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Tandem affinity purification (TAP) allows for rapid and efficient purification of epitope-tagged protein
complexes from crude extracts under native conditions. The method was established in yeast and has been
successfully applied to other organisms, including mammals and trypanosomes. However, we found that the
original method, which is based on the TAP tag, consisting of a duplicate protein A epitope, a tobacco etch virus
protease cleavage site, and the calmodulin-binding peptide (CBP), did not yield enough recovery of transcrip-
tion factor SNAPc (for small nuclear RNA-activating protein complex) from crude trypanosome extracts for
protein identification. Specifically, the calmodulin affinity chromatography step proved to be inefficient. To
overcome this problem, we replaced CBP by the protein C epitope (ProtC) and termed this new epitope
combination PTP tag. ProtC binds with high affinity to the monoclonal antibody HPC4, which has the unique
property of requiring calcium for antigen recognition. Thus, analogous to the calcium-dependent CBP-
calmodulin interaction, ProtC-tagged proteins can be released from immobilized HPC4 by a chelator of
divalent cations. While this property was retained, epitope substitution improved purification in our experi-
ments by eliminating the inefficiency of calmodulin affinity chromatography and by providing an alternative
way of elution using the ProtC peptide in cases where EGTA inactivated protein function. Furthermore, HPC4
allowed highly sensitive and specific detection of ProtC-tagged proteins after protease cleavage. Thus far, we
have successfully purified and characterized the Ul small nuclear ribonucleoprotein particle, the transcription
factor complex TATA-binding protein related factor 4 (TRF4)/SNAPc/transcription factor IIA (TFIIA), and

RNA polymerase I of Trypanosoma brucei.

Tandem affinity purification (TAP) has been developed as
an efficient tool for protein complex purification under nonde-
naturing conditions (23, 24). For this method, the protein of
interest must be fused to the TAP tag and expressed in the
organism or cell line under investigation. The TAP tag con-
tains two immunoglobulin G (IgG)-binding domains of the
Staphylococcus aureus protein A (ProtA) and the calmodulin-
binding peptide (CBP). Both epitope types are separated by
spacer regions and a cleavage site for tobacco etch virus (TEV)
protease. In consecutive steps, TAP is achieved by binding of
the tagged protein to an IgG column, release of the protein by
TEV protease cleavage, binding of the CBP-tagged protein to
a calmodulin column, and final elution of the bound protein by
a buffer containing a chelating agent of divalent cations such as
EGTA. The final elution step is facilitated by calcium cation
dependence of CBP binding to calmodulin. The TAP method
has been developed in the budding yeast Saccharomyces cer-
evisiae, and it has been outstandingly successful in this organ-
ism, enabling a thorough proteome characterization by system-
atic analysis of protein complexes (8). TAP has two great
advantages over conventional chromatographic methods. First,
it is extremely efficient, yielding pure protein in sufficient
amounts for mass spectrometric (MS) identification from a few
liters of cell culture. For example, purification of yeast RNase
P by TAP from 4 liters of cell culture was as efficient as
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conventional purification of this enzyme from 100 liters of cell
culture (3, 23). Second, the whole procedure including the final
elution step can be carried out under mild, nondenaturing
conditions under which the purified protein complex usually
retains functionality. TAP has been successfully applied to
other organisms, including mammals (13), insects (7), Esche-
richia coli (9), plants (25), and trypanosomatids.

The latter are a family of unicellular flagellated eukaryotes
harboring the human parasites Trypanosoma brucei, Trypano-
soma cruzi, and Leishmania spp. In trypanosomatids, TAP was
successfully applied to the exosome (6) and the protein ma-
chinery for U insertion/deletion editing of mitochondrial pre-
mRNA (1, 2, 22). In contrast to these studies, our own at-
tempts to tandem affinity purify the small nuclear RNA-
activating protein complex (SNAPc) from crude trypanosome
extracts failed, due to the inefficiency of the calmodulin affinity
purification step. Similar unsuccessful results with TAP-tagged
proteins were personally communicated to us by other re-
searchers in the field (for example, Elisabetta Ullu and Chris-
tian Tschudi, Yale University; Larry Simpson, UCLA). The
problem extends to other organisms as well. For example, the
original TAP method did not yield enough recovery for protein
identification in mammalian cells grown in monolayers,
prompting modification of the technique (4).

