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                 Extended half-life upon binding of destabilized intrabodies allows speciﬁc detection of antigen in mammalian cells ´ ˆ ˆ Annie-Paule Sibler1, Jerome Courtete1, Christian D Muller2, Gabrielle Zeder-Lutz1 and Etienne Weiss1 ´ UMR 700, Ecole Superieure de Biotechnologie de Strasbourg, Illkirch, France ´ UMR 7034, Faculte de Pharmacie, Illkirch, France Keywords antigen detection in mammalian cells; destabilizing PEST signal sequence; functional solubility; half-life; intrabody Correspondence ´ E Weiss, UMR 7100, Ecole Superieure de Biotechnologie de Strasbourg, Boulevard ´ Sebastien Brant, BP10413, 67412 Illkirch Cedex, France Fax: +33 390244770 Tel: +33 390244767 E-mail: eweiss@esbs.u-strasbg.fr Note ˆ ´ ˆ Annie-Paule Sibler and Jerome Courtete contributed equally to this work (Received February 2005, revised April 2005, accepted April 2005) doi:10.1111/j.1742-4658.2005.04709.x The ectopic expression of antibody fragments inside mammalian cells (intrabodies) is a challenging approach for probing and modulating target activities We previously described the shuttling activity of intracellularly expressed Escherichia coli b-galactosidase conferred by the single-chain Fv (scFv) fragment 13R4 equipped with nuclear import ⁄ export signals Here, by appending to scFvs the proteolytic PEST signal sequence (a protein region rich in proline, glutamic acid, serine and threonine) of mouse ornithine decarboxylase, we tested whether short-lived or destabilized intrabodies could affect the steady-state level of target by redirecting it to the proteasomes In the absence of antigen, the half-life of the modiﬁed scFv 13R4, relative to untagged molecules, was considerably reduced in vivo However, after coexpression with either cytoplasmic or nuclear antigen, the destabilized 13R4 fragments were readily maintained in the cell and strictly colocalized with b-galactosidase Analysis of destabilized site-directed mutants, that were as soluble as 13R4 in the intracellular context, demonstrated that binding to antigen was essential for survival under these conditions This unique property allowed speciﬁc detection of b-galactosidase, even when expressed at low level in stably transformed cells, and permitted isolation by ﬂow cytometry from a transfected cell mixture of those living cells speciﬁcally labeled with bound intrabody Altogether, we show that PESTtagged intrabodies of sufﬁcient afﬁnity and solubility are powerful tools for imaging the presence and likely the dynamics of protein antigens that are resistant to proteasomal degradation in animal cells Intracellular antibodies or intrabodies are antibody fragments used inside cells for interaction with targets In case intrabodies interfere with antigen function, they can mediate cell killing following binding (recently reviewed in [1]) Whilst a variety of cell types including plant cells, fungal cells and even bacteria [2] have been described as hosts, mammalian cells are the most commonly used target cells [3], implying that intrabodies with functional ablation capabilities might be a useful antibody-based format for disease-speciﬁc reagents Until now, the preferred intrabody is the recombinant single-chain Fv antibody fragment (scFv), expressed from a single cDNA and composed of an antibody variable heavy-chain (VH) sequence tethered to a variable light-chain (VL) sequence by a ﬂexible linker ScFv carries the speciﬁcity inherent in the antibody combining site, namely the three hypervariable complementary-determining regions (CDRs) of each variable (V) region that form the antigen-binding pocket Abbreviations b-gal, b-galactosidase; CDR, complementary-determining region; (E)GFP, (enhanced) green ﬂuorescent protein; mODC, mouse ornithine decarboxylase; ODC, ornithine decarboxylase; scFv, single-chain Fv antibody fragment; VH, variable heavy-chain; VL, variable light-chain; V, variable 2878 FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al Notwithstanding the potential of intrabodies for manipulating intracellular protein function, a bottleneck of this approach became evident recently, in that the large majority of antibodies obtained from natural or synthetic libraries appear not to perform well when expressed intracellularly This may be due to the reducing conditions existing in cell compartments, which may prevent the formation of intradomain disulﬁde bonds within the VH and VL domains resulting in less stable molecules Nevertheless, a number of authors were able to isolate functional intrabodies of therapeutic interest by adjusting screening procedures to take into account the conditions found in the cell cytoplasm and to allow the selection of binders of sufﬁcient afﬁnity for interacting with their target in the crowded cellular environment [4–6] This allowed a selection of binders which were able in vivo to redirect bound antigen from one cell compartment to another or to induce a change in cell phenotype [7–9] Previously, we reported the nucleocytoplasmic shuttling of antigen in mammalian cells conferred by a soluble intrabody equipped with nuclear import ⁄ export signals [10] The scFv used was speciﬁc for b-galactosidase (b-gal) and was initially selected by experimental molecular evolution to possess an improved in vivo folding in E coli cytoplasm [11] As this scFv behaved satisfactorily when rendered bifunctional by genetic tagging with complementary sequences, we were interested in testing whether such a strategy could also be used for targeting antigen to degradation Intracellular protein degradation is a highly regulated process that is crucial for the cell cycle and cell survival Although the vast majority of proteins destined for degradation are ﬁrst ubiquitinated before proteolysis by 26S proteasomes [12,13], a small number not require ubiquitination for proteasomal degradation [14] The best characterized one is ornithine decarboxylase (ODC), a key enzyme in the biosynthesis of polyamines, whose interaction with antizyme, an ODC inhibitory protein, confers to the enzyme a half-life of about h The C-terminal end of ODC contains a PEST region [15,16], which is a key element for binding to the lid (19S) of 26S proteasomes [17] Furthermore, when the mouse ODC (mODC) PEST region is linked to the C-terminus of green ﬂuorescent protein (GFP), the halflife of the fusion protein in vivo is considerably shortened [18,19] The degradation effect of the PEST sequence was also observed when it was linked to several other heterologous proteins (called ‘destabilized’ proteins [20]) It seems plausible therefore that it may be possible to redirect an antigen target to proteasomes in mammalian cells by the use of a bifunctional intrabody of sufﬁcient solubility and afﬁnity FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody Here, the behavior of the anti-b-gal scFv equipped with the PEST sequence was examined in various cell lines The half-life of the intrabody with the degradation tag was found to be considerably reduced compared to that of the untagged scFv, even when the degradation tag was linked via the enhanced green ﬂuorescent protein (EGFP) moiety However, in the presence of antigen, the destabilized scFvs showed an extended half-life and were maintained in the cell Analysis of afﬁnity variants as well as a disulﬁde bridge-lacking mutant showed that [1] intracellular binding capacity did not depend on disulﬁde bridge