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a b s t r a c t

The ubiquitous use of poly-histidine fusion tags has made the purification of the recombinant target
proteins much simpler, although the presence of residual fusion tags can generate immunogenic products
or products with changed biological activities. This work presents a generic method of removing poly-
histidine fusion tags from recombinant proteins through the use of a hexa-histidine tagged exopeptidase
(DAPase) when both tagged species are adsorbed to the immobilized metal affinity chromatography
(IMAC) adsorbent. Adsorptive detagging was performed in the presence of 50 mM imidazole in order
to allow the cleavage reaction by the hexa-histidine tagged DAPase to occur. The progress of batch and
adsorptive detagging by DAPase of maltose binding protein (MBP) tagged with two variants of hexa-
histidine fusion tag was successfully monitored using cationic exchange chromatography. A single-step,
column-based detagging strategy was then optimized to maximize the recovery of native MBP. The
kinetics of batch and on-column digestion for both HT6 and HT15 fusion tags were investigated. The
process involved the sequential removal of dipeptides during the digestion of full-length fusion protein
down to its fully detagged native form. During the course of tag digestion, 4 and 7 different intermediates
were detected for HT6 and HT15 tagged MBP respectively. The characteristics of on-column cleavage of

poly-histidine fusion tags by DAPase as a function of incubation temperature and amount of protease
activity used were examined. It was found that the influence of fusion tag design on the batch and
column-based detagging yield and efficiency was substantial. In addition, the structural difference of
fusion tags affects the binding strength of the fusion protein, which can influence the resulting product
purity. Despite being a longer tag, HT15 fusion tag was the preferred sequence for shortening the time
needed for on-column detagging. These results can be applied to the wider use of the proposed platform

n cle
protocol for the on-colum

. Introduction

There is a growing demand for protein-based therapeutics and
roteins for structural determination. In order to produce these
roteins, highly expensive purification steps are required. Con-
equently, there is a need for a highly flexible, specific and, yet
conomic purification technology. The technology of using poly-
istidine fusion tag in conjunction with immobilized metal affinity
hromatography (IMAC) fits these requirements. A poly-histidine
ag is a short amino acid chain containing at least six histidine
esidues that can be attached to the end of virtually any pro-

ein to allow its purification by IMAC. The many benefits of IMAC
nclude its high specificity, low cost, mild elution conditions, ease of
egeneration and sanitization to common industrial standards for
ultiple cycles of processing. In fact, the abundance of literature
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avage of poly-histidine tagged proteins using exopeptidases.
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involving the use of IMAC manifests it as one of the most efficient
tools for purifying recombinant products from crude feedstocks
and can even be used for large-scale production of therapeutics
[1–5].

Nevertheless, one major obstacle in making the processing
of poly-histidine tagged proteins using IMAC the technology of
choice for purifying proteins of industrial interest such as thera-
peutics is the need to remove the fusion tags post-purification. It is
essential to have the tag sequences completely cleaved because
the native form of the target protein would be required, in the
case of therapeutics, to produce the expected immune response
in patients. By far the most prevalent method for the cleavage
of fusion tag involves the use of proteases. There are two classes
of proteases, namely endopeptidases that cleave internal peptide

bonds of a protein and exopeptidases that cleave terminal amino
acids of a protein. Most commercially available cleavage proteases
are endopeptidases such as thrombin, tobacco etch virus pro-
tease (TEV), and factor Xa. These endopeptidases suffer various
drawbacks such as the need for high ratios of enzyme to tagged

dx.doi.org/10.1016/j.chroma.2010.10.050
http://www.sciencedirect.com/science/journal/00219673
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rotein, long incubation times, the production of incorrect terminal
mino acids, and the occurrence of non-specific internal cleavage
1,6].

On the other hand, the use of exopeptidases provides a solution
o these problems. Exopeptidase removal of fusion tags is highly
pecific and the use of exopeptidase cleavage significantly reduces
he amount of enzyme required, which is particularly important for
peration at industrial scale when the cost of employing high grade
roteases becomes prohibitive. Nevertheless, when using enzymes

n downstream processing of therapeutic proteins, the purity and
he origin of the cleavage enzymes are important. Most commer-
ially cleavage enzymes are derived from animal sources which
arry risks of viral and prion contamination. In order to address such
ssue, this work involves the use of a recombinant rat dipeptidyl
minopeptidase I (DPPI) called DAPase obtained by heterologous
xpression in insect cells that is part of the TAGZyme system [7–9].
ecent studies have demonstrated that the TAGZyme system is the
referred method of detagging due to its high specificity and effi-
iency [1–3,8–12]. DAPase (also known as cathepsin C) (EC 3.4.14.1)
s a lysosomal cysteine peptidase belonging to the papain family.

