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of the latest information.

Although they are often exploited to facilitate the expression and purification of recombinant proteins,
every affinity tag, whether large or small, has the potential to interfere with the structure and function
of its fusion partner. For this reason, reliable methods for removing affinity tags are needed. Only
enzymes have the requisite specificity to be generally useful reagents for this purpose. In this review,
the advantages and disadvantages of some commonly used endo- and exoproteases are discussed in light
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Introduction research to high-throughput structural biology. Not only do they

Affinity tags have become essential tools for the production of
recombinant proteins in a wide variety of settings, from basic
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facilitate the detection and purification of their fusion partners,
as originally intended, but they may also have a beneficial impact
on the yield of recombinant proteins and, in some cases, increase
their solubility and even promote their proper folding [2,3].
Despite these important advantages, the Achilles heel of the
affinity tagging strategy always has been and remains the removal
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Table 1
Endo- and exoproteases for the removal of affinity tags.
Enzyme Source(s) Molecular  Tagged Inhibitors Recognition Site Notes
weight forms
(kDa)
Endoproteases
Enteropeptidase Duodenum 110+35 Hisg Reducing agents DDDDK| P1’ # Pro, Trp
E. coli 35 KDa light chain is active
S. cerevisiae by itself
Thrombin Plasma 32+4.5 None Reducing agents LVPR|GS
CHO cells
Factor Xa Plasma 42 +17 None Reducing agents LVPR|GS Very promiscuous
HEK 293 cells Chelating agents
Phosphate ions
TEV Protease E. coli 27 Hisg Thiol alkylating agents ENLYFQ|G P1’ can vary [68]
MBP P2’ # Pro
GST Ac-TEV™ = S219 V mutant
Strep Il
Rhinovirus 3C Protease E. coli 27 Hisg Thiol alkylating agents LEVLFQ|GP Same as PreScission™
GST protease
Hisg-
GST
Exoproteases
Carboxypeptidase A Pancreas 33 Hise Reducing agents C-terminal amino Asp, Glu, Gly cleaved slowly
E. coli Chelating agents acids except Pro,
S. cerevisiae Lys and Arg
S. frugiperda (baculovirus)
Carboxypeptidase B Pancreas 35 none Reducing agents C-terminal Lys and  Will cleave hydrophobic
E. coli Chelating agents Arg resides under certain
P. pastoris conditions [119,120]
DAPase Kidney 23+16+6 Hisg Reducing agents N-terminal P2 # Pro, Lys, Arg
S. frugiperda (baculovirus) Thiol alkylating agents dipeptides P1 # Pro

of tags. Whereas many tagged proteins retain their structural
integrity and biological activity, others clearly do not, e.g., [4-11].
Therefore, whenever possible, it is prudent to remove tags from re-
combinant proteins. Although both chemical and enzymatic meth-
ods have been used to cleave fusion proteins at designed sites, only
the natural proteolytic enzymes have the requisite specificity to be
broadly useful reagents for this purpose. Because they are not as
versatile and therefore generally less useful than trans-acting re-
agents, neither the self-cleaving inteins [12] and self-cleaving vari-
ants of subtilisin [13] will be discussed here, nor will the Ulp1
protease since it only cleaves SUMO tags [14]. Rather, this review
will focus on the most generally applicable and commonly used
enzymatic reagents for the removal of affinity tags (Table 1). Since
the last comprehensive review of this topic [3] much research on
these reagents has been conducted. As a result, a wealth of new
information has accumulated on the advantages, disadvantages,
and biochemical characteristics of various reagents.

Endoproteases

For many years, serine proteases such as activated blood coag-
ulation factor X (factor Xa),! enterokinase (hereafter referred to by
its more appropriate moniker enteropeptidase), and o-thrombin
were the reagents of choice for removing affinity tags, yet the liter-
ature is replete with reports of fusion proteins that were cleaved by
these proteases at locations other than the designed site. Over the
last decade or so, it has become increasingly evident that certain

1 Abbreviations used: factor Xa, blood coagulation factor X; TEV, tobacco etch virus;
DTT, dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; AEBSF, 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride; PEG, polyethylene glycol; GST, glutathione S-
transferase; EGTA, ethylene glycol tetraacetic acid; EDTA, ethylenediaminetetraacetic
acid; MBP, maltose binding protein; ATCC, American Type Culture Collection; TVMV,
tobacco vein mottling virus; SARS, severe acute respiratory syndrome; BAP, biotin
acceptor peptide; POI, protein of interest; BoCPA, bovine carboxypeptidase A; BoCPB,
bovine carboxypeptidase B; SDS, sodium dodecyl sulfate; DAPase, dipeptidyl-amino-
peptidase I; Qcyclase, glutamine cyclotransferase; pGAPase,
pyroglutamylaminopeptidase.

viral proteases have far more stringent sequence specificity, which
has led to an upsurge in their popularity. These enzymes have a
chymotrypsin-like fold with an atypical catalytic triad in which
cysteine replaces serine, and they exhibit an absolute requirement
for glutamine in the P12 position of their substrates. The nuclear
inclusion protease from tobacco etch virus (TEV) is probably the
best-characterized enzyme of this type. The other is the human rhi-
novirus 3C protease. In stark contrast to factor Xa, enteropeptidase
and thrombin, there have been very few if any reports of cleavage
at noncanonical sites in designed fusion proteins by these viral
proteases.