formation [2]; strong binding to antigen was essential for scFv survival Although only a small fraction of antigen was subjected to scFv-mediated proteolysis, the remaining cytoplasmic and nuclear b-gal could thus be speciﬁcally visualized through bound destabilized scFvs As this was also the case when the level of expressed enzyme in transformed cells was low, it was possible to sort by FACS those cells speciﬁcally labeled with destabilized intrabody The observed stabilization effect upon binding of the short-lived anti-b-gal scFvs may be useful for improving speciﬁc imaging and effective targeting of intracellular antigens by means of intrabodies Results Expression of destabilized scFvs in COS-1 cells The functional characteristics of the scFvs 13R4 and 1F4, as well as their behavior when expressed as intrabodies in mammalian cells, have been described [10] While scFv 1F4 accumulated as aggregates and was found to be cytotoxic, scFv 13R4 was uniformly expressed within the cells and highly functional To test whether the folding capacity or incapacity of these well-characterized scFvs in the reduced cytoplasmic environment of mammalian cells is affected by the expression rate, we appended to the coding region of both scFvs the PEST sequence of mODC, which has previously been shown to confer reduced half-life to heterologous proteins [18–20] The degradation signal encoded by the PEST sequence was fused either directly to the scFvs or by means of d1-EGFP The plasmid constructs used to transiently transfect COS-1 cells are schematically represented in Fig 1A As shown in Fig 1B, both scFv-EGFP (13R4-G and 1F4-G) fusions could be readily detected by ﬂuorescence microscopy and their pattern of expression were identical to that observed previously in the absence of EGFP [10] When tested in frame with d1-EGFP (13R4-GP and 1F4-GP), almost no 13R4 molecules 2879 Speciﬁc antigen detection with destabilized intrabody A B C could be detected after cycloheximide treatment, suggesting that the PEST sequence located at the C-terminus of the 13R4-d1-EGFP fusion protein was operational This was not the case with scFv 1F4 and the fusion proteins that accumulated as aggregates were qualitatively equivalent to those observed without the PEST sequence These results indicate that the solubility of PEST signal-tagged scFv-EGFP fusions drastically affects their proteosomal degradation potential These observations were conﬁrmed with scFv constructs that not harbor the EGFP coding sequence The presence or absence of the corresponding polypeptides within the transfected COS-1 cells was probed by western blotting (Experimental procedures) Figure 1C shows a typical blot of the expressed 2880 A.-P Sibler et al Fig Genetic construction and expression of destabilized scFvs in COS cells (A) The set of plasmids listed (names on the left) are all derivatives of the eukaryotic pcDNA vector The encoded scFv fusion proteins are under the control of the CMV promoter The detecting (B10 tag, EGFP) and targeting (PEST, 1–20) sequences were encoded in frame at the C-terminus of scFv The location of the cysteine mutations into alanine (A) in the variable regions of 2C2A, a site-directed mutant of 13R4, is indicated The p1F4-G (not shown) is identical to p1F4-GP, except that it encodes EGFP (B) COS cells were transfected with the plasmids corresponding to the indicated fusion proteins At 48 h post-transfection, the cells were incubated with cycloheximide during h (Experimental procedures) and subsequently ﬁxed The pictures are typical micrographs of the subcellular distribution of each fusion protein visualized under a ﬂuorescent microscope with the ﬂuorescein isothiocyanate (FITC) ﬁlter set (C) The p13R4-P-, p13R4- and p13R4-DP-transfected COS cells were treated as in B, except that MG132 was added, as indicated (+), during the treatment with cycloheximide 48 h post-transfection, whole-cell extracts were subjected to immunoprecipitation with anti-tag (B10) and the bound complexes analyzed by SDS ⁄ PAGE and western blotting The scFv-based polypeptides (bracket) were revealed with anti-B10 (B10) antibody The electrophoretic migration of molecular weight standards run in parallel is indicated The band at about 25 kDa corresponds to the light chain of the B10 antibody detected with the secondary antibodies scFv 13R4 molecules either with (13R4-P), without (13R4) the PEST signal or with a C-terminal-deleted PEST region (13R4-DP) The residues removed by the deletion have already been shown to be essential for the destabilization effect [17] As expected, there was a strong reduction of the 13R4 molecules in the cell extracts when the complete PEST tag was present This was likely due to proteasomal degradation as the amount of residual scFvs 13R4-P was higher after treatment with MG132, a speciﬁc inhibitor of the 26S proteasome [21] MG132 had no effect on the expression of the 13R4 molecules missing the degradation signal (Fig 1C) In addition, we could not observe any variation of expression of the scFv 1F4 under these conditions (data not shown) Collectively, the results illustrate the importance of solubility for degradation and provide an additional example of a protein that can be selectively destabilized by fusion to the PEST signal of mODC Coexpression of the destabilized 13R4 scFvs with antigen To determine whether the PEST signal-tagged scFv 13R4 is able to bind antigen within the window of its presence in the cells, we cotransfected COS-1 cells with the scFv-EGFP (+ ⁄ – PEST) constructs and the plasmids encoding either b-gal alone (b-gal) or b-gal equipped with a nuclear localization signal (b-gal-NLS FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al Speciﬁc antigen detection with destabilized intrabody Fig Colocalization of the 13R4-GFP fusions with either b-gal or luciferase in transiently transfected COS cells The cells were cotransfected with equal amounts of p13R4-G or p13R4-GP and the constructs encoding the antigens as indicated on top Forty-eight hours post-transfection, the cells were treated with cycloheximide, ﬁxed and examined by ﬂuorescence microscopy as in legend to Fig 1B The subcellular distribution of b-gal was visualized by concomitant staining of p13R4-GP-treated cells with 5-bromo-4-chlorindol-3-yl b-D-galactoside (X-gal) before examination under bright ﬁeld microscopy (blue cells) b-gal-NLs, b-galactosidase appended with the SV40 T antigen nuclear localization signal at the C terminus [10]) The Renilla luciferase, which is not recognized by the scFv 13R4, was used under similar conditions as control antigen Figure shows cotransfected cells observed by ﬂuorescence microscopy The 13R4EGFP fusions (13R4-G) were almost homogeneously distributed in the positive cells Although coexpression of 13R4-G and b-gal-NLS led to strong staining of the nuclei, a large portion of the 13R3-G molecules remained in the cytoplasm This contrasted with what was seen after coexpression of the 13R4-d1-EGFP fusions (13R4-GP) and the enzyme Indeed, the GFP ﬂuorescence was strictly restricted to the cytoplasm or to the nuclei in the presence of b-gal or b-gal-NLS, respectively, and almost no additional ﬂuorescence was observed after coexpression with luciferase Interestingly, we observed the same effect when the scFvs 13R4 were directly linked to the PEST sequence (i.e without EGFP) and identiﬁed with the anti-B10 tag (data not shown) Because the destabilized 13R4 molecules and