hen a poly-histidine fusion tag is located at the N-terminal end of
he target protein, DAPase can be used to remove the tag after the
rotein has been purified. The recombinant DAPase is itself engi-
eered to have a poly-histidine tag fused to its C-terminal for the
ase of its removal after the completion of the batch enzymatic
leavage reaction. In fact, most commercially available proteases
re also tagged for the ease of their removal; for instance, TEV
rom Invitrogen is poly-histidine tagged while factor Xa from Roche
pplied Science is fused with biotin in order for the separation of

he cleavage enzymes from the target proteins to be accomplished
y adsorption to immobilized metal ions and immobilized strepta-
idin, respectively.

Alternatively, it is possible to perform the cleavage of fusion
ags from the target protein while it remains bound to the IMAC
olumn during the primary recovery process; this is known as
dsorptive detagging. The development of such on-column tag
igestion methodology reduces the overall number of processing
teps needed as the incubation of target protein in the cleavage
nzyme solution is performed directly following the purification
tep in the same unit operation. In addition, product recovery at
he end of the cleavage reaction can be achieved without the use
f imidazole, by washing the column with a wider range of buffer
ystems. This is in contrast to the competitive elution using imida-
ole required for tagged target proteins in the traditional method,
hich is sometimes detrimental to the integrity of the protein prod-
cts [13]. Moreover, adsorptive detagging allows simpler protein
rocessing, for instance, an extensive buffer-exchange step can be
voided as the conditions required for on-column cleavage can be
hanged simply by washing the column with the desired cleav-
ge buffer. Nevertheless, the success of the adsorptive detagging
rotocol requires careful optimization of the on-column condi-
ions to ensure that good cleavage performance can be maintained.
imilar to conventional batch cleavage methods, system param-
ters such as time for cleavage, ratio of protease to substrate,
uffer pH and ionic strength, and incubation temperature should
ll be taken into consideration. On-column cleavage has only seen
se with certain endopeptidase systems [13–16]. In fact, it has
een generally accepted that the inherent nature of exopeptidase
leavage does not work with the adsorptive detagging method.
ecently, the first successful demonstration of on-column exopep-
idase cleavage has been described [17]. It was found that in the

resence of 50 mM imidazole in the cleavage buffer, on-column
ag removal by an exopeptidase such as DAPase could be achieved.
t was hypothesized that the introduction of imidazole induced a
ynamic binding situation for the poly-histidine tagged species
hich allowed (1) the diffusion of the exopeptidase to its sub-
ogr. A 1217 (2010) 7749–7758

strate and (2) on-off binding characteristics of the poly-histidine
tagged target protein that enable the tagged exopeptidase to dif-
fuse between the surface of the IMAC adsorbent and the fusion
tag on the target protein and thus allowing the exopeptidase to
bind to the N-terminal end of the fusion tag and to commence
the cleavage reaction. Such an approach has made it possible
to combine the many benefits of using an exopeptidase system
with those of employing an adsorptive detagging method. This
paper describes a novel application of an industrial-relevant hexa-
histidine tagged exopeptidase system on poly-histidine fusion tags
and IMAC, both of which have a long history of proven perfor-
mance [18,19]. This can provide a solution to the challenges in
protein purification include reduction of manufacturing cost, devel-
opment of specific, flexible processes for both product purity and
diversity, and integration of upstream and downstream processes.
Issues related to the implementation and improvement of the pro-
posed platform technology for wider use in protein purification are
discussed.

2. Materials and methods

Disodium hydrogen phosphate, sodium chloride,
tris(hydroxmethyl)aminomethane, EDTA, imidazole (mini-
mum 99% pure), nickel chloride, cysteamine–HCl, ampicillin,
Luria Broth (LB) media, LB agar, Gly-Phe-p-nitroanilide, N,N-
dimethylformamide, isopropyl �,d-thogalactopyranoside (IPTG),
sodium hydroxide, �-mercaptoethanol, hydrochloric acid, acetic
acid, glycerol, Bradford reagent, magnesium chloride, citric acid
were purchased from Sigma–Aldrich (Poole, UK). BugBuster®

Master Mix was purchased from Novagen (Nottingham, UK).
HisTrapTM FF Crude, HisTrapTM HP, TricornTM Mono STM 5/50 GL
columns were purchase from GE Life Sciences (Amersham, UK).
Dialysis membranes were purchased from Medicell International
Ltd. (London, UK). All experiments were performed at 23 ◦C and
all buffers were made up with deionized (DI) water, filtered by
0.22-�m filters, and degassed before use unless otherwise noted.