The stringent specificity of the viral proteases probably can be
attributed to their low turnover rates. The number of substrate res-
idues that are recognized by the serine proteases and the viral pro-
teases is similar (e.g., LVPRGS and ENLYFQS in the case of thrombin
and TEV protease, respectively). The Michaelis constants (Ky;) for
the two classes of enzymes are also similar, falling in the low to
mid micromolar range, but the catalytic rate constants (kc) of
the viral proteases are on the order of 100-fold lower than those
of the serine proteases, resulting in much slower turnover rates
[15-19]. Each class of protease undoubtedly associates transiently
with suboptimal recognition sites, but on average, a catalytic event
is far more likely to occur when a serine protease does so because
its kca¢ is so much greater than that of the typical viral protease. The
practical ramification of this observation is that one must use con-
siderably more viral protease than serine protease to digest a fixed
amount of fusion protein at a similar rate. However, this is not a
significant handicap because, unlike the serine proteases, large
quantities of recombinant viral proteases can easily be produced
in Escherichia coli. This advantage, coupled with their more strin-
gent sequence specificity, has made viral proteases the reagents
of choice for endoproteolytic removal of affinity tags.

2 The nomenclature used here to describe individual amino acids in protease
recognition sites and corresponding amino acid-binding sites in proteases was
introduced by Schechter and Berger [1].
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Enteropeptidase

Native enteropeptidase is a disulfide-linked heterodimer com-
posed of “heavy” and “light” chains (with apparent molecular
weights of 110 and 35 kDa, respectively), which are extensively
glycosylated [20]. Although originally purified from natural
sources [20,21], recent advances have facilitated the production
of a recombinant enteropeptidase light chain in the periplasm of
E. coli [22,23], making it more economical to manufacture and
yielding a product free of contaminating proteases. Moreover, the
26 kDa light chain (which, when expressed in E. coli, is devoid of
glycosylation) retains the specificity of the native enzyme and is
even more active on fusion protein substrates than the heterodi-
mer [22]. The availability of recombinant enteropeptidase also pre-
sents an opportunity for the attachment of affinity tags to the
enzyme to facilitate its purification and separation from the prod-
ucts of an enteropeptidase digest [24]. One drawback of enteropep-
tidase, however, is that the light chain contains 4 disulfide bonds
that are essential for catalytic activity, thus this enzyme is incom-
patible with buffers containing reducing agents like dithiothreitol
(DTT). On the other hand, a recent study showed enteropeptidase
to be relatively insensitive to a wide variety of detergents [25],
which may enhance its value as a tool for the production of mem-
brane proteins.

A significant advantage of enteropeptidase is that no critical
specificity determinants are located on the C-terminal side of the
scissile bond in its substrates (Table 1). Consequently, when an
affinity tag is joined to the N-terminus of the protein of interest,
in most cases enteropeptidase is able to generate a digestion prod-
uct with a native N-terminus. A comprehensive study examining
the relative processing rates of otherwise identical fusion proteins
with all twenty possible amino acids in the P1’ position confirmed
this property of enteropeptidase and revealed the rank order of
processing efficiency [26]. Only proline and tryptophan were not
well tolerated in the P1’ position. Another study examining the
importance of the P1-P5 positions concluded that the P1 lysine
was the most important specificity determinant, followed by the
aspartate residues in the P2, P3, P5 and P4 positions, respectively,
with the latter position contributing very little to specificity [27].
Interestingly these investigators found that the sequence DDDDR
was cleaved more efficiently than the canonical DDDDK.

The principal drawback of enteropeptidase is its promiscuity
[28,29], which is particularly troublesome when a cryptic cleavage
site is located within the protein of interest. Although efforts have
been made to mitigate this problem by varying the recognition site
[30] and tinkering with the enzyme [31], a satisfactory solution has
yet to present itself.

Thrombin

Thrombin is typically purified from bovine plasma [32].
Although recombinant human thrombin has been produced in
Chinese hamster ovary cells for clinical applications [33], as of
now no convenient procedure for the expression and purification
of recombinant thrombin at the bench-level scale has been
described. The lack of a ready source of genetically engineered
thrombin is a noteworthy disadvantage because, unlike enteropep-
tidase and the viral proteases (below), no affinity tags can be added
to facilitate its removal following the digestion of a fusion protein.

Like many serine proteases, thrombin can be inactivated by
phenylmethylsulfonyl fluoride (PMSF) or 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF). Alternatively, a
biotinylated form of thrombin that can be adsorbed on avidin or
streptavidin resin is commercially available (Novagen, Madison,
WI). Like enteropeptidase, thrombin is a disulfide-linked heterodi-
mer. It also has three intramolecular disulfide bonds in one of its

two chains [34], rendering it sensitive to reducing agents. The
optimum temperature for thrombin activity is 45 °C and the enzyme
maintains 20% of its maximal activity at 15 °C [35]. Thrombin is
active over a pH range of 5-10, with a pH optimum of about 9.5 in
the absence of NaCl and 8.3 in the presence of 1 M NaCl [35]. At
pH 8.3, its activity increases with rising NaCl concentration up to
at least 1 M. Glycerol and polyethylene glycol (PEG 600) enhance
the stability of thrombin. Like enteropeptidase, thrombin is
relatively resistant to a wide variety of detergents [25].

The thrombin cleavage site most frequently used in fusion pro-
tein substrates (LVPR|GS) has an interesting history. This sequence
closely resembles that of a natural thrombin cleavage site
(LVPR|GF) in human factor VIIIL. Yet the factor VIII sequence was
not cleaved as efficiently as others in a comparative study [36],
raising the question of why it was viewed as a particularly good
thrombin site in the first place. Later, in their seminal paper
describing the first application of glutathione S-transferase (GST)
as an affinity tag, Smith and Johnson replaced the P2’ phenylala-
nine in the factor VIII sequence with a serine residue purely for
the purpose of creating a BamHI restriction endonuclease cleavage
site that would facilitate the construction of GST fusion proteins
[37]. After that, LVPR|GS was universally espoused as the canonical
thrombin cleavage site, irrespective of whether or not BamHI was
utilized for cloning, e.g., [38]. Therefore, it is possible this is not the
linear epitope that is most efficiently cleaved by thrombin.