To overcome the limitation of the calmodulin chromatogra-
phy step in our purifications, we replaced CBP by the 12-
amino-acid short protein C epitope (ProtC). The new epitope
combination was designated PTP (for ProtC-TEV-ProtA) tag.
ProtC is derived from human protein C, a vitamin K-depen-
dent plasma zymogen specifically expressed in hepatocytes.
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The monoclonal antibody HPC4 recognizes this epitope with
high affinity and, as a unique property, has a calcium-binding
site which needs to be occupied for its interaction with ProtC
(29). Thus, a ProtC-tagged protein bound to immobilized
HPC4 can be released by an EGTA-containing buffer analo-
gously to elution of CBP-tagged proteins from a calmodulin
column (26). Thus far, we have PTP tagged, purified, and
characterized the six-component transcription factor TATA-
binding protein related factor 4 (TRF4)/SNAPc/transcription
factor ITA (TFIIA) (28) and the Ul small nuclear ribonucle-
oprotein particle (21). In this study, we compared TAP versus
PTP purification by C-terminal tagging of TbSNAP50, a sub-
unit of SNAPc. We also established N-terminal PTP tagging
and purification, and we describe two “in allele” integration
vectors in which the coding sequence of a target protein can be
fused either N or C terminally to the PTP tag in a single
cloning step. To corroborate the general applicability of PTP
tagging and purification, we show the purification of two other
protein complexes, namely that of RNA polymerase I (Pol I)
and TFIIA. Finally, we demonstrate that PTP purification can
yield functional proteins.

MATERIALS AND METHODS

Plasmid construction. pC-PTP-NEO and pN-PURO-PTP are T. brucei ge-
nome integration vectors derived from pBluescript SK(+) (Stratagene, La Jolla,
Calif.) containing a PTP and a resistance marker cassette each. In pC-PTP-NEO,
the PTP cassette contains 745 bp of a TbU1-70K C-terminal coding region (21),
a Notl restriction site, the PTP tag coding sequence, the translation stop codon
TGA, and 470 bp of 3’ flank from ThRPAI, the gene encoding the largest subunit
of RNA polymerase I. The resistance marker cassette contains the neomycin
phosphotransferase gene (NEO") flanked 5" and 3’ by the intergenic regions of
heat shock protein 70 (HSP70) genes 2 and 3 and of B- and a-tubulin genes,
respectively. In a further development of the original resistance marker cassette
(16), we separated the HSP70 intergenic region from NEO" by an Ndel restric-
tion site and NEO" from the tubulin flank by BamHI, Hpal, and BstBI restric-
tions sites (Fig. 1). In constructing pN-PURO-PTP, the resistance marker cas-
sette was modified by replacing NEO" by the coding region of the puromycin
N-acetyltransferase gene (PURO"). The downstream PTP cassette is composed
of 434 bp of 5’ flank from the ThRPA2 gene, encoding the second-largest subunit
of RNA polymerase I, a translation initiation codon, the PTP tag coding se-
quence, and unique restriction sites for fusing target sequences to the tag (Fig. 1).

pTbSNAP50-PTP-NEO, pTbRPA1-PTP-NEO, and pTbTFIIA-2-PTP-NEO are
derivatives of pC-PTP-NEO. In each case, the C-terminal protein-coding region
preceding the PTP sequence was exchanged and comprised 462 bp, 410 bp, and
400 bp, respectively. In addition, in pTbSNAPS50-PTP-NEO, the BstBI site of the
resistance marker cassette was destroyed. pTbSNAP50-TAP-NEO corresponds to
its PTP counterpart and has the PTP sequence precisely replaced by the coding
region of the original TAP construct. pPURO-PTP-TbSNAP50 was derived from
pN-PURO-PTP by insertion of 530 bp of the ThSNAP50 N-terminal coding se-
quence downstream of the PTP sequence. For genomic integration, pTbSNAP50-
PTP-NEO and pTbSNAPS50-TAP-NEO were linearized with BstBI, pTbRPAI-
PTP-NEO was linearized with Sall, pTFIIA-2-PTP-NEO was linearized with Stul,
and pPURO-PTP-TbSNAP50 was linearized with BspMI.

Cell culture and generation of cell lines. Cultivation of procyclic forms of
T. brucei brucei strain 427 was carried out as previously described (15). For
generation of cell lines expressing PTP-tagged proteins, 10 pg of linearized PTP
vectors was transfected into procyclic 427 cells by electroporation (10). Trans-
fected cells were cloned by limiting dilution and selected with 4 ug of puromy-
cin/ml or 40 pg of G418/ml. Correct integration of constructs was verified by
PCR and Southern analysis, and expression of PTP-tagged proteins was analyzed
by immunoblotting with HPC4 antibodies.