Two Escherichia coli strains producing hexa-histidine tagged
MBPs were kindly provided by John Pedersen of Unizyme Labora-
tories (Horsholm, Denmark). Both strains of hexa-histidine tagged
MBP are N-terminus hexa-histidine tagged proteins encoded by an
E. coli clone pTrcHis/TOP10. The host strain was E. coli TOP10 (Invit-
rogen, Paisley, UK) cloned with an expression plasmid pTrcHisA, B,
or C (Invitrogen) with ColE1 origin, ampicillin resistance gene laclq
repressor gene and the Trc promoter. MBP exists in solution under
physiological conditions as a monomer with a molecular weight
of 43 kDa. The hexa-histidine tagged cleavage enzyme DAPase was
also kindly provided by John Pedersen.

2.1. Fermentation

The procedures for fermentation were adapted from the pro-
tocols provided by Unizyme Laboratories (Horsholm, Denmark).
Single colonies of hexa-histidine tagged MBP were picked from the
clones provided and streaked onto fresh LB agar plates and incu-
bated overnight or until the colonies had grown to approximately
1 mm in diameter. Single colonies were picked from the LB agar
plates on which hexa-histidine tagged MBP had been grown and
inoculated in 500 ml of LB media supplemented with 100 mg/ml
ampicillin. All fermentations producing MBP were grown aerobi-
cally in an orbital incubator at 36 ◦C and agitated at 200 rpm. When

the optical density measurement at 600 nm reached 0.6–0.9, sam-
ples were taken and mixed with glycerol for cell banking at −85 ◦C.
For all strains producing MBP, expression was induced by adding
IPTG to a final concentration of 300 �M and incubated for an addi-
tional 4 h. Cells were harvested by centrifugation at 4000 × g, at
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◦C for 15 min. The supernatant was then discarded and DI water
dded to the pellets to wash away any residual media. The cells
ere then re-sedimented under the same conditions. The super-
atant was again discarded and the centrifuge tubes were weighed
o measure the pellet weight. The cell pellets were then stored at
20 ◦C until used in cell disruption.

.2. Cell disruption

The cell disruption procedure was primarily adapted from the
ugBuster® Master Mix User’s Manual. Frozen cell pastes were
hawed on iced water and BugBuster® Master Mix was added to
he cell suspension at a ratio of 5 ml of the reagent per gram of
et cell paste. The cells were lysed by mixing the suspension for

0 min. The mixture was then suspended in the feedstock prepara-
ion buffer (100 mM NaH2PO4, 10 mM �-mercaptoethanol, 40 mM
midazole, 4 mM MgCl2, 0.5 M NaCl, pH 7.5) in the ratio of 5 vol-
mes of the feedstock preparation buffer per gram of pre-weighed
ell paste and then mixed for 15 min. It was then centrifuged at
4,000 × g for 30 min at 4 ◦C.

.3. IMAC purification

The IMAC purification procedure was primarily adapted from
he HisTrapTM FF Crude Chromatography User’s Manual provided
y GE Healthcare. A 5 ml HisTrapTM FF Crude column, coupled to
n AktaTM Explorer automated chromatography controller, was
quilibrated with 10 column volumes of the IMAC equilibration
uffer (100 mM NaH2PO4, 20 mM imidazole, 0.5 M NaCl, pH 7.5) at
ml/min. The E. coli homogenate was then loaded onto the column
t 1 ml/min. At the end of protein loading, loosely bound proteins
ere washed from the bed using the IMAC equilibration buffer.
hen the UV absorbance at 280 nm had fallen to the zero baseline,

he adsorbed proteins were eluted via step elution from the IMAC
quilibration buffer to the IMAC elution buffer (100 mM sodium
hosphate, 500 mM NaCl, 500 mM imidazole, pH 7.5). Fractions of
he column eluate were collected during elution.