the b-gal were strictly colocalized, it seems that the scFvs fused to d1-EGFP are maintained in the cells by binding to antigen Generation of soluble binding-defective and cysteine-deleted mutants To demonstrate that the observed intracellular colocalization was the result of true interactions, we generated destabilized 13R4 mutants that have lost their binding capacity to b-gal, but have conserved the solubility properties of the parental intrabody This latter parameter has been shown to be essential for intracellular functionality of scFvs [1] The residues 97–100 of the FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS CDR3 sequence of the VH domain of 13R4, which were shown by modeling to be of primary importance ´ for activity (V Lafont, Ecole Superieure de Biotechnologie de Strasbourg, Illkirch, France, unpublished data), were randomly modiﬁed by PCR The resulting bacterial clones which express the scFv in fusion with the GFPuv polypeptide in the cytoplasm (Experimental procedures) were, ﬁrst, screened for solubility with a plate assay based on the protein-folding assay using GFP [22] and, second, assayed for in vitro binding to b-gal The conditions of colony growth to observe a signiﬁcant difference in ﬂuorescence brightness of the colonies by comparing 13R4 and 1F4 were optimized (Experimental procedures; 23) The scFvs 13R4 and 1F4 hence expressed in the bacterial cytoplasm were either mostly soluble or totally insoluble, respectively Within the CDR3H-modiﬁed clones that behaved on plates as 13R4 (i.e displaying a similar ﬂuorescence brightness under UV illumination), we randomly selected two colonies (4A and 7A) and further analyzed their intracellular solubility after liquid growth Meanwhile, sequencing analysis showed that 4A and 7A were modiﬁed to code for residues SRLA (one letter code) and HAQI, respectively, instead of ITIF in the original 13R4 sequence In addition, the same overall strategy was applied for the isolation in parallel of a site-directed 13R4 mutant (2C2A), in which the conserved Cys residues at position 92 of the VH and position 23 of the VL domain of 13R4 were exchanged with Ala This was done to investigate the possible requirement of disulﬁde bridge formation within the 13R4 variable domains for the formation of active molecules 2881 Speciﬁc antigen detection with destabilized intrabody A B Fig Selection and characterization of the 13R4 variants (A) Analysis of the scFv-GFPuv fusions expressed in the bacterial cytoplasm BL21(DE3) cells transformed with the plasmids encoding the indicated scFvs in frame with GFPuv were grown as in A and stored at °C Aliquots of either whole cells (T) or soluble (S) and insoluble (P) extracts corresponding to a similar amount of harvested cells were analyzed by SDS ⁄ PAGE and western blotting The presence of fusion protein on the blot was revealed with anti-GFP and enzyme-labelled goat anti-mouse immunoglobulins (B) Colocalization of the 4A and 7A variants with either b-gal or luciferase antigens in transiently transfected COS cells The cells were cotransfected with the indicated relevant plasmids (ratio of plasmid DNA scFv ⁄ antigen, : 2) and processed as indicated in legend to Fig The micrographs represent typical ﬁelds containing a similar number of cells in each case Some of them cotransfected with p4A-GP and pb-gal showed a distinct cytoplasmic staining (arrow) As probed by western blotting (Fig 3A), the crude bacterial extracts (T) corresponding to the selected mutants contained a similar amount of scFv-GFPuv polypeptides as compared with 13R4 and 1F4 As expected, the mutated scFvs behaved as the wild-type when the soluble (S) and insoluble (P) fractions of the extracts were analyzed and only the scFv 1F4-based fusions were found in the pellet Bearing in mind that the 2C2A mutant and the 13R4 showed equal ﬂuores2882 A.-P Sibler et al cence brightness on plate (not shown), it indicates that the ‘folding reporter assay’ set up here permitted to isolate scFv variants with comparable biophysical properties The in vitro binding of the mutants to b-gal was monitored by incubating the corresponding soluble extracts with enzyme-coated beads and subsequent ﬂuorometer analysis [23] In this assay, the 13R4 and 2C2A fusion proteins showed equally high binding to the beads, above that obtained with the 4A preparation No signal was observed with either the 7A or the 1F4 extract taken as negative control (data not shown) The antigen-binding properties of the 13R4-GFPuv, 4A-GFPuv and 7A-GFPuv proteins were analyzed in greater detail by surface plasmon resonance (Experimental procedures) A similar amount of the scFv-GFPuv fusions as that contained in the soluble bacterial extracts was immobilized on a BIACORE chip by means of anti-GFP antibodies By taking into account the kinetic rate constants observed after the addition of varying concentrations of b-gal, we calculated that the equilibrium afﬁnity constant of 13R4 was 0.2 nm and that of 4A was nm This nearly 50-fold difference in afﬁnity was due to a difference in kinetic association rates The sensorgrams of 7A were totally ﬂat, conﬁrming that this scFv does not bind to enzyme at all Together, these experiments show that it is possible to select binding-defective scFv 13R4 mutants of equal solubility within the bacterial cytoplasm The in vivo half-life of destabilized scFvs is conditioned by binding To determine whether the isolated 2C2A, 4A and 7A mutants were functional in COS-1 cells, as compared with the wild type, we subcloned the corresponding scFv coding regions into the p13R4-GP vector and cotransfected them along with the constructs expressing b-gal or luciferase The localization of the d1-EGFP-tagged scFvs in the transfected cells was followed under the microscope (Fig 3B) While the cells cotransfected with the p13R4-GP or the p2C2 A-GP constructs showed a comparable bright cytoplasmic staining (left), almost no signal was obtained with scFv 4A-d1-EGFP and 7A-d1-EGFP expressed in parallel Interestingly, in the case of 4A (but not 7A), we found a minor percentage of cells with a faint cytoplasmic staining (arrow) After coexpression with luciferase, all four scFv-d1-EGFP fusions were nearly undetectable (the remaining ﬂuorescence was in both the cytoplasm and in nucleus), indicating that they were essentially degraded in the absence of b-gal These observations strongly suggest that the accumulation of the destabilFEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al A B Fig Binding-dependent steady-state level of the destabilized 13R4-based intrabodies in COS cells (A) The cells were cotransfected with either p13R4-GP (d), p4A-GP (h) or p7A-GP (m) along with the b-gal plasmid, treated with cycloheximide 48 h post-transfection and subsequently analyzed by ﬂuorescence spectrometry (Experimental procedures) The graphs correspond to the ﬂuorescence emission of · 106 cells analyzed in parallel The typical k emission of EGFP is 510 nm and the level of ﬂuorescence emission at around 700–750 nm accounts for cell number An aliquot of similarly treated cells cotransfected with p13R4-GP and the b-gal (bold line) or luciferase (thin line) plasmids was analyzed by FACS, in parallel with untransfected cells (dotted line) The histograms (inset) show the signiﬁcant difference of number of highly ﬂuorescent cells in these cell samples as evidenced by the amount of cell counts in the 102)104 range of ﬂuorescence intensity (B) COS