PTP purification TAP. For a standard tandem affinity purification, a 2.5-liter
procyclic T. brucei culture was grown to a density of 2 X 107 cells per ml, which
corresponded to a packed cell volume of approximately 4 ml. Cell extract from
this material was prepared as described previously (15), except that the extract
was not concentrated. The extract had a volume of 6.5 ml and contained 150 mM
sucrose, 150 mM potassium chloride, 20 mM potassium L-glutamate, 3 mM
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MgCl,, 20 mM HEPES-KOH (pH 7.7), 1 mM dithiothreitol, 10 pg/ml leupeptin,
10 pg/ml aprotinin, 0.1% Tween 20, and half of a Complete Mini, EDTA-free
protease inhibitor cocktail tablet (Roche, Indianapolis, IN). For IgG affinity
chromatography, the extract was transferred to a 0.8- by 4-cm Poly-Prep chro-
matography column (Bio-Rad, Hercules, CA) in which a 200-pl settled bead
volume of IgG Sepharose 6 Fast Flow beads (Amersham, Piscataway, NJ) had
been equilibrated with PA-150 buffer (150 mM potassium chloride, 20 mM
Tris-HCI [pH 7.7], 3 mM MgCl,, 0.5 mM dithiothreitol, 0.1% Tween 20). PTP-
or TAP-tagged proteins were bound to IgG Sepharose by rotation of the closed
column for 2 h at 4°C. After the flowthrough was collected, beads were washed
with 35 ml of PA-150 buffer and equilibrated with 15 ml of TEV protease buffer
(PA-150 with 0.5 mM EDTA). Tagged proteins were eluted by resuspending the
beads in 2 ml of TEV protease buffer containing 300 units of AcTEV protease
(Invitrogen, Carlsbad, CA) and rotating the closed column overnight at 4°C. The
TEV protease eluate was diluted to 6.5 ml by a wash of the IgG Sepharose beads
with PC-150 buffer (PA-150 buffer containing 1 mM calcium chloride) and the
contents of the second half of the protease inhibitor tablet. For anti-ProtC
affinity purification, calcium chloride was added to the eluate to a final concen-
tration of 2 mM. The eluate was combined in a new column with a 200-pl settled
bead volume of either anti-protein C affinity matrix (Roche, Indianapolis, IN) or
calmodulin affinity resin (Stratagene, La Jolla, CA) equilibrated in buffer PC-150
and rotated for 2 h at 4°C. After the flowthrough was collected, the matrix was
washed with 60 ml of PC-150 and ProtC- or CBP-tagged proteins were eluted
with EGTA elution buffer (5 mM Tris-HCI [pH 7.7], 10 mM EGTA, 5 mM
EDTA, 10 pg/ml leupeptin). Alternatively, ProtC-tagged proteins were eluted
with peptide elution buffer (transcription buffer with 0.5 mg/ml ProtC peptide).
The peptide eluate was used without further concentration in functional assays.
The volume of the EGTA eluate was reduced from 3 ml to approximately 600 .l
by evaporation in a vacuum concentrator. Subsequently, the proteins were bound
to 10 pl of hydrophobic StrataClean resin (Stratagene, La Jolla, CA), released
into sodium dodecyl sulfate (SDS) loading buffer at 80°C, separated on SDS-
polyacrylamide gel electrophoresis (PAGE) gels, and Coomassie stained with the
GelCode blue stain reagent (Pierce, Rockford, IL). A detailed step-by-step
protocol of PTP purification is available upon request.

Proteins were identified by liquid chromatography-tandem MS and quantified
by densitometry against Coomassie-stained bovine serum albumin and IgG stan-
dards which were analyzed in parallel. In immunoblot analyses, PTP- or ProtC-
tagged proteins were separated on SDS-PAGE gels, electroblotted onto a poly-
vinylidene difluoride membrane, and detected by either the ProtA-specific PAP
(peroxidase—anti-peroxidase soluble complex) reagent (Sigma, St. Louis, MO) or
the anti-ProtC antibody HPC4 in combination with the BM Chemiluminescence
Blotting substrate according to the manufacturer’s protocol (Roche, Indianapo-
lis, IN). Relative signal strengths on one blot were determined by densitometry.

In vitro transcription assay. In vitro transcription reactions of SLins19 tem-
plate DNA (12) and GPEET-trm template DNA (15) were conducted as previ-
ously described in detail (14, 27) except that only 4 ul instead of 8 pl of extract
was used. For SLins19 transcription activation, 12 ul of peptide eluate was added
to a transcription reaction mixture. To specifically detect GPEET-trm and
SLins19 transcripts, total RNA was prepared from each reaction mixture and
analyzed by extension of 3?P-end-labeled primers Tag_PE (15) and SLtag (12)
which are complementary to unrelated oligonucleotide tags of GPEET-trm and
SLins19, respectively. The primer extension products were separated on 6%
polyacrylamide-50% urea gels and visualized by autoradiography.

Nucleotide sequence accession numbers. The complete sequences of pC-PTP-
NEO (accession number DQ172900) and pN-PURO-PTP (accession number
DQ172901) were submitted to GenBank.