.4. Dialysis

Imidazole used during IMAC purification inhibits the activity of
he cleavage enzymes, therefore samples must be exchanged into
he appropriate cleavage buffer prior to enzyme cleavage. 5 mM
DTA was added to the protein samples to inactivate any residual
ickel ions that may have been leached from the adsorbent dur-

ng the IMAC process. The samples were dialyzed by being placed
n a semi-permeable dialysis tube with an appropriate molecular

eight cut-off (MWCO) of 12–14 kDa. The tube was then dialyzed
vernight against the cleavage buffer.

.5. Mono STM 5/50 GL analysis

A column of TricornTM Mono STM 5/50 GL (1 ml) was coupled to
n AktaTM FPLC automated chromatography controller. The binding
uffer used was 20 mM citric acid/NaOH pH 4.0. 50 �l of the tag
igestion sample was added to 950 �l of the binding buffer and
pplied to the column through the sample loop at a flow rate of
ml/min. Elution was performed by a salt gradient elution over 5
olumn volumes using 20 mM citric acid, 1 M NaCl, pH 4.0 as the
nal buffer.
.6. Batch poly-histidine tag cleavage

Bradford assays were performed on the dialyzed sample to
etermine the protein concentration. The protein concentrations

n each sample were adjusted to an appropriate test concentration
ogr. A 1217 (2010) 7749–7758 7751

before adding the cleavage enzyme. For DAPase, an equal volume of
20 mM cysteamine–HCl was added to activate the enzyme before
use as recommended in the TAGZyme System handbook.

2.7. IMAC on-column poly-histidine tag cleavage

A 1-ml HisTrapTM HP column, coupled to an AktaTM Explorer
automated chromatography controller, was equilibrated with 10
column volumes of the recovery buffer (20 mM NaH2PO4; 150 mM
NaCl, pH 7.0) at 1 ml/min. The purified protein sample was then
loaded onto the column at 1 ml/min. A wash was performed after
sample loading using the cleavage buffer. When the chromatogram
showed a baseline of zero UV absorbance at 280 nm, the post-load
wash was terminated. While the proteins remained adsorbed to the
resin, 1 ml of exopeptidase solution containing varying amounts of
total enzyme activity was fed into the column. The column was
then incubated for a defined period of time to allow on-column
poly-histidine tag removal to occur. At the end of the incubation
time, the column was washed with the recovery buffer to recover
the cleaved proteins and this process was followed by elution with
the IMAC elution buffer to recover any non-cleaved proteins still
adsorbed to the column. The column effluents from loading, wash-
ing, and elution phases were collected for further protein analyses.
The total protein concentration was measured by the Bradford
assay [20].

2.8. Binding strength of poly-histidine tagged proteins

The method used to evaluate the binding strength of HT6 and
HT15 was adopted from GE Healthcare Application Note [21] in
order to compare the result with that described in the literature.
An 1-ml HisTrapTM HP column was washed and equilibrated with
binding buffer (20 mM sodium phosphate, pH 7.4, 0.5 M NaCl) and
wash buffer (20 mM sodium phosphate, pH 7.4, 0.5 M NaCl, 20 mM
imidazole) respectively. A flowrate of 1 ml/min was used through-
out and a 0–100% linear gradient from the washing buffer to the
elution buffer (20 mM sodium phosphate, pH 7.4, 0.5 M NaCl, 0.5 M
imidazole) in 10 column volumes was used.

2.9. Enzymatic assay of DAPase

DAPase activity can be determined spectrophotometrically
by measuring the initial rate of hydrolysis of the chro-
mogenic substrate Gly-Phe-p-nitroanilide (Gly-Phe coupled to
para-nitroanilide) according to Planta and Gruber [22], who con-
cluded that the splitting of Gly-Phe-p-nitroanilide is a rapid,
sensitive, and convenient method for the estimation of cathepsin C
in their work. In an attempt to develop a standard operating pro-
cedure for the chromogenic DAPase activity assay, a method for
determination of the concentration of active DAPase in terms of
units/ml in DAPase enzyme stock solutions was employed in accor-
dance with that recommended by the enzyme supplier. One unit
is defined as the amount of enzyme required to convert 1 �mol of
substrate per minute under the described conditions. If the con-
centration of DAPase in the test sample is below or above the
limits set for this protocol, the dilution factor (40×) can be var-
ied by addition of smaller or larger volumes of the DAPase assay
buffer. The cysteamine in the DAPase assay buffer activated the
DAPase and further diluted (40× dilution) the test sample with the

substrate solution. This final mixture was then transferred to the
cuvette in the spectrophotometer for measurements at 405 nm.
The reading of adsorption for each 5-s interval was recorded for
60 s and the �A405/min calculated at the end of the measure-
ments.
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ig. 1. Theoretical structure prediction of the progress of dipeptide removal of a
orresponds to the peak numbers on the FPLC chromatogram shown in Fig. 2.