cells were cotransfected with p13R4-P, p7A-P, p13R4 plasmids and the b-gal or luciferase constructs, as indicated The scFvs present in the cells, 48 h post-transfection, after cycloheximide treatment and cell lysis were immunoprecipitated with antitag antibody and further subjected to western blot analysis with the same antibody The electrophoretic migration position of the scFvs is indicated by arrows H, heavy chain of anti-tag ized scFvs is correlated with their capacity to binding to antigen The relationship between extended half-life and binding was further examined by analyzing the whole population of the cotransfected cells by ﬂuorescence spectroscopy As shown in Fig 4A, in the presence of FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody coexpressed b-gal, a typical peak of emission of EGFP at 510 nm was observed with the COS-1 coexpressing the destabilized scFv 13R4 The intensity of this peak was signiﬁcantly reduced when a similar number of cells coexpressing the corresponding 4A mutant were analyzed under the same conditions; almost no emission of EGFP ﬂuorescence was detected in cells bearing the 7A-d1-EGFP fusion proteins These results thus conﬁrmed the microscopic observations We also examined these cells by FACS and found a close correlation between the number of highly ﬂuorescent cells bearing the 13R4-d1-EGFP proteins and the presence or absence of coexpressed b-gal (Fig 4A, inset) Indeed, within the window of about · 102 to · 104 units of detected ﬂuorescence, there was at least a three-fold enrichment of stained cells when cotransfection was done with b-gal as compared to luciferase This was not observed with either the 4A- or the 7A-cotransfected cells, thus demonstrating that strong in vivo binding of the destabilized 13R4-d1-EGFP proteins allows them to be maintained in the cells To rule out the possibility that the EGFP part of these molecules may not be involved, we performed similar experiments with the corresponding clones associated to the PEST sequence through the B10 tag (Fig 1A) Figure 4B shows a typical blot of the scFvs 13R4, 13R4-P and 7A–P cotransfected in parallel with b-gal or luciferase and subsequently recovered by immunoprecipitation with anti-B10 tag Whilst the 13R4 molecules could be clearly identiﬁed in either case, the destabilized 13R4 proteins were only detected when b-gal was coexpressed and no scFv band was detected with the 7A-P samples This showed that the intracellular steady state level of the destabilized scFvs is strictly correlated, as above, to their antigen binding capacity Intracellular detection of b-galactosidase either fused to E6 or stably expressed Having shown that b-gal is speciﬁcally detected with destabilized 13R4 molecules, we were interested to test this system when the enzyme is fused to a protein of interest or when it is stably expressed at low level The expression of b-gal fused to the oncoprotein E6 (bgal-E6) of HPV16 in COS-1 cells generates aggregates that can be identiﬁed with anti-E6 These aggregates are likely to be due to the poor solubility of the E6 ´ polypeptide (M Masson, Ecole Superieure de Biotechnologie de Strasbourg, Illkirch, France, unpublished observations) To examine whether the PEST tag could represent an advantage for the speciﬁc detection of these aggregates, we cotransfected the 13R4-G and 2883 Speciﬁc antigen detection with destabilized intrabody A.-P Sibler et al Fig Speciﬁc imaging of antigen with destabilized 13R4-EGFP fusions The upper row of micrographs are representative ﬁelds of COS cells cotransfected with the pb-gal-E6 plasmid along with either p13R4-G (a, b) or p13R4-GP (c, d) After ﬁxation, the cells were treated with Triton X-100 and incubated with anti-E6 monoclonal antibody, followed by Alexaﬂuor 568-labelled anti-mouse immunoglobulins The green and red cell staining of the cells in the same ﬁeld was recorded with ﬂuorescein isothiocyanate (FITC) (a, c) and tetramethyl-rhodamine isothiocyanate (TRITC) (b, d) ﬁlter sets, respectively The micrographs in the middle row correspond to typical ﬁelds of p13R4-G-, p13R4-GPor p7A-GP-transfected 293(lacZeo) cells after ﬁxation and examination under the microscope with the FITC ﬁlter, 24 h post-transfection The cells in g were counterstained with DAPI (h) Typical pictures of similarly treated p13R4-G- and p13R4-GP-transfected CHO(lacZeo2) cells costained with DAPI (j, l) are represented in the bottom line 13R4-GP constructs along with the b-gal-E6 vector and analyzed their distribution within the cell by ﬂuorescence microscopy (Fig 5, upper panels) Although the 13R4-EGFP fusions were concentrated as brilliant spots (Fig 5A), which correspond to the aggregates in these cells (Fig 5B), they were also distributed throughout the cytoplasm and ⁄ or the nucleus This contrasted with the behavior of the 13R4-d1-EGFP proteins that showed strict colocalization with the aggregates (Fig 5C), indicating that only bound molecules were recorded Destabilized scFvs are therefore 2884 also of great value for identifying different intracellular forms of antigen To analyze how these scFvs linked to EGFP or d1-EGFP behave in case of low and constant expression of b-gal, we took advantage of the availability of two cell lines, 293(lacZeo) and CHO(lacZeo2), that stably express the lacZ-zeocin fusion gene under the control of the normal or a modiﬁed SV40 early promoter, respectively (Experimental procedures) In a preliminary experiment, we tested the b-gal activity in these cells by X-gal staining and found that the enzyme was FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al mostly cytoplasmic (not shown) Furthermore, the b-gal activity per cell, as probed with a standard in vitro assay (Experimental procedures), was largely below that found in transfected COS-1 cells (data not shown) Figure shows typical micrographs of the 293(lacZeo) and CHO(lacZeo2) cells transfected with either the p13R4-G, p13R4-GP or p7A-GP constructs Whilst the 13R4-EGFP fusions were found in the whole cell (Fig 5E,I), the 13R4-d1-EGFP molecules were localized mainly in the cytoplasm (Fig 5F,K) This was not observed with the binding-defective 7A-d1-EGFP proteins (Fig 5G), indicating that the binding of the destabilized scFv allows the speciﬁc detection of low amounts of intracellular target While performing these experiments, we also tested in parallel the b-gal activity present in the transfected 293(lacZeo) cells using the standard in vitro assay mentioned above This was done to follow potential scFvmediated b-gal proteolysis After transfection with the p13R4, p13R4-P or p7A-P plasmids, the cells were treated either with or without MG132 and, following lysis, we analyzed the b-gal activity in the corresponding soluble extracts containing an identical amount of proteins We found a reduced b-gal activity in all the MG132-treated samples, conﬁrming that treatment with proteasome inhibitors interferes with b-gal reporter assays [24] However, by taking into account the values of hydrolyzed substrate obtained with the untreated cells, we observed a reproducible reduction of about 10% of activity in the 13R4-P samples as compared to the others Assuming that the effective transfected cells represent nearly 30% of the analyzed population (as determined by FACS with the EGFPtagged constructs), it indicates that about one-third of the b-gal coexpressed with the 13R4-P was subjected to degradation Because a similar result was obtained