RESULTS

Vectors for PTP tagging of T. brucei proteins. The PTP tag is
a derivative of the original TAP tag and has CBP replaced by
ProtC (Fig. 1A), reducing the overall size of the tag from 184 to
169 amino acids and the molecular mass from 20.6 to 18.9 kDa.
After TEV protease cleavage, 44 and 29 amino acids accounting
for 5.1 and 3.4 kDa, respectively, remain on TAP- and PTP-
tagged proteins. To facilitate stable C- and N-terminal PTP tag-
ging of proteins in 7. brucei, we generated the genome integration
vectors pC-PTP-NEO and pN-PURO-PTP (Fig. 1B). Each of
these constructs consists of a PTP and a resistance marker cas-
sette. In the PTP cassettes, the PTP coding sequence is fused to a
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FIG. 1. PTP tagging. (A) Schematic delineation (to scale) of the TAP and PTP tags. The ProtA and CBP epitopes of the original TAP tag are drawn
in light blue, the TEV protease site is black, and spacer sequences are gray. In the PTP tag, the ProtC epitope is depicted in blue; its coding sequence,
including a diagnostic BamHI restriction site and the amino acid sequence of the ProtC peptide, is provided below. (B) Circular map (to scale) of the
T. brucei genome integration vectors pC-PTP-NEO and pN-PURO-PTP. Constructs are derivatives of pBluescript SK(+) and designed for genome
integration. Each of them contains a PTP cassette for fusion of the PTP tag sequence to the target gene and a resistance marker cassette. The PTP
sequence, 7. brucei gene flanks, and the resistance marker (NEO" and PURO") coding sequences are drawn in blue, gray, and green, respectively. Arrows
indicate the direction of transcription. Most modules of the vectors can be individually excised by unique restriction sites as indicated. Gene flanks
providing RNA processing signals for PTP fusion and resistance marker are the 3’ flank of 7TbRPAI (RPA1-3"), HSP70 genes 2 and 3 intergenic region
(H23), the B-o tubulin intergenic region (T), and the 5" flank of TbRPA2 (RPA2-5"). While pC-PTP-NEO contains a target sequence (U1-70K, in red)
which needs to be replaced, in pN-PURO-PTP a target sequence has to be inserted between the Notl and the following three restriction sites.
(C) Ilustration of PTP fusion to target genes. For PTP tagging of 7. brucei proteins, pC-PTP-NEO and pN-PURO-PTP derivatives must be linearized
inside the target sequence, depicted in red. Therefore, a prerequisite for targeted insertion of the constructs by homologous recombination is a unique
restriction site within the target sequence (arrowheads). Colors are as above.
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FIG. 2. PTP and TAP purification of TbSNAP50. (A) Immunoblot analysis of whole-cell lysates from wild-type cells and from cells expressing
TbSNAPS50 with an N-terminal PTP tag (PTP-SNAP50), with a C-terminal PTP tag (SNAP50-PTP), or with a C-terminal TAP tag (SNAP50-TAP).
Tagged proteins were specifically detected with the PAP reagent directed against the ProtA domains. As a protein loading control, the same blot
was reprobed with an anti-TbSNAP3 antibody. On the left, masses of protein markers (in kilodaltons) are indicated. (B) Coomassie staining of
protein fractions. For each purification, 0.002% of input material (Inp), 5% of TEV protease eluate (TEV), and 100% of the final EGTA eluate
(Elu) were separated on a 12.5% SDS-PAGE gel and stained with Coomassie stain. Input material was loaded to visualize the most abundant
proteins. Asterisks mark detectable subunits of the TRF4/SNAPc/TFIIA complex as specified on the right, the vertical line identifies a region of
contaminating proteins (con.), and T indicates the TEV protease band. SNAP50-PTP and SNAP50-TAP fractions were analyzed on the same gel.
Marker sizes are specified on the left. (C) Immunoblot analysis of SNAP50-PTP (top) and PTP-SNAP50 (bottom) purifications. PTP-tagged and,
after TEV protease cleavage, P-tagged SNAPS0 (indicated on the right) were detected with anti-ProtC antibody in input material (Inp),
flowthrough of the IgG Sepharose column (FT-IgG), TEV protease eluate (TEV), flowthrough of the anti-ProtC matrix (FT-ProtC), final EGTA
eluate (Elu EGTA), and final peptide eluate (Elu pept). Values of x indicate relative amounts of each fraction analyzed. Marker sizes are indicated
on the left.

gene flank, providing essential RNA processing signals on one
side, and to a Notl restriction site, which facilitates fusion of a
protein coding region to the PTP tag in a single cloning step on
the other side.

(23) from strong class I promoters available for T. brucei are
avoided. Since targeted genome integration of linear DNA by
homologous recombination is a very efficient and accurate pro-
cess in 1. brucei, typically requiring only 100 to 300 bp of target

The constructs are designed for targeted and stable integration
of the PTP sequence into an endogenous allele. In this way,
PTP-tagged proteins are expressed at normal levels, and potential
nonspecific protein-protein interactions due to overexpression

sequence on either side of the linearization site (17, 30), only the
5" (N-terminal tagging) or the 3’ (C-terminal tagging) terminal
coding sequence needs to be cloned into these vectors, a further
advantage in case the protein of interest is large.
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For targeted insertion of the construct into the genome, the
vectors must be linearized within the target sequence (Fig. 1C).
Thus, a prerequisite for successful tagging is the identification
of a unique restriction site inside this sequence. To facilitate
identification of a unique restriction site, the complete se-
quences of pC-PTP-NEO and pN-PURO-PTP were submitted
to GenBank.