. Results and discussion

.1. Progress of poly-histidine tag cleavage

Poly-histidine tagged MBP was chosen as the model protein,
hich was obtained in a pure form from crude cell extracts using
acked bed IMAC purification [17]. The pooled elution fractions
rom the IMAC purification contained high concentrations and
omogeneity of MBP as analysed by SDS-PAGE. Prior to either the
atch or on-column exopeptidase cleavage experiments, dialysis
as performed against the cleavage buffer. This step was needed

o remove the imidazole from the elution fractions and any residual
ickel ions that may have leached from the IMAC column dur-

ng product elution. EDTA was also added to chelate any residual
ickel ions that might cause unwanted metal-catalysed oxidation
f the protein. In order to monitor the progress of poly-histidine
ag removal, it is essential to find reliable analytical methods that
an be used to detect the presence of poly-histidine tags of vari-

us lengths. Cation-exchange chromatography was chosen as the
ethod of analysis to confirm the stepwise release of dipeptides

ontaining positively charged histidine residues [8]. A TricornTM

ono STM 5/50 GL column was used in this work to develop a high-
esolution FPLC analysis. The aim of using the Mono STM cation

ig. 2. Chromatogram showing the generation of different species of intermediates durin
usion tag by DAPase. The numbering of each peak for each intermediate species

exchanger with the FPLC system was to quantify and accurately
monitor the stepwise cleavage of HT6-MBP to MBP, which was
helpful in the subsequent development of the new process.

Fig. 1 shows the structure prediction of a HT6 fusion tag, which
is made up of four dipeptides. As shown, the cleavage of a HT6
fusion tag by DAPase would result in the sequential loss of 4 positive
charges due to the removal of the dipeptide MH, the two HH, and the
HG dipeptides. This was confirmed by the chromatogram shown in
Fig. 2. There were four products that eluted earlier than HT6-MBP
generated sequentially during the reaction. The chromatograms
of native detagged MBP and uncleaved HT6-MBP proteins gave
retention conductivities at 49.0 mS/cm and 79.4 mS/cm respec-
tively when separated on the Mono STM 5/50 GL column. The 3
species of intermediates during the digestion process have reten-
tion conductivities of 52.4 mS/cm, 63.8 mS/cm, and 74.9 mS/cm.
Note that to generate a native MBP control standard, prolonged
batch digestions of hexa-histidine tagged MBP with DAPase were
performed. At the end of the batch digestions, N-terminal sequenc-

ing was performed on the assumed native MBP sample to confirm
the amino acid sequence that was present. A N-terminal sequence
of KIEEG was detected, which matched the expected sequence of
the N-terminal of native MBP. This native MBP sample was then
analysed by a Mono STM column, and the elution of the native

g the progress of poly-histidine tag removal from HT6-MBP by DAPase digestion.
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recovered during the product recovery step. The recovery frac-
tion contained only native detagged MBP as confirmed by the FPLC
analysis, indicating successful removal of the hexa-histidine fusion
tag from the originally tagged proteins. Nevertheless, not all of
ig. 3. The effect of incubation temperature of 23 ◦C and 37 ◦C on the time course of
he yield of MBP liberated HT6-MBP. 5 mg/ml HT6-MBP was digested with 300 mU
f DAPase enzyme in the batch mode. Yield of MBP was calculated using the area of
he MBP peak on the FPLC chromatogram as described previously.

BP peak occurred at exactly the same conductivity as peak 5 in
ig. 2. The result of the N-terminal sequencing of the cleaved protein
urther confirmed the precision of fusion tag cleavage by exopep-
idase DAPase. The results also showed that the Mono STM 5/50
L column can be used to provide sufficient resolution to sepa-

ate all the intermediate cleavage products so that chromatograms
an be analysed to estimate the amounts of the various histidine
agged proteins and the results obtained correlated to the theo-
etical cleavage mechanism. Hypothetical structure predictions of
ntermediate species during conversion of HT6-MBP to MBP using
APase digestion can be drawn to agree with each of the peaks
btained from the FPLC chromatograms.