with the same plasmid series in COS-1 cells cotransfected with the enzyme, it strongly suggests that the scFv 13R4 equipped with a PEST signal confers its half-life to a fraction of the bound antigen In addition, we also observed only a small reduction of b-gal activity in COS-1 cells when the enzyme was tagged with the PEST signal (not shown), demonstrating that b-gal by itself is resistant to proteasomal degradation in vivo FACS sorting of CHO cells coexpressing b-gal and destabilized scFv 13R4 By controlling the transfection efﬁciency of the CHO(lacZeo2) cells bearing the 13R4-GP vector by ﬂow cytometry, we observed that about 35% of the cells were signiﬁcantly ﬂuorescent (above 200 arbitrary units of FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody ﬂuorescence; Fig 6A) To demonstrate that this ﬂuorescent signal was due to the binding and maintenance of the expressed 13R4-GP fusions, we performed the same experiment with wild-type CHO cells (that not express E coli b-gal) In this case, almost no ﬂuorescent cells were scored up within a deﬁned broad window (M3) that corresponded to the highly labeled cells in the CHO(lacZeo2) sample (Fig 6A) These observations prompted us to determine whether the 13R4-GP molecules could be a tool to sort by FACS a mixed population of cells in which a fraction is expressing b-gal The p13R4-GP-transfected CHO and CHO(lacZeo2) cells were mixed at a ratio 10 : 1, subjected to a single round of FACS sorting and those cells identiﬁed within the M3 window were collected After days of culture, an aliquot was probed for the b-gal expression with X-gal Remarkably, we found that above 80% of the recovered cells were positive, whilst they represented less than 10% in the unsorted cell mixture (Fig 6B) Finally, to conﬁrm that the probed cell aliquot was representative of the whole collected fraction, we isolated the genomic DNA of the remaining cells and ampliﬁed the C-terminal region of the b-gal gene The single copy gene of the RNA polymerase subunit RPB11 [25] was used as an internal control Figure 6B (right) shows a typical agarose gel of the resulting PCR products The intensity of the upper and lower bands (corresponding to b-gal and RNA Pol subunit, respectively) obtained with the sorted cell DNA (lane 4) was comparable to that of CHO(lacZeo2) cells (lane 2), cultured in parallel Whilst no b-gal band was observed with DNA originating from CHO cells (lane 1), we detected it in the unsorted cell DNA, but only after slightly overloading the gel (lane 3) Collectively, these data indicate that destabilized scFv can advantageously be used for the rapid isolation by FACS of living cells expressing low levels of antigen Discussion The potential of scFvs for demonstrating the presence of targeted protein antigens in the cytoplasm of mammalian cells is well established [1,6] These so-called intrabodies are expressed inside the transfected or transformed cell and their in vivo binding capacity can be used to localize the target with or without perturbation of its biological activity, depending of the scFv neutralizing effect However, it is becoming increasingly evident that only a fraction of scFvs behave as functional antibody fragments, possibly due to nonformation of the disulﬁde bridge within each of the variable domains of the scFv under intracellular reducing conditions [5,26] The four conserved cysteine residues 2885 Speciﬁc antigen detection with destabilized intrabody A.-P Sibler et al A B in the scFv 13R4 not form disulﬁde bridges in a reducing environment [11], but this is not detrimental to the functionality of the molecule in the cytoplasm [10,27] Here, we show that mutation of two of these cysteines into alanine (one ⁄ pair), thereby preventing any disulﬁde bridge formation, did not alter its in vivo performance, in contrast to a recent report showing that the cysteine alterations of a VL single-domain intrabody reduces its afﬁnity [28] This indicates that the framework regions in conjunction with the appropriate CDR residues of 13R4 have a particular structure which allows this antibody fragment to be not only well-expressed, but also stably folded without an S-S bridge It would be interesting to test how many of such precise modiﬁcations can be tolerated without loss of activity The random exchange of the four amino acids in the CDR3 of the VH domain, while affecting the speciﬁc binding to b-gal, did not modify 2886 Fig Analysis of the FACS-sorted CHO (lacZeo2) cells labeled with 13R4-d1-EGFP fusion protein (A) CHO (grey line) or CHO (lacZeo2) (blue line) cells transfected with p13R4-GP were subjected to FACS analysis 24 h post-transfection The recorded ﬂuorescence emission of · 104 cells is represented (B) The p13R4-GP-transfected CHO and CHO(lacZeo2) cells were mixed at a ratio 10 : and subjected to a single round FACS sorting After subsequent culture for days, an aliquot of the collected cells (sorted) were stained with X-gal and observed under the microscope, in parallel with untreated cells (unsorted) The remaining cells were subjected to PCR analysis after genomic DNA extraction (right panel) The picture shows a typical agarose gel of the PCR products after duplex ampliﬁcation of b-gal (upper arrow) and RNA Pol B (lower arrow) genes from CHO (lane 1), CHO(lacZeo2) (lane 2), the unsorted (lane 3) and the sorted (lane 4) cell samples Lane corresponds to the control without template M, comigrated DNA size standards at all the intracellular solubility properties in bacteria and in animal cells, suggesting that the 13R4 framework represents a useful platform for the building of functional intrabody libraries [4,29] The initial aim of this study was to investigate whether the modiﬁcation of the half-life of an active intrabody could simultaneously affect the half-life of the target in the same way upon binding We used the PEST signal of mODC which has been extensively characterized by others ([17] and references therein) and was shown to be able to destabilize several other proteins of biotechnological interest [20] By comparing two scFvs that greatly differ in their dependence on disulﬁde bridge formation for folding, it appeared that the intracellular solubility of the scFv domains is critical for proteosomal degradation of the fusion product This is consistent with a number of other studies showing that the aggregated parts of an overFEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al expressed protein cannot be efﬁciently eliminated by the proteasome machinery and that this can ultimately lead to cellular irregularity and cell death [30] On the other hand, the importance of the half-life of scFvs for activity in an intracellular context is not well documented, except for the report in [7], which shows that the short turnover rate (2 h of half-life) of a particular intrabody was the main reason why this molecule was inefﬁcient in redirecting bound antigen [7] As we could not detect signiﬁcant ﬂuorescence in the cells after a h treatment with cycloheximide and could not observe a band corresponding to the scFv 13R4 equipped with the PEST signal in the whole cell extract, we estimate that the half-life of the modiﬁed scFv 13R4 is below h in the absence of coexpressed b-gal By contrast, in the presence of the antigen, the destabilized molecules were readily detectable and essentially colocalized with the enzyme, indicating that binding affects half-life and thus determines survival