Tandem affinity purification of PTP- and TAP-tagged
TbSNAPS50. Our initial failure to tandem affinity purify SNAPc by
C-terminal TAP tagging of TbOSNAP50 prompted us to develop
the PTP method. By employing the latter, we were able to purify
and characterize a stable transcription factor complex consisting
of TRF4, three subunits of SNAPc (TbSNAPS0, TbSNAP2, and
TbSNAP3), and two subunits of TFIIA (TFIIA-1 and TFIIA-2)
(28). This complex is essential for transcription of the spliced
leader (SL) RNA gene encoding the small nuclear RNA that
serves as a substrate in SL addition frans splicing of nuclear
pre-mRNA (for a review, see reference 19).

To compare TAP and PTP purifications of TbSNAP50 in
this study, we tagged this protein in three different ways:
N-terminal with the PTP tag (PTP-SNAP50), C-terminal with
the PTP tag (SNAP50-PTP), and C-terminal with the TAP tag
(SNAP50-TAP). In each case, a clonal cell line was generated
which had the construct integrated in one allele and retained
the wild type in the other allele (data not shown). Immunode-
tection of the ProtA epitope revealed that each of these cell
lines specifically expressed a tagged protein of approximately
70 kDa in comparable amounts (Fig. 2A). The apparent sizes
of the tagged proteins corresponded well with the expected
masses, which were 69.1 kDa, 70.1 kDa, and 71.9 kDa for
PTP-SNAP50, SNAPS0-PTP, and SNAPS0-TAP, respectively.

A standard tandem affinity purification procedure was car-
ried out with each of these cell lines. The starting material was
derived from a 2.5-liter procyclic cell culture containing 5 X
10" cells. Cells were broken, and a crude extract was prepared
which contained a mixture of cytoplasmic and extracted nu-
clear components (15). PTP- and TAP-tagged proteins were
treated exactly the same except that the anti-ProtC matrix was
replaced by calmodulin affinity resin for purification of
SNAPS0-TAP (see Materials and Methods). For each purifi-
cation, input material, TEV protease eluate of the IgG column,
and final EGTA eluate were separated on an SDS-PAGE gel
and visualized by Coomassie staining (Fig. 2B). While the TEV
eluate looked similar in all three cases (Fig. 2B, compare lanes
2,5, and 8), the final eluates differed considerably. PTP-tagged
SNAPS50 was purified in the range of 10 to 20 pmol, indepen-
dently of whether the tag was fused N or C terminally (Fig. 2B,
lanes 3 and 6). In both purifications, the three SNAPs copuri-
fied in approximately stoichiometric amounts; the quantities of
TRF4 and TFIIA subunits were not much lower, indicating
that the conditions of the PTP purification were mild enough
to quantitatively preserve the integrity of SNAPc and of TRF4/
SNAPCc/TFIIA. Despite these mild conditions, there was very
little contaminating material detectable. A consistent but mi-
nor contamination was detected above the 50-kDa marker
band (Fig. 2B, con.) which, according to MS analysis, consisted
mainly of a- and B-tubulin, as well as IgG heavy chain (data not
shown). To assess whether the purified material was suitable
for protein identification, the SNAP50-P band (Fig. 2B, lane 6)
was excised and analyzed by liquid chromatography-tandem
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MS. A total of 19 peptides covering 40% of the amino acid
sequence were identified which allowed unambiguous identifi-
cation of SNAP50 by an omniblast search of the GeneDB
database (http://www.genedb.org/) (data not shown). In con-
trast to the PTP purifications, the eluate of the SNAP50-TAP
purification contained very little tagged SNAP50 and compo-
nents of TRF4/SNAPc/TFIIA were hardly detectable, while
tubulin contamination was notably stronger (Fig. 2B, lane 9).

