressor from tomato bushy stunt virus was present in A. tumefaciens C58C1 (possessing rifampicin resistance) which carried the helper plasmid pCH32 (tetracyclin resistance) for T-DNA transfer (Voinnet et al., 2003). Agrobacterium strains were grown at 28 C in YEB medium. Antibiotics were added to the media at the following ﬁnal concentrations: carbenicillin, 75 lg/ml (solid), 50 lg/ml (liquid); gentamycin, 15 lg/ml; kanamycin, 50 lg/ml; rifampicin, 100 lg/ml, tetracyclin 10 lg/ml. Agrobacteria were grown ﬁrst on solid media and densely inoculated from fresh plates into liquid media to achieve suﬃcient growth within 16 to 20 h. Longer growing times led to reduced expression in planta. Arabidopsis Landsberg erecta sgt1b-3 null mutant plants (Austin et al., 2002) were grown at 21 C, 10 h light period at 150–200 lEinsteinsÆm)2Æsec)1 (intensity) and 60% humidity. N. benthamiana were grown in late summer in a climatised greenhouse at 21 C and 16 h light.



137 Generation of the pXC-tag derivatives



Transient protein expression in N. benthamiana



To generate pXCS-HAStrep (accession number AY457636), the adapter composed of CCC GGGGTTATCCATACGATGTTCCAGATTAT GCTGTCGGCGCCGGTTGGTCTCATCCTCA ATT TGAAAAATAAGTCTAGA (XmaI and XbaI sites underlined) was ligated into pamPATMCS (accession number AY436765) digested by XmaI and XbaI. Similarly, to obtain pXCS-HisHA, the adapter composed of CCCGGGATAATGGC TCATCACCATCACCATCATGGCGCCTATC CATACGATGTTCCAGATTATGCTG TCT AGA was inserted into pamPAT-MCS. NtCDPK2 was ampliﬁed from cloned cDNA (Romeis et al., 2001) with primers GAATTCAAAATGGGGAAC ACTTG and CCCGGGAAGTCTTAGAGCCTC and cloned directionally into the EcoRI and XmaI sites of either pXCS-HAStrep or pXCS-HisHA, resulting in pXCS-NtCDPK2-HAStrep and pXCSNtCDPK2-HisHA. Cloning details for pXCSNtCDPK2-HAHAT (NtCDPK2 with HA and HAT tags) are available upon request. To generate pXCS-GFP, the smGFP ORF was ampliﬁed from psmGFP (accession number U70495; Davis and Vierstra, 1996) using the primers ATCCCCGGGATGAGTAAAGGAGA AGAACTTTTC and AGTCTAGAGCTCTTAT TTGTATAGTTCATCCATG and cloned directionally into the XmaI and XbaI sites of pXCSHAStrep. To construct pXCS-TAP, the TAP ORF was ampliﬁed from pBS1479 (Puig et al., 2001) using the primers GCCCCGGGTTAG CAGAAGCTAAAAAGCTA and TCTCTAGA ATCAAGCTTCAGGTTGACTTC and cloned directionally into the XmaI and XbaI sites of pXCS-HAStrep. pXCSG-TAP and pXCSG-Strep were generated by ligation of the GATEWAY reading frame B (rfB; Blunt EcoRV fragment, Invitrogen, Carlsbad, CA) into pXCS-TAP digested with SmaI and pXCS-HAStrep, digested by SfoI/SmaI, respectively. AtSGT1b cDNA from the Ler ecotype was ampliﬁed from pCA134 (Azevedo et al., 2002) using CACCATGGCCAAGGAATTAGCAG and ATACTCCCACTTCTTGAGCTCCATG, cloned directionally into pENTR/D-TOPO (Invitrogen) and recombined by LR reaction following the manufacturer’s instructions into pXCSG-TAP and pXCSG-Strep giving pXCSG-SGT1b-TAP and pXCSG-SGT1b-Strep, respectively.



Experiments were performed as described (Romeis et al., 2001). Agrobacterium cells in late exponential phase ( 
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