Specificity studies with thrombin have shown a range of
sequence selectivity of 656-fold and 33-fold at the P2’ and P3’ posi-
tions, respectively [39]. Proline and the negatively charged amino
acids greatly diminished processing efficiency when present in
the P2’ position of peptide substrates (the “canonical” serine was
not tested in this study). The identity of the residue in the P3’ posi-
tion was not nearly as influential, although the negatively charged
residues were most inhibitory. In another study, little bias was
observed in the P2 and P3 sites, except for the exclusion of acidic
residues. Interestingly, a strong preference was found for serine
in the P1’ position, in contrast to the “canonical” glycine, which
was a distant fourth, after alanine and threonine [40]. When a large
library of different peptide sequences was screened for thrombin
cleavage, the results revealed that the P1 arginine is the most
conserved residue, followed by the P1’ glycine [41]. Yet a remark-
able level of promiscuity was observed, consistent with reports of
cleavage at cryptic sites in fusion proteins [42]. The nominal
requirement for a Gly-Ser dipeptide in the P1’ and P2’ positions,
which would result in the retention of two nonnative residues on
the N-terminus of the protein of interest following thrombin
digestion, is a marked disadvantage of thrombin relative to
enteropeptidase.

Factor Xa

A blood clotting enzyme like thrombin, the <y-carboxylated
glycoprotein factor Xa is either isolated from blood plasma or
expressed recombinantly and secreted from mammalian cells
[43-47]. Despite the availability of recombinant factor Xa, no
affinity-tagged forms of the enzyme have been engineered to date.
Factor Xa is composed of two disulfide-linked polypeptide chains
with apparent molecular weights of 17 and 42 kDa, each of which
contains a number of internal disulfide bonds, rendering the en-
zyme sensitive to reducing agents. Factor Xa also binds calcium
ions and therefore should not be used in the presence of chelating
agents such as ethylene glycol tetraacetic acid (EGTA) and ethyl-
enediaminetetraacetic acid (EDTA). The sensitivity of Factor Xa to
various detergents has also been studied [25].

The specificity determinants of factor Xa have been examined in
some detail [48-51]. Although it is a commonly held belief that
this enzyme is insensitive to the identity of the residues on the
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C-terminal side of the scissile bond (its recognition site is usually
denoted as IEGR|), this is not the case. In the P1’ position, process-
ing efficiency varies over a 50-fold range, with hydrophobic resi-
dues being most favorable and negatively charged residues and
proline being least favorable. An even greater range of processing
efficiency (160-fold) was observed in the P2’ position, with threo-
nine and proline being particularly poorly tolerated [51]. As with
enteropeptidase and thrombin, cleavage by factor Xa at undesired
cryptic sites remains a common problem with no apparent solution
[42].

TEV protease

Virologist William Dougherty and his colleagues were the first
to characterize TEV protease in the late 1980s. Initially identified
as a 49 kDa processing product of the viral polyprotein and termed
“nuclear inclusion protein Ia” or “Nla” [52], later work demon-
strated that the protease activity resides in its C-terminal 27 kDa
domain [53]. Aligning the sequences of experimentally determined
processing sites suggested that the recognition site for TEV prote-
ase is a linear epitope consisting of seven amino acid residues. This
conjecture was confirmed by demonstrating that the sequence
ENLYFQ/S could function as a TEV protease cleavage site when
placed in an artificial context [54] and led to the realization that
TEV protease might be a useful reagent for the removal of affinity
tags by site-specific endoproteolysis [55].

Early efforts to overproduce a polyhistidine-tagged form the
27 kDa catalytic domain of TEV protease in E. coli met with only
limited success, yielding approximately 4 mg of pure protein per
liter of bacterial culture [55]. In later work, the yield was improved
dramatically by utilizing a solubility-enhancing fusion partner [56]
in conjunction with a tRNA-encoding accessory plasmid or synon-
ymous codon substitutions in the TEV protease open reading frame
[57]. Further improvements in the production of soluble
His-tagged TEV protease were subsequently realized, yielding up
to 400 mg/L or 15 mg/g of cell paste [58,59]. TEV protease has also
been fused to a number of other affinity tags, including glutathione
S-transferase [59], maltose binding protein (MBP) [56], and the
Streptag Il [60]. TEV protease expression vectors can be obtained
from a variety of sources, including the American Type Culture
Collection (ATCC), the Addgene plasmid repository (http://
www.addgene.org), and the Protein Structure Initiative Biological
Materials Repository (http://psimr.asu.edu/). Straightforward
procedures for the expression and purification of TEV protease
have been described [61,62].

The 27 kDa catalytic domain of TEV protease readily cleaves
itself near its C-terminus to generate a truncated enzyme with
greatly diminished activity [63,18]. However, autolysis of TEV
protease can be avoided by introducing amino acid substitutions
in the vicinity of the internal cleavage site [62,18]. One of these
mutants (S219V) is approximately 100-fold more resistant to
autoinactivation than the wild-type protease and, fortuitously, also
has moderately greater catalytic activity [18]. The S219V mutant is
marketed by Invitrogen under the trade name Ac-TEV protease.
Additional mutations have been introduced into TEV protease as
another means of improving its solubility [64,65].