We have no clear explanation for this effect, but believe that the exceptional intracellular solubility properties of this intrabody in conjunction with its high afﬁnity for b-gal may be responsible Indeed, it seems that the easy diffusion of the destabilized scFv in the cytoplasm as well as in the nucleus permits the rapid detection of b-gal molecules The afﬁnity of the PEST signal peptide for the recognition element present on the proteasomes is not clearly established but might be in the micromolar range as approximated by Ki studies [17], whereas that of the scFv for antigen is in the nanomolar range Thus, preferential interaction with b-gal is probably essential for the observed effect This interpretation is supported by the fact that the lower afﬁnity mutant 4A, relative to the wild type, was hardly maintained in the cell Although b-gal-bound scFvs may have undergone some conformational change that renders the PEST signal peptide on them cryptic, we found that the tag peptide was readily accessible to the detecting antibody in the complexes We suspect that, upon binding to antigen, the 13R4 molecules became immobilized in the cell and therefore less prone to interaction with proteasomes, as compared to the free scFvs The possible reduced mobility of the bound scFvs is in agreement with recent ﬁndings showing that protein complexes above 500 kDa of molecular size (which is the case for the b-gal-scFv complexes) have a limited and ⁄ or reduced diffusion coefﬁcient ([31] and references therein) Because it has also been found that the size of macromolecular proteasomal substrates may be of importance for selective degradation [32], we are currently performing ﬂuorescence recovery after photobleaching (FRAP) [33] experiments to determine the relationship between the FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody degradation rate of the destabilized 13R4 molecules and their diffusion within the cytoplasm in the presence or absence of b-gal Furthermore, it is worth mentioning that b-gal is a chromogenic reporter protein, which is widely used because of its intracellular stability (half-life of more than 20 h [34]) As the bound scFv molecules showed an extended halflife, this suggests that the stability of the enzyme was transferred to the binding partners and this may be of relevance for explaining the ﬁnding that only a small part of the complexes were subjected to intracellular proteolysis Whether this stabilization effect upon binding observed with the scFv 13R4 applies to other intrabodies that bind to large, static or stable antigens [3,35] remains to be established Conversely, it would be interesting to test the system with antigens that, unlike b-gal, not accumulate in the cell upon synthesis Our ﬂuorescence spectroscopy and ﬂow cytometry results are of particular interest In the former analysis, we found that the overall intensity of ﬂuorescence of transfected cells was correlated with the in vitro binding capacity of the analyzed scFvs as determined by biacore This suggests that spectroscopic analysis of destabilized intrabody-transfected cells could give information on the afﬁnity of intrabodies in a crowded cellular environment In addition, the ﬂow cytometric approach made it possible to isolate those cells that harbored scFv with highest afﬁnity This latter property may be of interest for rapidly selecting from a library reliable intrabodies in mammalian cells [5] In addition, the fact that only b-gal-expressing CHO cells were rescued from the cell mixture indicates that destabilized intrabodies may be useful for selecting cell transformants that stably express a deﬁned amount antigen To our knowledge, the FACS data presented are the ﬁrst demonstration that living animal cells can be sorted after labeling with an intrabody It will be interesting to see if other functional intrabodies can be used for the same purpose A major prerequisite is that intrabodies should possess solubility and degradability properties in the intracellular context similar to those of the 13R4 intrabodies It might also be possible to modify the speciﬁcity of the 13R4 molecule without affecting its solubility and this may lead to the development of new tools for real-time imaging of intracellular stable antigens Experimental procedures Plasmid construction and mutagenesis The p13R4 vector corresponds to the pscFv13R4 previously described [10] This vector, which harbors the scFv 13R4 2887 Speciﬁc antigen detection with destabilized intrabody coding region and the B10 tag under the control of the CMV promoter, was modiﬁed to generate almost all plasmids used in this study For the construction of p13R4-G and p13R4-GP, the coding regions of EGFP and d1-EGFP were PCR ampliﬁed from pEGFP-C3 and pd1-EGFP-N1 (BD Biosciences Clontech, Palo Alto, CA, USA), respectively, and inserted into the SpeI- and EcoR1-digested p13R4 The same strategy was used for constructing p13R4-P, except that the following primers 5¢-ACTCATA CTAGTCTTAGCCATGGCTTCCCGCCG GCG-3¢ and 5¢-CCATCCGAATTCTCACTACACATTGATCCTAGCA GAAGC-3¢ were used for the PCR ampliﬁcation of the C-terminal region of d1-EGFP corresponding to the mouse ornithine decarboxylase PEST sequence (amino acids 422–461 [18]) The B10 tag was subsequently added to the resulting plasmid by cloning the following annealed oligonucleotides 5¢-CTAGTCGTCCGAACTCCGATAATCGC CGTCAGGGCGGTCGCGAACGTTTAG-3¢ and 5¢-CA TGCCAAACGTTCGCGACCGCCCTGACGGCGATTA TCGGAGTTCGGACA-3¢ into the unique SpeI restriction site p13R4-DP was obtained by replacing the B10 tag of the p13R4 construct with annealed oligonucleotides encoding an in-frame fusion of the B10 tag and the N-terminal part of mODC PEST sequence (amino acids 422–440) p2C2 A-GP is a derivative of p13R4-GP which has been modiﬁed by SOE-PCR to exchange the Cys codons at positions 92 (TGT) and 23 (TGC) of the VH and VL coding regions (positions according to 37) with Ala codons (GCT and GCC, respectively) The p1F4-GP plasmid was obtained by modifying the pscFv1F4 plasmid [10] as described for p13R4-GP The construction of pbgal-E6 which encodes a b-gal-HPV16 E6 fusion protein has been described previously [37] The plasmids encoding the b-gal alone have been described [10] and the pRL-CMV which encodes the Renilla luciferase was from Promega The pET constructs, which correspond to in frame fusions of the scFvs and the GFPuv coding region [23] were generated by PCR ampliﬁcation of the relevant sequences and insertion into the NheI- and EcoR1-digested pET-23b vector (VWR International, Fontenay-sous-Bois, France) ScFv 13R4 sequence randomization at positions 97–100 (Kabat numbering [36]) of the VH domain was carried out by recombinant PCR with degenerated oligonucleotides as described [29] The mutated scFv DNA fragments were inserted into the pET-23b vector bearing the GFPuv sequence and subsequently subcloned into the p13R4-GP plasmid All constructs were veriﬁed by DNA sequencing and were kept at °C after CsCl ⁄ EtBr density gradient centrifugation Cell culture and transfection The COS-1, CHO, 293(lacZeo) and CHO(lacZeo2) cell lines (Flip-InTM cell lines; Invitrogen, Cergy Pontoise, France) were maintained in Dulbecco’s modiﬁed Eagle’s tissue cul- 2888 A.