In order to maximize the recovery of native detagged MBP,
urther experiments were performed to identify the optimal cleav-
ge conditions by varying the operating conditions such as the
peration temperature and initial enzyme concentration on the
ield of HT6-MBP conversion to MBP. Quantitative analyses to
etermine the yields of conversion were performed based on the
hromatograms produced by the UNICORN software provided with
he AKTA FPLC. The yield of a selected protein was calculated
ccording to the following equation:

ield (%) = Area of a selected peak
Sum of areas of all peaks

× 100%

.2. Effect of important system parameters

The effect of temperature on the batch cleavage of HT6-MBP
as analysed by digesting a 5 mg/ml solution of HT6-MBP with

00 mU DAPase. Fig. 3 shows the yield of HT6-MBP conversion to
BP with time when performed at 23 ◦C and 37 ◦C in the batch
ode. The activity of the DAPase enzyme was found to be stable at

oth temperatures. The conversion was more efficient when per-
ormed at 37 ◦C when compared to results obtained at 23 ◦C. After
h of digestion, the yield of MBP produced in the reaction incu-
ated at 37 ◦C was 74%. The yield was more than 50% lower when

ncubation occurred at 23 ◦C. The reaction was found to achieve 75%
onversion of HT6-MBP to MBP after 2 h incubation time at 37 ◦C.
n contrast, 7.5 h at 23 ◦C was needed in order to achieve a simi-
ar yield of MBP. This finding shows that the DAPase digestion of

T6-MBP in the batch mode is strongly dependent on temperature.

The effect of temperature on the on-column exopeptidase cleav-
ge of HT6-MBP was analysed by digesting 0.5 mg of HT6-MBP with
00 mU of DAPase. Fig. 4 shows the yield of HT6-MBP conversion
o MBP at various stages of the on-column exopeptidase cleavage
ogr. A 1217 (2010) 7749–7758 7753

reaction at 23 ◦C, 37 ◦C, and 45 ◦C. The on-column cleavage reactions
were found to occur at all three temperatures, with the on-column
cleavage reaction being most efficient at 37 ◦C. After 24 h of incu-
bation, the yield of MBP obtained at 37 ◦C was 77%. The yield was
about 32% lower when the on-column cleavage reaction was carried
out at 23 ◦C, with a recovery of only 45%. In an attempt to further
increase both the product yield and the efficiency of the on-column
cleavage by DAPase, an incubation temperature at 45 ◦C was also
examined. As shown in Fig. 4, increasing the temperature to 45 ◦C
seemed to have a detrimental effect on the product yield. Compar-
ing the on-column cleavage reactions at 37 and 45 ◦C, raising the
temperature up to 45 ◦C proved to be unfavourable for the process.

The results show that the on-column cleavage reaction is
also strongly dependent on temperature. The trend for the on-
column cleavage results seem to reflect that observed with the
batch digestion experiments. This observation is in accordance
with information provided by other suppliers of commercially
available endopeptidases, which are usually reported to have a
maximum temperature of operation at 37 ◦C when used in the
soluble form. In order to verify the effect of temperature on the
activity of DAPase itself, enzymatic assays were performed at the
batch operation temperatures. Samples were activated and assayed
in reaction buffer complemented with chromogenic pNA-labeled
peptide substrate as described under Section 2. The activity for
the sample held at 23 ◦C was found to have a relative activity of
58% compared to that at 37 ◦C (100%). Consequently, the trends
observed in the on-column experiments are most likely due to
the variation in enzymatic activity of DAPase in response to the
change in temperature, in a similar manner to that observed in
the temperature-variation experiments on the batch cleavage of
HT6-MBP by DAPase shown in Fig. 3. In fact, the same temperature
dependence for the hydrolysis of HT6 tag and the chromogenic sub-
strate used in the enzymatic assays was observed for the hydrolysis
of another fusion tag, HT15, described in later sections. Lastly, the
diffusivity of DAPase probably increased with a rise in temperature
to a certain extent, which might also have helped to enhance the
yield of the on-column exopeptidase cleavage reactions.