The specificity determinants of TEV protease have been
thoroughly investigated. Early experiments by Dougherty and
colleagues demonstrated a strong preference for glutamic acid in
the P6 position of a TEV protease recognition site, little or no selec-
tivity in the P5 position, a moderate preference for leucine in the
P4 position, a strong preference for tyrosine in the P3 position, a
roughly equal tolerance for phenylalanine, cysteine and isoleucine
in the P2 position (with all other residues being poorly tolerated in
this position), a strong bias in favor of glutamine in the P1 position,
and some degree of selectivity in the P1’ position, with serine,

isoleucine, and asparagine being the most favorable of the residues
tested [66]. These results led to the notion that the “consensus”
TEV protease cleavage site could be defined as Glu-Xaa-Xaa-Tyr-
Xaa-GlIn|Ser/Gly and the assumption that those positions denoted
as “Xaa” could be freely substituted. However, more recent exper-
iments have shown that TEV protease is quite sensitive even to
conservative amino acid substitutions in the P4 and P2 positions
[67]. In another study, the P1’ specificity of TEV protease was sys-
tematically assessed in the context of a model fusion protein [68].
These investigators found that the enzyme was surprisingly toler-
ant of a wide variety of residues in this position. Small aliphatic
residues such as glycine, alanine, serine, methionine, and cysteine
were exceptionally well tolerated, whereas the negatively charged
and B-branched hydrophobic residues were inhibitory to process-
ing. These findings upended the dogma that a serine or glycine res-
idue is essential in the P1’ position of a TEV protease recognition
site, revealing instead that, like enteropeptidase and factor Xa, in
many cases TEV protease is capable of generating digestion prod-
ucts with native N-termini. As noted, the discrepancies between
early and later results are probably due to differences in the exper-
imental methods employed [68]. In the initial studies carried out
by Dougherty and colleagues, the concentration of enzyme (which
was the full-length Nla protein rather than the 27 kDa catalytic
domain) exceeded that of the substrates, which were far below
the Ky, of the enzyme. Later experiments were conducted under
more realistic reaction conditions, using pure preparations of
enzyme and substrate with a substantial molar excess of the latter.
An important footnote to early studies of TEV protease specificity
that is sometimes overlooked by today’s protein engineers is that
proline (but no other residue) is decidedly inhibitory in the P2’
position of its substrates [66]. Other studies in which large
combinatorial libraries of peptides have been interrogated by
TEV protease are in good general agreement with the results of
systematic mutagenesis experiments [69,70].

The crystal structure of catalytically inactive (C151A) TEV
protease in complex with the peptide substrate TTENLYFQSGT
revealed that although the P7, P2’ and P3' residues were clearly
visible in the electron density map, their side chains do not engage
in any noteworthy interactions with the enzyme (no density was
observed for the P8 threonine residue) [71]. Of the side chains in
the P6-P1’ positions of the peptide, only that of P5 asparagine does
not make intimate contact with the enzyme, consistent with the
observed lack of sequence specificity at this position [66]. The
tolerance for a wide variety of side chains in the P1’ position of
TEV protease substrates [68] is possible because the S1’ “pocket”
of the enzyme is actually a long, shallow groove on its surface. Con-
sequently, the side chain of the P1’ residue is partially exposed to
solvent rather than completely buried within the complex
(Fig. 1A). This is not a general property of potyviral proteases, how-
ever. In the co-crystal structure of the related (53% amino acid
identity) tobacco vein mottling virus (TVMV) protease with its
canonical peptide substrate, the S1' pocket is small and round
and the side chain of the P1’ serine residue projects directly into
it (Fig. 1B) [72]. Hence, from a biotechnological standpoint, it is for-
tuitous that TEV protease, with its relaxed P1’ specificity, emerged
as a reagent of choice for removing affinity tags.

Quite a lot is known about the performance of TEV protease un-
der various reaction conditions and in the presence of different
additives. It is active over a pH range between 6 and 9, but inactive
at or below pH 5 [63]. In the same study, the enzyme was reported
to be relatively insensitive to NaCl concentrations between 0.1 and
2.0 M. In a later study, TEV protease activity was observed to be
greatest in the absence of monovalent salt, but decreased only
moderately at NaCl concentrations up to 200 mM [73]. Although
the optimum temperature for TEV protease activity is 30-34 °C,
the enzyme retains significant activity at 4 °C [73,74]. Activity
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Fig. 1. Space-filling representations of the S1’ pockets of TEV protease (A) and
TVMV protease (B). The canonical peptides that were co-crystallized with each
enzyme are shown as stick representations. The side chains of the P1’ serine
residues are encased in mesh. Note that the side chain of the P1’ serine projects
along the surface of a shallow groove in TEV protease whereas the side chain of the
corresponding serine points into a small, shallow pocket in TVMV protease.

drops off abruptly above 37 °C, probably due to denaturation of the
enzyme [73]. TEV protease is not inhibited by 2.5% sucrose or 0.1%
Triton X-100, but is completely inactivated by 0.01% sodium
dodecyl sulfate [75]. The enzyme is insensitive to the protease
inhibitors PMSF, AEBSF, and pepstatin A, relatively tolerant of
aprotinin (up to 0.3 mg/ml) and leupeptin (up to 100 uM), and
can tolerate up to 0.5M urea [75,76]. Its catalytic activity is
impeded by some detergents, however [25,77,78]. TEV protease
activity is not impeded by reducing agents such as dithiothreitol
(DTT) or chelators like EDTA, but, as expected, it is highly sensitive
to thiol alkylating agents like iodoacetamide [75].

Although TEV protease is by far the best studied and most
widely used potyviral protease, several others have also been char-
acterized to varying degrees. These include the TVMV protease
[73,79], the plum pox virus protease [80], and the turnip mosaic
virus protease [81,82]. None of these enzymes offer any compelling
advantages over TEV protease, however. TVMV protease expres-
sion vectors can be obtained from the Addgene plasmid repository
(http://www.addgene.org).