-P Sibler et al ture medium (DMEM; Invitrogen) supplemented with l-glutamine (2 mm), penicillin (100 ImL)1), streptomycin (25 lgỈmL)1) and 10% (v ⁄ v) heat-inactivated fetal bovine serum at 37 °C in a humidiﬁed 5% (v ⁄ v) CO2 atmosphere The culture medium of the 293(lacZeo) and CHO(lacZeo2) cell lines was additionally complemented with ZeocinTM (0.1 mgỈmL)1) Transient transfection was carried out with the ExGen500 reagent from Euromedex (Mundolsheim, France) according to the manufacturer’s instructions For all experiments, cells were plated at 3–5 · 105 cells per 60 mm-diameter tissue culture dishes the day before transfection DNA (4 lg) and 15–20 lL of reagent diluted in 300 lL of NaCl ⁄ Pi were mixed and left at room temperature for 10 After addition of the mixture to the cells, the dishes were centrifuged for at 300 g in a lowspeed bench centrifuge (Jouan, Saint Herblain, France) The transfected cells were grown at 37 °C until assay time Where indicated, they were incubated with 0.1 mgỈmL)1 cycloheximide (Sigma-Aldrich, Saint Quentin-Favallier, France) in the presence or absence of 50 lm MG132 (Calbiochem, Darmstadt, Germany) for h prior to ﬁxation or trypsinization Bacterial and cell extracts The E coli BL21(DE3) strains transformed with the appropriate pET constructs were grown overnight on LB plates in the presence of 0.1 mgỈmL)1 ampicillin and subsequently stored at °C for days Crude extracts were obtained by resuspending the plated bacteria (30 D600ỈmL)1) in 20 mm Tris ⁄ HCl pH 8.0, 150 mm NaCl, mm EDTA supplemented with protease inhibitors (CompleteTM, Roche Biochemicals, Meylan, France) and lysis by extensive sonication The extracts were fractionated by centrifugation at 22 000 g for 10 and directly used for SDS gel analysis For the recovery of the whole cell protein content, the transfected mammalian cells were harvested by trypsinization The pelleted cells were twice freeze-thawed, resuspended in NaCl ⁄ Tris containing mm dithiotreitol, mm EDTA and protease inhibitors and totally lysed by mild sonication The lysates were clariﬁed by centrifugation as above and an equal amount of proteins, as determined by BioRad protein Assay (BioRad, Hercules, CA, USA), contained in the supernatant was directly used for immunoprecipitation Where indicated, an aliquot of the soluble extracts was subjected to standard b-gal activity with ONPG as substrate [38] The nucleic acid material of the transfected cells was prepared by resuspending the freeze-thawed cells in TE buffer (10 mm Tris ⁄ HCl pH 8.0, mm EDTA) containing 10 lgỈmL)1 RNAse A After incubation for 15 at 37 °C, the lysate was complemented with 0.1 mgỈmL)1 proteinase K and further incubated for h at 37 °C The nucleic acid material present in the mixture was extracted by three successive phenol ⁄ chloroform treatments and con- FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al centrated by ethanol precipitation One microgram of the recovered DNA was used as template for the PCR duplex experiments The following primers 5¢-GTCTGGCGGAA AACCTCAGTGTGACGC-3¢ and 5¢-GACACCAGACCA ACTGGTAATGGTAGCGACCG-3¢ were used for the ampliﬁcation of the 3¢ end of the b-gal gene The presence of similar amounts of genomic DNA in the reactions was controlled by concomitant addition of primers that amplify a 200 bp region of the RNA polB subunit hRPB 11 coding sequence [25] Immunoprecipitation and western blotting The clariﬁed cell extracts (250 lg of protein) were subjected to immunoprecipation by adding an equal volume of NaCl ⁄ Tris supplemented with 1% (w ⁄ v) bovine serum albumin and protein A-agarose beads (Sigma-Aldrich), coated with anti-B10 monoclonal antibody (Euromedex) After incubation for h at °C on a rotating shaker, the beads were washed with NaCl ⁄ Tris containing 0.1% (v ⁄ v) NP-40 and resuspended in SDS gel loading buffer for SDS ⁄ PAGE analysis The western blotting experiments were done essentially as described [23] Brieﬂy, after electrophoresis, the proteins were transferred to reinforced nitrocellulose (Schleicher & Schuell, Dassel, Germany) and incubated with the antiGFP (Roche Biochemicals) or the anti-B10 monoclonal antibodies in NaCl ⁄ Tris containing 5% (w ⁄ v) dried skimmed milk Speciﬁc binding was revealed with alkaline phosphatase-labeled rabbit anti-mouse immunoglobulins (Sigma-Aldrich) and subsequent incubation of the blot in stabilized substrate for alkaline phosphatase (Promega, Lyon, France) after a ﬁnal wash in NaCl ⁄ Tris containing 1% (v ⁄ v) NP-40 Immunoﬂuorescence and bright ﬁeld microscopy The GFP-tagged proteins were visualized after ﬁxation of the transfected cells with 4% paraformaldehyde in NaCl ⁄ Pi during 45 at room temperature After extensive wash with NaCl ⁄ Pi, the cells were dried and mounted with Fluoromount-G (Southernbiotech, Birmingham, UK) For the double staining, the cells were permeabilized in 0.1 m Tris ⁄ HCl pH 7.5 containing 0.2% (v ⁄ v) Triton X-100 for after ﬁxation with paraformaldehyde and subsequently incubated with anti-E6 6F4 [37], followed by Alexaﬂuor 568-labelled goat anti-mouse IgG1 (Molecular Probes, Eugene, OR, USA) Where indicated, the transfected cells were incubated for h with X-gal substrate diluted in NaCl ⁄ Pi before the ﬁnal wash The processed cells were examined with an Axioplan ﬂuorescence microscope (Carl Zeiss, Gottingen, Germany) equipped with an ă Olympus DP50 camera Images were collected with a Zeiss 40X plan-neoﬂuar objective and processed using Adobe photoshop 5.5 FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody Fluorescence spectroscopy and ﬂow cytometric analysis The ﬂuorescence properties of the transfected cells (2 · 106 cellsỈmL)1) were recorded with a ﬂuorescence spectrometer (Photon Technology International, Monmouth Jonction, NJ, USA) using a bandpass of nm Excitation was done at 470 nm and emission was collected from 490 to 740 nm The acquired data were converted to graphs with kaleidagraph 3.0 Flow cytometric analysis and sorting were performed using a FACStarPLUS apparatus (Becton Dickinson, Le Pontde-Claix, France) equipped with an argon laser Green ﬂuorescence was measured with a 525 ⁄ 50 bandpass ﬁlter Gates were set to exclude cellular debris and the ﬂuorescence intensity of events within the gated regions was quantiﬁed Cells with the highest ﬂuorescence signal were sorted at a rate of 1200 events per second and about · 104 cells were collected in sterile tubes containing complete culture medium The data were processed with the cellquest software Afﬁnity measurements The binding afﬁnities of the scFv-GFPuv fusions were measured at 25 °C with a BIACORE 2000 instrument Puriﬁed rabbit anti-mouse IgGs (0.1 mgỈmL)1) were immobilized on the CM5 sensor chip by amine activation chemistry as described (BIACORE applications handbook, BIACORE, Uppsala, Sweden) Following injection of saturating amounts of anti-GFP 2C3 (a generous gift of M Oulad, IGBMC, Illkirch), approximately 500 RU of scFv-GFPuv were added The fusion proteins used are crude bacterial extracts diluted in 10 mm Hepes pH 7.5, 150 mm NaCl, 3.4 mm EDTA, 0.05% P20 The control surface was made by omitting the injection of the scFv-GFPuv preparation The binding efﬁciency of the immobilized scFvs was evaluated by adding the b-gal (Sigma-Aldrich) at various concentrations (44–700 nm) All analytes were injected at a ﬂow rate of 10 lLỈmin)1 Kinetic data were analyzed with the biaevaluation 3.1 software (BIACORE) and the afﬁnity range was determined following a Langmuir binding : model Acknowledgements We thank C Kedinger for constant encouragement, ´ M Baltzinger, G Trave and B Chatton for helpful suggestions, Y Boulanger and M.H.V Van Regenmortel for critical reading of