To evaluate the efficiency of each step in SNAP50-PTP and
PTP-SNAPS0 purifications, we employed immunoblotting us-
ing the anti-ProtC antibody (Fig. 2C). The results for both
purifications were very similar. A 2-h-long incubation at 4°C of
crude extract and IgG Sepharose was sufficient to bind >90%
of the tagged protein to the matrix; only trace amounts of the
protein were detectable in the column flowthrough (Fig. 2C,
compare lanes 1 and 2). This result was in accordance with
those of the original TAP method (23, 24). As a consequence
of TEV protease cleavage, SNAP50-PTP and PTP-SNAP50
were shortened to SNAP50-P and P-SNAPS50, respectively,
resulting in faster-migrating protein bands (Fig. 2C, compare
lane 1 with lanes 3 to 6). TEV protease cleavage recovered
39% of SNAPS0-P and 33.5% of P-SNAPS0 relative to input
material. Although the PTP tag harbored only one ProtC
epitope, anti-ProtC immunoaffinity chromatography, the sec-
ond purification step, was almost as efficient as IgG affinity
chromatography. More than 80% of tagged SNAP50 bound to
the anti-ProtC matrix in both purifications (Fig. 2C, compare
lanes 3 and 4). After elution of bound protein in an EGTA-
containing buffer and concentration of purified protein into a
small sample volume, approximately half of this material was
recovered (lane 5). For the SNAP50-PTP purification, we cal-
culated that 21% of the protein present in the input material
was recovered in the final eluate. This corresponded to a 54%
recovery in the anti-ProtC affinity purification step alone. The
PTP-SNAPS0 purification was slightly less efficient, and the
corresponding values were 14% and 42%. EGTA elution, how-
ever, has the disadvantage that chelating of divalent cations
may irreversibly destroy protein stability and function. In such
cases, it is useful if matrix-bound protein can be eluted under
native conditions in the absence of chelating agents. We there-
fore synthesized ProtC peptide and eluted ProtC-tagged
SNAPS0 in transcription buffer containing 0.5 mg of this pep-
tide/ml. While peptide elution efficiency was about an order of
magnitude lower than that of EGTA elution (Fig. 2C, lane 6),
it provided a functional TRF4/SNAPc/TFIIA complex (see
below). Another advantage of the PTP method in our experi-
ments was the highly specific detection of PTP-tagged proteins
by the HPC4 antibody throughout the purification (Fig. 2C). In
contrast, a commercially available anti-CBP antibody cross-
reacted with a 37-kDa large trypanosome protein, very strongly
obscuring the immunoblot analysis of the SNAP-TAP purifi-
cation (data not shown). By detecting the ProtA epitopes be-
fore the TEV protease cleavage, we confirmed that IgG affinity
chromatography worked as efficiently for SNAP-TAP as for
the PTP-tagged proteins (data not shown). This result strongly
indicated that the lower efficiency of the SNAP-TAP purifica-
tion was due to the calmodulin affinity purification.

PTP purification of 7. brucei RNA Pol I and TFIIA. Besides
PTP-tagged SNAPc, we have thus far successfully purified
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FIG. 3. PTP purification of 7. brucei RNA Pol I and TFIIA. ToORPA1 (RPA1-PTP) and TbTFIIA-2 (TFIIA-2-PTP) were C terminally PTP
tagged in individual cell lines and purified according to the standard protocol. (A) Immunoblot analysis of the RPA1-PTP purification. RPA1
fractions, shown as in Fig. 2C, were separated on a 5% SDS-PAGE gel, blotted, and detected with HPC4. Values of x indicate relative amounts
of each fraction analyzed. (B) Input material (Inp), TEV eluate, and final EGTA eluate (Elu) of the RPA1-PTP purification were separated on
a 10 to 20% SDS-PAGE gradient gel in specified amounts and stained with Coomassie stain. Protein bands below RPA2 were identified by
MS. n.d., not determined. (C and D) Corresponding panels for the TFIIA-2-PTP purification except that for immunoblotting and Coomassie
staining, proteins were separated on 14% and 12.5% SDS-PAGE gels, respectively. T, TEV protease; h.c.p., hypothetical conserved protein; n.d.,
not determined. Note that in panels B and D, only part of the final eluate was loaded. On the left of all panels, protein marker masses in kilodaltons

are indicated.

PTP-tagged Ul snRNP (21) and TRF4 (28). In each case,
MS analysis identified conserved proteins which had not
been annotated before and for which their functional role
was experimentally confirmed. In addition, we have previ-
ously shown the final eluate on a Coomassie-stained gel of a
TFIIA-2-PTP purification (28). In this study, we analyzed
TFIIA-2-PTP purification in detail in a second purification;
to further demonstrate the applicability of the PTP method
to other protein complexes, we PTP tagged and purified
T. brucei RNA Pol I.

In a recent study, T. brucei RNA Pol I was characterized
by TAP tagging and purification (31). Five RNA Pol sub-
units were identified, namely TbRPA1, TbRPA2, TbRPC40,
Tb1RPBS5, and TbRPA12. We tagged the largest subunit
TbRPA1 C terminally with the PTP tag and conducted a stan-
dard PTP purification. Immunoblotting showed that the puri-
fication efficiency was comparable to those of the SNAP50
purifications except that peptide elution for this protein com-

plex was reproducibly less efficient (Fig. 3A). Coomassie stain-
ing of purified RNA Pol I revealed seven specific bands
(Fig. 3B). An MS analysis identified eight subunits because two
subunits comigrated in the band with an apparent mass of
16 kDa. In addition to the five subunits found by Walgraffe
etal. (31), three bona fide RNA Pol subunits were identified
which will be published elsewhere (T. N. Nguyen et al., manu-
script in preparation). TbORPA1-PTP purification resulted re-
producibly in higher amounts of copurified a- and B-tubulin
than other purifications of PTP-tagged proteins (Fig. 3B, lane
Elu). Whether the association of tubulins and RNA Pol I is of
functional significance or a particularly strong nonspecific in-
teraction remains to be determined. Finally, the remaining
doublet band with an apparent mass of 27 kDa did not repro-
ducibly copurify with RNA Pol I, a phenomenon we have not
yet analyzed but observed previously (26). Densitometric
quantification of the Coomassie-stained band revealed that
approximately 3 pg of TORPA1-P was purified (note that only
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33% of the final eluate was loaded in this case), corresponding
to 15.2 pmol or to approximately 180 molecules purified from
each trypanosome cell. These numbers underscore the effec-
tiveness of PTP purification.