Rhinovirus 3C protease

Because human rhinoviruses may account for the majority of
common colds and have been associated with acute and chronic
bronchitis along with other respiratory tract illnesses, the litera-
ture pertaining to rhinovirus 3C protease is dominated by the quest
for inhibitors of this enzyme [83]. The same is true of the 3C-like
proteases encoded by related viruses that cause polio, hepatitis
A, and severe acute respiratory syndrome (SARS), among other
diseases. Indeed, the poliovirus 3C protease was among the earliest
enzyme of its type to be characterized [84-86]. It is not entirely
clear why human rhinovirus 14 3C protease emerged from this
group of picornaviruses as the prototypical enzyme for endoprote-
olytic removal of affinity tags from recombinant proteins. Simi-
larly, there seems to be no compelling reason why TEV protease
was selected for this role from among well over one hundred
potyviruses that infect plants. In both cases, it may simply be a
matter of happenstance. In any event, the tobacco etch virus and
the human rhinovirus are members of the same viral superfamily
[87,88]. Consequently, their 3C-like proteases are structurally and
functionally related to one another and share many common
characteristics.

Rhinovirus 14 3C protease is commercially available in the form
of a glutathione S-transferase (GST) fusion protein -called
PreScission™ protease [89] and as a dual Hisg-GST fusion protein.
PreScission™ protease and rhinovirus 3C protease were identified
as distinct enzymes with differing sequence specificity in the latest

review article to include an in-depth survey of enzymatic methods
for tag removal [3], but this is not the case. Rhinovirus 3C protease
has also been fused to Hisg and MBP tags in E. coli [90], to DsbA
[91], and very recently to the biotin acceptor peptide (BAP) [92].
The yield of BAP-tagged 3C was reported to be ~6 mg/g of wet cell
paste. However, only about 60% of the BAP-tagged 3C protease was
biotinylated in vivo (inexplicably, it was purified by conventional
methods instead of by affinity chromatography on monomeric
avidin resin). The yields of other tagged forms of the enzyme have
not been reported. Unfortunately, rhinovirus 3C expression vectors
are not presently available from open plasmid repositories, making
them somewhat difficult to acquire.

Knowledge about the substrate specificity of human rhinovirus
3C protease has been gained mainly through studies of the enzyme
from serotype 14. One comparative analysis of peptide substrates
derived from natural 3C cleavage sites in the rhinovirus polyprotein
established that the 2C/3A site was cleaved most efficiently [93]
and that the specificity determinants are confined to the P5-P2’
sites [94], leading to the conclusion that the sequence ETLFQ|GP
is the optimum recognition site. At about the same time and using
a very similar approach, a different group found that the 3B/3C
cleavage site was the most efficiently processed of the natural sites
[95] and that the specificity determinants are confined to the
P5-P2’ sites [19], leading them to identify a different consensus
sequence: PVVVQ|GP. However, the canonical recognition site
identified in the product literature accompanying PreScission™
protease is LEVLFQ|GP. Walker and colleagues [90] speculated that
this unnatural recognition site may have evolved in part from the
observation that the peptide EVLFQPG was hydrolyzed nearly five
times more efficiently than the parental ETLFQGP peptide derived
from the natural 2C/3A polyprotein processing site [94]. In the same
study, a longer peptide encompassing the 2C/3A processing site
(DSLETLFQGPVYKDL) was cleaved about twice as efficiently as the
shorter ETLFQGP peptide. Although the longer peptide includes
the natural leucine residue in the P6 position, there was insufficient
data to conclude that its presence (rather than some other differ-
ence between the two peptides) was responsible for the observed
twofold variation in processing efficiency. Yet in a more recent
study, replacing a leucine in the P6 position of a peptide substrate
with an arginine led to a 10-fold reduction in the catalytic efficiency
(keat/Kn) of processing by rhinovirus 3C protease [96]. Hence, it
seems that the octapeptide LEVLFQPG, the so-called “PreScission
protease site”, approximates the optimum recognition site.
Although, as discussed above, two groups arrived at somewhat
different conclusions regarding the optimum sequence for a
rhinovirus 3C protease cleavage site, both were in agreement on
one key point: the requirement for the Gly-Pro dipeptide immedi-
ately after the scissile bond is very stringent. This is a noteworthy
disadvantage of 3C compared to TEV protease; there is virtually
no opportunity to produce a recombinant protein with a native
N-terminus after digesting a fusion protein with 3C protease. There
have been no “substrate protease” experiments performed with 3C
protease (i.e., no genetic selections or screens), and consequently
the identity of the “ideal” 3C cleavage site rests entirely on the
systematic mutagenesis studies.

The impact of protease inhibitors, additives, and reaction
conditions on the activity of rhinovirus 3C protease has been inves-
tigated [96-98], and in general, the results are very similar to those
reported for TEV protease. However, rhinovirus 3C protease is
rumored to have greater catalytic activity than TEV protease at
low temperature (4 °C). Yet an exhaustive search of the literature
failed to identify any instances in which the temperature-
dependence of the two proteases has been compared directly.
Instead, one finds only anecdotal statements that are unsupported
by facts [99]. It would be gratifying to finally see this issue
addressed experimentally.
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Fig. 2. A generic strategy for protein purification that utilizes an affinity-tagged endoprotease. See text for discussion.

While, as discussed above, the human rhinovirus serotype 14 3C
protease has been widely used as a tool for endoproteolytic cleav-
age of fusion proteins, it suffers from the major disadvantage of
leaving behind a Gly-Pro dipeptide on the N-terminus of a recom-
binant protein after digestion. The 3C proteases encoded by SARS
virus [100] and poliovirus [101] also have a stringent requirement
for specific residues on the C-terminal side of the scissile bond.
However, the hepatitis A virus 3C protease has more relaxed spec-
ificity, as it has been shown to tolerate a variety of small aliphatic
residues in the P1’ position and any residue except arginine and
proline in the P2’ position [102-104]. This enzyme is straightfor-
ward to overproduce in E. coli and can be purified to greater than
95% homogeneity in two conventional chromatography steps,
yielding more than 6 mg per liter of bacterial culture [105]. Per-
haps it is worth reexamining the utility of hepatitis A 3C protease
as a reagent for the endoproteolytic removal of affinity tags.