the manuscript, G Schwalbach and A Stoessel for excellent technical assistance and M Oulad for 2C3 and anti-B10 Igs This work was supported by the Centre National de la ´ Recherche Scientiﬁque (Programme ‘Proteomique et ´ ´ Genie des Proteines’) and the Association de la 2889 Speciﬁc antigen detection with destabilized intrabody Recherche contre le Cancer (ARC) JC is supported by ` a fellowship of the Ministere de la Recherche et de la Technologie References Lobato MN & Rabbitts TH (2003) Intracellular antibodies and challenges facing their use as therapeutic agents Trends Mol Med 9, 390–396 Chames P, Fieschi J, Baty D & Duche D (1998) Intracellular immunization of prokaryotic cells against a bacteriotoxin J Bacteriol 180, 514–518 Kontermann RE (2004) Intrabodies as therapeutic agents Methods 34, 163–170 Tanaka T, Chung GTY, Forster A, Lobato MN & Rabbitts TH (2003) De novo production of diverse intracellular antibody libraries Nucleic Acids Res 31, 1–10 Visintin M, Meli GA, Cannistraci I & Cattaneo A (2004) Intracellular antibodies for proteomics J Immunol Methods 290, 135–153 Stocks MR (2004) Intrabodies: production and promise Drug Discov Today 9, 960–966 Zhu Q, Zeng C, Huhalov A, Yao J, Turi TG, Danley D, Hynes T, Cong Y, DiMattia D, Kennedy S et al (1999) Extended half-life and elevated steady-state level of a single-chain Fv intrabody are critical for speciﬁc intracellular retargeting of its antigen, caspase-7 J Immunol Methods 231, 207–222 Rajpal A & Turi TG (2001) Intracellular stability of anti-caspase-3 intrabodies determines efﬁcacy in retargeting the antigen J Biol Chem 276, 33139–33146 Zhou C, Emadi S, Sierks MR & Messer A (2004) A human single-chain Fv intrabody blocks aberrant cellular effects of overexpressed alpha-synuclein Mol Ther 10, 1023–1031 10 Sibler AP, Nordhammer A, Masson M, Martinau P, ´ Trave G & Weiss E (2003) Nucleocytoplasmic shuttling of antigen in mammalian cells conferred by a soluble versus insoluble single-chain antibody fragment equipped with import ⁄ export signals Exp Cell Res 286, 276–287 11 Martineau P, Jones P & Winter G (1998) Expression of an antibody fragment at high levels in the bacterial cytoplasm J Mol Biol 280, 117–127 12 Hilt W & Wolf DH (1996) Proteasomes destruction as a programme Trends Biochem Sci 21, 96–102 13 Ciechanover A (1998) The ubiquitin-proteasome pathway: on protein death and cell life EMBO J 17, 7151– 7160 14 Verma R & Deshaies RJ (2000) A proteasome howdunit: the case of the missing signal Cell 101, 341–344 15 Rechsteiner M & Rogers SW (1996) Pest sequences and regulation by proteolysis Trends Biochem Sci 21, 267–271 2890 A.-P Sibler et al 16 Murakami Y, Matsufuji S, Hayashi S, Tanahashi N & Tanaka K (2000) Degradation of ornithine decarboxylase by the 26S proteasome Biochem Biophys Res Commun 267, 1–6 17 Zhang M, Pickart CM & Cofﬁno P (2003) Determinants of proteasome recognition of ornithine decarboxylase, a ubiquitin-independent substrate EMBO J 22, 1488– 1496 18 Li X, Zhao X, Fang Y, Jiang X, Duong T, Fan C, Huang CC & Kain SR (1998) Generation of destabilised green ﬂuorescent protein as a transcription reporter J Biol Chem 273, 34970–34975 19 Corish P & Tyler-Smith C (1999) Attenuation of green ﬂuorescent protein half-life in mammalian cells Protein Eng 12, 1035–1040 20 Leclerc GM, Bookfor FR, Faught WJ & Frawley LS (2000) Development of a destabilized ﬁreﬂy luciferase enzyme for measurement of gene expression Biotechniques 29, 590–601 21 Lee DH & Goldberg AL (1998) Proteasome inhibitors: valuable new tools for cell biologists Trends Cell Biol 8, 397–403 22 Waldo GS, Standish BM, Berendzen J & Terwillinger TC (1999) Rapid protein-folding assay using green ﬂuorescent protein Nature Biotechnol 17, 691–695 23 Schwalbach G, Sibler AP, Choulier L, Deryckere F & Weiss E (2000) Production of ﬂuorescent single-chain antibody fragments in Escherichia coli Protein Express Purif 18, 121–132 24 Deroo BJ & Archer TK (2002) Proteasome inhibitors reduce luciferase and b-galactosidase activity in tissue culture cells J Biol Chem 277, 20120–20123 25 Grandemange S, Schaller S, Yamano S, Du Manoir S, Shpakovski GV, Mattei MG, Kedinger C & Vigneron M (2001) A human RNA polymerase II subunit is encoded by a recently generated multigene family BMC Mol Biol 2, 14 26 Schouten A, Roosien J, Bakker J & Shots A (2002) Formation of disulﬁde bridges by a single-chain Fv antibody in the reducing ectopic environment of the plant cytosol J Biol Chem 277, 19339–19345 27 Tse E & Rabbitts TH (2000) Intracellular antibody-caspase-mediated cell killing: an approach for application in cancer therapy Proc Natl Acad Sci USA 97, 12266– 12271 28 Colby DW, Chu Y, Cassady JP, Duennwald M, Zazulak H, Webster JM, Messer A, Lindquist S, Ingram VM & Wittrup KD (2004) Potent inhibition of huntingtin aggregation and cytotoxicity by a disulﬁde bond-free single-domain intracellular antibody Proc Natl Acad Sci USA 101, 17616–17621 29 Desiderio A, Franconi R, Lopez M, Villani ME, Viti F, Chiaraluce R, Consalvi V, Neri D & Benvenuto E (2001) A semi-synthetic repertoire of intrisinsically FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS A.-P Sibler et al 30 31 32 33 34 stable antibody fragments derived from a single-framework scaffold J Mol Biol 310, 603–615 Bence NF, Sampat RM & Kopito RR (2001) Impairment of the ubiquitin-proteasome system by protein aggregation Science 292, 1552–1555 Verkman AS (2003) Diffusion in cells measured by ﬂuorescence recovery after photobleaching Methods Enzymol 360, 635–648 Hortin GL & Murthy J (2002) Substrate size selectivity of 20S proteasomes: analysis with variable-sized synthetic substrates J Protein Chem 21, 333–337 Reits EAJ & Neefjes JJ (2001) From ﬁxed to FRAP: measuring protein mobility and activity in living cells Nature Cell Biol 3, 145–147 Bachmair A, Finley D & Varshavsky AK (1986) In vivo half-life of a protein is a function of its amino-terminal residue Science 234, 179–186 FEBS Journal 272 (2005) 2878–2891 ª 2005 FEBS Speciﬁc antigen detection with destabilized intrabody 35 Nisak C, Martin-Lluesma S, Moutel S, Roux A, Kreis TE, Goud B & Perez F (2003) Recombinant antibodies against subcellular fractions used to track endogenous Golgi protein dynamics in vivo Trafﬁc 4, 739–753 36 Kabat EA, Wu T, Perry HM, Gottesman KS & Foeller C (1991) Sequences of Proteins of Immunological Interest, 5th edn US Department of Health and Human Services, Bethesda, MD 37 Masson M, Hindelang C, Sibler AP, Schwalbach G & ´ Trave & Weiss E (2003) Preferential nuclear localization of the human papillomavirus type 16, E6 oncoprotein in cervical carcinoma cells J Gen Virol 84, 2099–2104 38 Sambrook J, Fritsch EF & Maniatis T (1989) Molecular Cloning: a Laboratory Manual, 2nd edn Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 2891   ... maintained in the cells by binding to antigen Generation of soluble binding- defective and cysteine-deleted mutants To demonstrate that the observed intracellular colocalization was the result of. .. 7A-cotransfected cells, thus demonstrating that strong in vivo binding of the destabilized 13R4-d1-EGFP proteins allows them to be maintained in the cells To rule out the possibility that the EGFP part of. .. (Fig 5G), indicating that the binding of the destabilized scFv allows the speciﬁc detection of low amounts of intracellular target While performing these experiments, we also tested in parallel the
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