Immunoblot analysis of the TFIIA-2-PTP purification un-
covered two differences to TORPA1-PTP purification. While
TEV protease eluted tagged TFIIA-2 poorly (Fig. 3A and C,
compare lanes Inp with lanes TEV), final elution through the
ProtC peptide was highly efficient (compare lanes Elu EGTA
with lanes Elu pept). Since these results were obtained in two
independent purifications, accessibility of both TEV protease
site and ProtC may be influenced sterically by the tagged pro-
tein complex. Despite the inefficiency of the TEV protease
elution, TFIIA-2-PTP purification resulted in Coomassie-
stainable polypeptides. As we have seen before, not only
TRF4/SNAPc/TFIIA components copurified with TFIIA-2 but
also several minor bands (Fig. 3D, lane Elu). It is unlikely that
they were contaminations because they were not detectable in
other TRF4/SNAPc/TFIIA purifications (Fig. 2B) (28). Ac-
cordingly, MS analysis of the doublet band of approximately
120 kDa (which is the same protein) and of the 49-kDa band
identified two conserved trypanosomatid proteins with un-
known function, rather than known proteins of high abundance
(Fig. 3D, lane Elu, and data not shown).

Taken together, PTP tagging and purification of RNA Pol I
and TFIIA-2 in T. brucei revealed highly pure protein com-
plexes in sufficient amounts to identify copurified subunits.

Purified PTP-SNAP50 is functional. A key concern of pro-
tein epitope tagging is the possibility that the epitope interferes
with protein function. If the tagged protein is essential for a
cell, generation of a cell line which exclusively expresses the
tagged protein is a means of showing that tagging is not dele-
terious. We were able to generate such a cell line expressing
TbRPA1 with a C-terminal PTP tag (data not shown). Since
this RNA Pol I subunit is essential for 7. brucei (11), we
concluded that PTP-tagged RNA Pol I was functional in this
cell line.

Purification of a functional protein is an alternative way to
demonstrate that an epitope tag does not significantly interfere
with function. Tandem affinity purification is likely to yield
functional proteins because of the low-stringency conditions
applied (see, for example, references 2, 5, 18, and 24). Accord-
ingly, we have shown that purified TRF4/SNAPc/TFIIA with
C-terminal PTP tags was capable of specifically binding to the
upstream sequence element (USE) of the SL RNA gene pro-
moter (Fig. 4A) and of fully reconstituting SL RNA gene
transcription in a depleted cell extract (28). Interestingly, the
complex was functional when the PTP tag was fused to SNAP2
or TRF4. However, when the tag was C terminally fused to
SNAP50, complex functionality was tremendously reduced
(reference 28 and see below). To investigate whether N-termi-
nal PTP tagging of SNAPS50 could circumvent this defect, we
carried out in vitro transcription reactions in which the SL
RNA gene template SLins19 was cotranscribed with the con-
trol template GPEET-trm. The latter harbors a procyclin gene
promoter, which recruits RNA Pol I and does not bind TRF4/
SNAPCc/TFIIA. As shown in Fig. 4B, SLins19 transcription
was abolished in the TRF4/SNAPc/TFIIA-depleted extract,
whereas GPEET-trm transcription was not greatly affected
(compare lanes 1 and 2). SLins19 transcription was restored
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FIG. 4. P-SNAPS50 eluate restores SL RNA gene transcription in
vitro. (A) Diagram of the SL RNA gene promoter and the TRF4/
SNAPc/TFIIA complex. The promoter is drawn to scale and consists of
the bipartite USE (black boxes) and a second element (gray box) close
to the transcription initiation site indicated by the flag. The six-com-
ponent transcription factor requires both USE elements for optimal
DNA binding. (B) In vitro transcription analysis. Templates GPEET-
trm and SLins19 were cotranscribed in mock-treated or TRF4/SNAPc/
TFIIA-depleted (depl.) transcription extract (Textract). In further re-
action mixtures, depleted extract was reconstituted with final peptide
eluates of RPA1-PTP (RPA1-P), SNAP2-PTP (SNAP2-P), SNAP50-
PTP (SNAP50-P), and PTP-SNAP50 (P-SNAP50) purifications. As
confirmed by immunoblot analysis, equal amounts of SNAPs were
added back through the SNAP eluates (data not shown). Transcription
signals were obtained by primer extension assays, and extension prod-
ucts were separated on 6% polyacrylamide-50% urea gels and visual-
ized by autoradiography. M, Mspl-digested pBR322.

when eluate derived from a SNAP2-PTP purification was
added to the reaction (lane 4). This transcriptional activation
was independent of the tag because PTP-purified RNA Pol I
had no effect on SLins19 transcription (lane 3). Although ad-
dition of P-SNAPS50 eluate resulted only in about 50% of
SLins19 transcription compared to the reaction with SNAP2-P
eluate (lane 6), it was much more efficient than the SNAP50-P
eluate (lanes 5 and 6). Hence, we conclude that N-terminal
PTP tagging and purification of SNAP50 results in a partially
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competent transcription factor complex and that both C- and
N-terminal PTP tagging can yield functional proteins.