An advantage of affinity-tagged proteases

The ease of overproducing affinity-tagged forms of TEV and
rhinovirus 3C proteases in E. coli has inspired the development of
a generic protocol for protein purification [2,3] that is outlined in
Fig. 2. The same affinity tag is attached to both the protein of inter-
est and to an endoprotease. The tagged protein of interest (POI) is
first purified from a soluble extract by some type of affinity chro-
matography, depending on the tag that is used. In the second step,
the affinity tag is removed from the POI by the correspondingly
tagged endoprotease. Finally, the digestion products are subjected
to the same form of affinity chromatography a second time, in this
case to remove undigested fusion protein substrate, the tagged
protease, the cleaved tag, and any endogenous proteins that bound
to the affinity resin during the first round of chromatography, leav-
ing only the untagged POI in the unbound effluent. Variations of
this strategy have been developed by a number of groups and have
found widespread use in the structural genomics community, e.g.,
[106-109].

Troubleshooting endoproteolytic cleavage of affinity tags

As mentioned above, the removal of affinity tags has always
been the Achilles heel of the fusion protein strategy. The problem
of cleavage at secondary sites has been mitigated to a large degree
by the use of viral proteases with very stringent sequence specific-
ity. Still, it is not uncommon to encounter a situation where a
fusion protein is cleaved very inefficiently by the chosen protease.

There are several possible reasons for this. The most trivial
explanation can be attributed to a failure to recognize the incom-
patibility of certain proteases with buffer components and addi-
tives. For example, a calcium-dependent protease such as factor
Xa should never be used to cleave a fusion protein in a phosphate
buffer (the most common buffer used for the purification of
His-tagged proteins) because of the potential for the formation of
insoluble calcium phosphate.

The inability of a protease to cleave a fusion protein may also be
caused by steric hindrance, which can be of several types. For
example, the cleavage site may be too close to ordered structure
in the target protein. An example of such a situation is illustrated
in Fig. 3. In this case, the substrate is an MBP-SycH fusion protein.
SycH is an export chaperone for the protein tyrosine phosphatase
YopH in Yersinia pestis, the plague-causing bacterium. When SycH
is expressed in E. coli as a fusion to the C-terminus of MBP, with a
TEV protease recognition site between the two domains, the fusion
protein is not cleaved very efficiently (Fig. 3A). (In this experiment,
the fusion protein was cleaved in vivo, using a separate plasmid
expression vector to produce TEV protease [110].) In a second-
generation construct, five glycine residues were inserted between
the TEV protease recognition site and the N-terminus of SycH. As
shown in Fig. 3B, this results in much more efficient processing
of the fusion protein by TEV protease. However, no crystals of SycH
with the additional glycine residues appended to its N-terminus
were ever obtained. Instead, the form of SycH that was eventually
crystallized had no extra residues added to its N-terminus. The
structure revealed that the N-terminus of SycH is an integral part
of the folded protein [111], consistent with the hypothesis that
the close proximity of the TEV protease recognition site to the
(structured) N-terminus of SycH in the original fusion protein
was responsible for its failure to be cleaved efficiently and that
the addition of five glycine residues alleviated this impediment.

The second level of steric hindrance applies to oligomeric
proteins. It may be intuitively obvious how the presence of a tag
like the 42 kDa MBP on a multimeric protein might create steric
problems for affinity tag removal, yet even a tag as small as
polyhistidine can present similar difficulties [112].

Finally, steric hindrance can sometimes result from the use of
solubility-enhancing affinity tags like MBP [56] and NusA [113].
While these solubility enhancers can maintain their fusion part-
ners in a soluble state in E. coli, and maybe in other heterologous
hosts as well, their fusion partners may or may not be folded into
their native conformations. At least some of these fusion proteins
probably exist in the form of soluble aggregates that may not be
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Fig. 3. Overcoming steric hindrance by inserting “spacer” residues between a
protease recognition site and the N-terminus of the protein of interest. (A)
Expression of MBP-SycH fusion protein with a TEV protease recognition site
immediately adjacent to the N-terminal residue of SycH in the absence (—) or
presence (+) of TEV protease. (B) Expression of an otherwise identical MBP-SycH
fusion protein in which five consecutive glycine residues were inserted between the
TEV protease recognition site and the N-terminal residue of SycH in the absence ()
and presence (+) of TEV protease.

readily accessible to an endoprotease, as has been shown to be the
case for one MBP fusion protein [114].

Exoproteases

Exoproteases (aminopeptidases and carboxypeptidases) are not
used nearly as frequently as endoproteases for the removal of affin-
ity tags. This is mainly because most of the time affinity tags are
joined to the N-terminus of a protein of interest, where they can
best exert a positive effect on the yield and solubility of their fusion
partners [2], and endoproteases like enteropeptidase and TEV pro-
tease can remove N-terminal affinity tags without leaving behind
any nonnative residues. Yet sometimes there are compelling rea-
sons to add a tag to the C-terminus of a recombinant protein. For
example, a C-terminal tag is less likely to interfere with the re-
moval of signal peptides and the secretion of proteins. However,
endoproteolytic removal of C-terminal tags is complicated by the
fact that the principal specificity determinants of endoproteolytic
enzymes (e.g., Factor Xa, thrombin, enteropeptidase, tobacco etch
virus and rhinovirus 3C proteases) are located on the N-terminal
side of the scissile bond. Consequently, the removal of a C-terminal
tag by any of them would leave behind a significant number of
non-native residues (six in the case of TEV protease, which is
equivalent in number to a hexahistidine tag). One solution to this
problem is to use an exopeptidase, specifically a carboxypeptidase,
to remove short C-terminal tags such as polyhistidine.