The effect of the amount of added DAPase on the yield of
detagged products from HT6-MBP was investigated by varying the
amount of DAPase used in the on-column exopeptidase cleavage
experiments over a wide range from 0 mU to 1000 mU. Adsorptive
detagging of 0.5 mg of HT6-MBP was performed at the optimum
temperature of 37 ◦C. As shown in Fig. 5, most of the MBP was
Fig. 4. The effect of temperature on the on-column exopeptidase cleavage reac-
tion yield; on-column cleavage buffer contained 50 mM imidazole, 0.5 mg HT6-MBP
loading, 200 mU of DAPase, 24-h incubation.
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ig. 5. The effect of the amount of DAPase activity used on the on-column cleavage
eaction yield; on-column cleavage buffer contained 50 mM imidazole, 0.5 mg HT6-
BP loading, 37 ◦C, 24-h incubation.

he adsorbed HT6-MBP was detagged after the on-column incu-
ation as shown by varying amounts of various tagged proteins
eing found subsequently in the elution fractions eluted by the

MAC Elution buffer containing 0.5 M of imidazole. This could be
ue to limitations in the rate of diffusion of DAPase limiting its
ccess to the cleavage sites of protein molecules that are adsorbed
ithin the adsorbent matrix in a way that obscures the cleavage

ites. In contrary to expectations, however, a higher cleavage yield
as not observed with an increase in DAPase activity from 200 mU

o 1000 mU. After 24 h of incubation, the percentage yields of MBP
id not increase significantly in experiments where the enzyme
oncentration was greater than 200 mU; the on-column cleavage
eactions achieved yields of 78% and 79% for additions of 200 mU
nd 1000 mU of DAPase respectively.

The results suggest that the amount of exopeptidase was not
ontrolling the rate of the on-column cleavage reactions when
resent above an enzyme activity of 200 mU. This corresponds
o the earlier deduction that as all cleavage reactions appeared
o reach equilibrium after 24 h of incubation, there existed a

aximum percentage of poly-histidine tagged MBP available for
eaction. It is possible that at a DAPase activity of 200 mU, the avail-
ble sites on the tagged protein for enzyme catalysis were fully
ccupied by enzyme molecules. Increasing the amount of enzyme
eyond 200 mU could do nothing to overcome the steric hindrance
xperienced by the remaining tagged proteins that were probably
n an unfavourable configuration for enzymatic cleavage.

.3. The effects of different poly-histidine tag design

The particular amino acid sequence of a poly-histidine fusion
ag as a result of the nucleotide sequence designed to encode it
an have a great impact on the overall performance of the result-
ng construct during expression, post-translational processing, and
ag removal [8]. The detagging characteristics of HT6 and HT15
onstructs were compared in order to provide some underlying
rinciples for designing poly-histidine tags. HT6 and HT15 are both
oly-histidine tags containing six histidines, where HT6 has an N-
erminal Met residue followed by six His residues and a Gly residue
sequence of HT6: MHHHHHHG) and HT15 has other amino acid
esidues inserted between its six histidine residues (sequence of
T15: MKHQHQHQHQHQHQ). The HT6 fusion tag that has been
sed so far in this work represents the commonly used hexa-

istidine tag sequence described in the literature. Both constructs
ave a natural stop point in the tag sequence frame for DAPase
nzyme. In addition, both constructs have an even number of amino
cid residues in the tag, which means the complete removal of the
usion tags can be performed by DAPase digestion alone.
ogr. A 1217 (2010) 7749–7758

As before, a TricornTM Mono STM 5/50 GL column was used
to develop a high-resolution FPLC analysis to follow the progress
of DAPase digestion of HT15-MBP to MBP. As shown in Fig. 6, it
was assumed that the DAPase cleavage of HT15 tagged protein
would result in the sequential loss of 7 positive charges due to
the removal of each of the 7 dipeptides. Consequently, 8 species
would be separated during the progress of the stepwise digestion
over time. The chromatograms in Fig. 7(a)–(c) were taken from a
batch cleavage experiment in which 0.8 ml of 2 mg/ml of HT15-MBP
was digested with 500 mU of DAPase and incubated at 37 ◦C for
0 min, 10 min or 60 min respectively. Indeed, the cleavage of HT15-
MBP by DAPase resulted in the sequential loss of 7 positive charges
due to the removal of the dipeptide MK and the six HQ dipep-
tides as confirmed by the chromatograms shown in Fig. 7(a)–(c).
There were seven products that eluted earlier than HT15-MBP
which were generated sequentially during the reaction. The 6
species of intermediates detected during a typical DAPase digestion
process have retention conductivities of 53.1 mS/cm, 57.5 mS/cm,
59.5 mS/cm, 61.4 mS/cm, 64.6 mS/cm, and 68.0 mS/cm. The reten-
tion conductivities of native MBP and HT15-MBP were 49.1 mS/cm
and 70.3 mS/cm respectively when separated on the Mono STM 5/50
GL column. Note that the native detagged MBP products produced
from both variants of poly-histidine tagged MBP saw the elution of
the detagged target protein at a conductivity of 49 mS/cm, while
the uncleaved form of HT6-MBP had a higher elution conductivity
than its HT15 counterpart (79 mS/cm and 70 mS/cm respectively).
This further confirmed the validity of this method of analysis and
also showed that the difference in binding strength for the two dif-
ferent tag variants to the cationic exchange resin used. The results
showed that the tag cleavage of HT15-MBP to MBP was indeed a
time dependent reaction and DAPase provided the expected pre-
cise tag cleavage. This was in agreement with results obtained with
a different N-terminal poly-histidine tag fused to different recom-
binant proteins but in which the same DAPase TAGZyme system
was used [12].