DISCUSSION

In this study, we created a new epitope combination for
tandem affinity purification, termed PTP. It was generated by
fusing two ProtA domains and the TEV protease cleavage site
to ProtC, thereby replacing the CBP of the original TAP tag.
Introduction of ProtC resulted in several advantages. First,
purification of N- or C- terminal PTP-tagged SNAP50 from
crude extracts was considerably more efficient than purification
of this protein harboring the original TAP tag. The higher
efficiency may be crucial if the protein to be purified is ex-
pressed at low levels or if it is difficult or expensive to grow a
large culture volume of the organism to be investigated. Sec-
ond, the monoclonal antibody HPC4 was a sensitive and highly
specific tool for the detection of ProtC-tagged proteins in our
experiments. This is especially important if there is no antibody
available for the endogenous protein and the ProtA domains
have been removed from the tagged protein by TEV protease
cleavage. Third, ProtC offers two options for protein elution.
As with CBP, ProtC-tagged proteins can be efficiently eluted
from HPC4 beads by EGTA. However, if depletion of divalent
cations irreversibly interferes with protein function, elution in
the presence of the ProtC peptide is likely to yield functional
protein. Since peptide elution can be carried out in any native
buffer required for subsequent applications, a dialysis step be-
comes unnecessary and the eluate can be used directly in a
functional assay.

Although we demonstrated successful PTP purification of
different protein complexes, the protein yield may still be im-
proved. While in both affinity chromatography steps almost all
of the tagged protein bound to the column, only about half of
this material was recovered in each case. Elution of tagged
protein from IgG Sepharose is mediated by TEV protease. In
our standard procedure, TEV protease cleavage was con-
ducted overnight at 4°C to conserve protein function. The
recovery rate may be increased if the cleavage reaction is
conducted at a higher temperature, e.g., 16°C (23). Further-
more, as a modification to the original TAP protocol we re-
placed NP-40 by Tween 20 in the TEV protease cleavage
buffer, due to our finding that NP-40 interferes with transcrip-
tional activity in our extracts much more strongly than Tween
20 (data not shown). However, if the use of NP-40 is of no
concern, this detergent may improve the yield of protein re-
covery by TEV protease. Protein loss in the second chroma-
tography step cannot be attributed to inefficient elution be-
cause only minor amounts of tagged protein remained on the
anti-ProtC matrix (data not shown). Therefore, protein loss
most likely occurred during concentration of the final eluate.
To minimize this loss, we evaluated different concentration
procedures and found that a combination of reducing the el-
uate volume by evaporation and binding of proteins to a hy-
drophobic resin (32) was most effective (data not shown).

An open question is why the calmodulin affinity step in the
original TAP method is efficient in some cases but not in others
even when studies are conducted in the same organism. Since
endogenous calmodulin can interact with CBP and prevent
binding of the epitope to the calmodulin column, it is possible
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that the efficiency of the calmodulin affinity step is directly
dependent on the relative amounts of free endogenous cal-
modulin and TAP-tagged protein in an extract, e.g., the en-
dogenous calmodulin amount may not suffice to block purifi-
cation of a more abundant protein, whereas it may efficiently
block purification of a protein of low abundance, such as gene
expression factors. Successful TAP applications in 7. brucei are
in accordance with such an explanation because the tagged
exosome subunit was overexpressed for purification (6) and
RNA editing complexes were purified from mitochondrial ex-
tracts, which probably lacked calmodulin (1, 2, 22). At any rate,
the PTP method has eliminated this possibility.

Our experiments have been conducted with trypanosomal
extracts but except for the extract preparation procedure, the
method described here does not contain trypanosome-specific
features. Thus, we anticipate that PTP tagging and purification
can be applied equally well to other organisms. Protein C is
expressed in mammals as a plasma component involved in the
regulation of the blood coagulation cascade. The protein is
expressed only in hepatocytes, due to transcriptional regula-
tion by three liver-specific elements in its gene promoter (20).
Furthermore, the HPC4-binding site of protein C is not well
conserved among mammals; accordingly, the antibody does
not recognize bovine protein C (29). Thus, specific detection
and purification of ProtC-tagged proteins by the HPC4 anti-
body should be feasible in other organisms, including most
mammalian cell lines.

In conclusion, tandem affinity purification of PTP-tagged pro-
teins is a promising alternative to the well-established TAP
method, especially in cases where calmodulin affinity chromatog-
raphy is problematic or where purification efficiency is crucial.
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