Aminopeptidases have also been used to remove short affinity
tags from the N-termini of recombinant proteins [3], although
not very frequently because endoproteases can accomplish this
task quite well.

Metallocarboxypeptidases

Of the many varieties of carboxypeptidases, those belonging to
the M14A subfamily of zinc-dependent metallocarboxypeptidases,
historically known as the “digestive carboxypeptidases,” have pro-
ven to be particularly useful for the processive hydrolysis of C-ter-
minal residues from peptides and globular proteins [115,116].
Digestive carboxypeptidases can be classified on the basis of their
sequence specificity. For example, type A carboxypeptidases pref-
erentially remove C-terminal amino acid residues having aromatic
or branched aliphatic side chains [117] whereas type B carboxy-
peptidases exhibit a strong preference for basic amino acids
[118]. However, carboxypeptidase B will remove aromatic residues

under certain conditions [119,120]. The A-type carboxypeptidases
are further subdivided into type Al and type A2 isoforms in ro-
dents and humans [121]. Carboxypeptidase Al preferentially cata-
lyzes the removal of aliphatic residues from peptide substrates,
while the A2 isoforms show higher specificity toward aromatic res-
idues like phenylalanine and tryptophan. Carboxypeptidase A2 is
not present in the bovine pancreas. Instead, the single bovine car-
boxypeptidase A (BoCPA) has relatively broad substrate specificity
[121]. Exoproteolytic removal of C-terminal His-tags and polyarg-
inine tags from globular proteins has been achieved using BoCPA
and bovine carboxypeptidase B (BoCPB), respectively [116,122-
129]. Neither enzyme will digest a C-terminal proline residue.
Thus, incorporation of a proline at the appropriate location is one
way to ensure that the digestion product will have a homogeneous
endpoint.

A- and B-type carboxypeptidases are synthesized as zymogens
with an N-terminal signal peptide that targets them for secretion
from cells. Following secretion, the non-catalytic domain (termed
the prodomain) is removed by proteolytic cleavage to give rise to
the catalytically active carboxypeptidase. The prodomains not only
maintain the enzymes in a catalytically dormant state, but they are
also required for their proper folding [130]. The mature ~30-
35 kDa BoCPA and BoCPB contain one and three disulfide bonds,
respectively. Consequently, it is not advisable to use them in the
presence of reducing agents.

As zinc-dependent enzymes, the digestive carboxypeptidases
are inhibited by chelating agents like EDTA and 1,10-phenanthro-
line [120]. Sodium dodecyl sulfate (SDS) strongly inhibits carboxy-
peptidase A but hardly affects carboxypeptidase B activity (up to
1% w/v), while octyl-(polydisperse)oligooxyethylene and lauryl
glutamate have only a mild inhibitory effect on both enzymes
[131]. Carboxypeptidases A and B are optimally active between
pH 7 and 9; they are inhibited by mercury but stimulated by cobalt
[132,133].

Because of their complex folding and activation pathways, the
metallocarboxypeptidases have been challenging enzymes to over-
produce in heterologous systems. Even now, virtually every com-
mercial preparation is obtained from natural sources. One group
described the production of pre-pro-BoCPA in the yeast Saccharo-
myces cerevisiae as a secreted zymogen and its subsequent activa-
tion by trypsin, but the yield of recombinant protein was not
reported [134]. More recently, proBoCPA was produced as a thiore-
doxin fusion protein in E. coli, but the yield of purified fusion pro-
tein (prior to activation and purification of BoCPA) was only 0.8 mg
per liter of bacterial culture and most of the fusion protein accu-
mulated in the form of insoluble aggregates [135]. Efforts have also
been made to overproduce mammalian carboxypeptidase A sub-
types Al and A2 in yeast [130,136-138], but their narrower spec-
ificity makes these enzymes less appealing than BoCPA for the
removal of C-terminal affinity tags from recombinant proteins.
Moreover, none of the recombinant mammalian type A carboxy-
peptidases was engineered to include an affinity tag. Recently, a
polyhistidine-tagged type A carboxypeptidase (MeCPA) from the
fungal entomopathogen Metarhizium anisopliae has been secreted
from baculovirus-infected insect cells and purified to homogeneity
[117]. However, the yield of pure, active enzyme was a disappoint-
ing 0.25 mg per liter of conditioned medium. Yet this material
proved to be highly active and, as predicted [139], the specificity
of MeCPA was found to be even broader than that of BoCPA
(Fig. 4). The same group has subsequently developed a strategy
to produce MeCPA in E. coli that may be generally applicable to
metallocarboxypeptidases. The proMeCPA zymogen is fused to
the C-terminus of MBP to maintain it in a soluble form in the cyto-
sol while the protein disulfide isomerase DsbC is co-expressed
from a separate plasmid. This procedure yields about 1 mg of pure
MeCPA per liter of bacterial culture (Austin et al., in preparation).
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Fig. 4. Relative processing efficiency (k.a:/Km) of peptide substrates by MeCPA (black bars) and BoCPA (gray bars). The peptide substrates used were VSQNPKX, wherein X was
the variable amino acid. No processing of peptides terminating in Arg, Lys, or Pro was observed for either enzyme. Data were compiled from [117].

Porcine carboxypeptidase B has been expressed at very high
levels (250 mg per liter) by secretion of the zymogen from the
yeast Pichia pastoris [140]. Rat procarboxypeptidase B has been ex-
pressed in E. coli, refolded, activated by trypsin and purified to
yield 40 mg per liter of culture medium [141]. However, neither
of these enzymes included an affinity tag to facilitate their purifi-
cation or their removal from the products of a carboxypeptidase di-
gest. There is currently no known source of recombinant BoCPB.

Aminopeptidases

Interestingly, there are no known aminopeptidase counterparts
to the digestive carboxypeptidases. However, endoproteases that
exhibit little or no specificity for residues on the C-terminal side
of the scissile bond (e.g., enteropeptidase and TEV protease) can
be used to remove N-terminal affinity tags without leaving any ex-
tra residues on the N-terminus of the digestion product in most
cases. Nevertheless, N-terminal exopeptidases are occasionally
used for the removal of affinity tags. The TAGZyme™ system, a
commercial product, is presently the only noteworthy tool of this
type [142].

The TAGZyme system consists of three enzymatic reagents:
dipeptidyl-aminopeptidase I (DAPase), glutamine cyclotransferase
(Qcyclase), and pyroglutamylaminopeptidase (pGAPase). The prin-
cipal enzyme is DAPase, which catalyzes the stepwise excision of
dipeptides from the N-terminus of a polypeptide. Natural “road
blocks” to DAPase digestion are a lysine or arginine in the first po-
sition of a dipeptide or a proline in either position. Consequently,
DAPase cannot remove any N-terminal affinity tag. For instance,
it could only remove a FLAG-tag (DYKDDDDK) if the tag were mod-
ified so that the proximal lysine residue did not occupy the first po-
sition of the second dipeptide, and it could not remove a
polyarginine tag (RRRRR) or a Strep Il tag (WSHPQFEK) under
any circumstances. Instead, it is mainly used as a reagent for
removing N-terminal polyhistidine tags, which need not contain
any road-blocking residues. Incorporation of an arginine or lysine
residue following the polyhistidine sequence will terminate DA-
Pase digestion at that point, leaving behind the basic residue on

the N-terminus of the digestion product. Alternatively, if a true
“native” N-terminus is desired, then this can be accomplished by
inserting a glutamine residue immediately after the polyhistidine
sequence and utilizing, in addition to DAPase, the other two en-
zymes, Qcyclase and pGAPase. When glutamine is exposed at the
N-terminus of the polypeptide chain, it can be cyclized to pyroglu-
tamate by the action of Qcyclase, rendering it resistant to further
digestion by DAPase. The pyroglutamyl residue is then excised by
pGAPase to yield a product with a native N-terminus.

DAPase , which is also known as cathepsin C, is composed of
three polypeptide chains, at least two of which are linked together
by one or more disulfide bonds [143]. Consequently, its enzymatic
activity is sensitive to reducing agents. Moreover, as a cysteine pro-
tease, DAPase is inhibited by thiol akylating agents. DAPase is ac-
tive over a pH range of 4-8 and exhibits maximal activity at pH
5.5 [143]. A polyhistidine-tagged form of DAPase has been secreted
from baculovirus-infected insect cells, yielding approximately
50 mg of active enzyme per liter [144].

The TAGZyme™ system has been further refined such that all
three enzymatic reagents are modified by the addition of polyhis-
tidine tags, thereby facilitating their removal from a digestion
product [145]. Although clever and elegant, this approach is com-
plicated by the fact that it requires, in most cases, three distinct en-
zymes to produce a digestion product with a native N-terminus.
Additionally, care must be taken to remove the DAPase prior to
the addition of pGAPase. Vectors and methods for the production
of these reagents are proprietary and therefore not readily avail-
able to researchers. As a result, the cost of these reagents is a po-
tential impediment to their use on a large scale, such as would
be required for structural biology.

Concluding remarks

Considering its high specificity yet relatively good tolerance for
a wide variety of residues in the P1’ position of its recognition site,
coupled with its ease and economy of production and the ready
availability of expression vectors from open sources (including
affinity-tagged variants), TEV protease is probably the single best
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endoprotease for the removal of N-terminal affinity tags. The ideal
reagent would have all of these attributes along with totally re-
laxed P1’ specificity. Perhaps such an enzyme can be identified
from among those encoded by other potyviruses or be engineered
by rational design. As for the digestive carboxypeptidases, it would
be useful to investigate whether a combination of A- and B-type
enzymes can be used to remove a wider variety of short affinity
tags from the C termini of recombinant proteins. Moreover, since
the termini of proteins are often disordered, the ability to trim
unstructured residues (apart from affinity tags) from their C ter-
mini might improve their propensity to crystallize. Yet it is unclear
if the activity of these carboxypeptidases will be deterred upon
encountering ordered structure in a globular protein. This needs
to be tested. In principle, DAPase could be used in a similar fashion
to remove disordered residues from the N-termini of proteins, sub-
ject to the same caveat. Proline is a roadblock for all of these exo-
peptidases and it would be useful to find a means of circumventing
this issue. Finally, there are at least two ways in which endopro-
teases and exoproteases might be used in concert with each other
that have yet to be explored. First, large C-terminal affinity tags
(globular proteins) could be removed first by endoproteolytic
cleavage at a designed site and then by treatment of the product
with one or more carboxypeptidases to remove the remnants of
the endoprotease recognition site from its C-terminus. The second
potential application pertains to X-ray crystallography. It has been
shown that the addition of trace amounts of relatively nonspecific
endoproteases (e.g., chymotrypsin, subtilisin, thermolysin) to con-
centrated solutions of proteins prior to setting them up in crystal-
lization trials sometimes enhances the growth of crystals
[146,147]. In some cases, the endoproteolytic cleavage events oc-
cur within disordered internal loops in the protein, in which case
further trimming of the “loose ends” left by the endoproteases
might be affected by exopeptidases.
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