It is important to take into consideration the rate of tag
removal when designing poly-histidine tags. In order to compare
the cleavage efficiency for HT6 and HT15, batch digestions were
carried out at 37 ◦C with 50 mU of DAPase. As shown in Fig. 8,
the yields of native MBP over 240 min of incubation time were
plotted for HT6-MBP and HT15-MBP. The results show that HT15-
MBP out-performed HT6-MBP in terms of cleavage efficiency, and
when HT15-MBP was employed nearly complete tag removal was
achieved after only 2 h of batch digestion. Based on these results,
although the HT15 tag is longer and thus requires the cleavage of
more dipeptides, it appears that this construct shows a superior
cleavage efficiency and higher yield of detagged protein compared
to the use of the HT6 tag. This is in accord with previous observa-
tions in which the tag cleavage rate was found to be independent of
tag length [12]. Likewise, in studies of the stepwise release of dipep-
tides by DAPase it was found that the constitute dipeptides of HT6
and HT15, namely Met-His, His-His, His-Gly, Met-Lys, and His-Gln,
were all excellent substrates for the enzyme DAPase [8]. During
the conversion of HT6-MBP and HT15-MBP to MBP, the reactions
have been shown previously to involve the sequential loss of four
(Met-His, 2 × His-His, and His-Gly) and seven dipeptides (Met-Lys
and 6 × His-Gln) respectively. Consequently, based on these num-
bers of dipeptides that need to be removed, the results in this work
further suggest that the rate of cleavage of the types of dipeptides
present in a HT15 tag is higher than those present in a HT6 tag. Per-
haps the positioning of certain dipeptides in the HT6 tag make it

relatively slower to cleave when compared with other longer tags.
It has been shown that despite the fact that Gly-His is generally
thought of as being an excellent DAPase substrate, the incorpo-
ration of Gly-His as the penultimate C-terminal dipeptide in tags
fused to hTNFa resulted in a markedly decreased cleavage rate [8].
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ig. 6. Theoretical structure prediction of the progress of dipeptide removal of a
orresponds to the peak numbers on the FPLC chromatogram shown in Fig. 7.

.4. Effect of HT15 fusion tag on adsorptive detagging by DAPase

The binding strength of poly-histidine tagged proteins to IMAC
dsorbents has an indirect impact on the purification performance
f the fusion protein. This is due to the fact that the higher the
inding strength, the higher the imidazole concentration that can
e added the binding and wash buffers as it is desirable to maintain
s high an imidazole concentration as possible in the binding and
ash buffers in order to prevent non-specific binding and thereby

ncrease product purity. In order to determine the relative binding
trengths of HT6 and HT15 tagged proteins, the percentages of the
lution buffer needed in the gradient elution to elute HT6-MBP and
T15-MBP were determined as illustrated in the chromatograms in

ig. 9(a) and (b). The higher the percentage of elution buffer needed
o achieve elution indicated the stronger the binding strength of
he poly-histidine fusion tag. In previous studies which have also
sed MBP as a model protein under similar experimental condi-
ions, it has been found that whether the poly-histidine fusion tag is
fusion tag by DAPase. The numbering of each peak for each intermediate species

located on the N-terminal or C-terminal of the protein does indeed
affect the strength with which the fusion protein binds to the IMAC
adsorbent [21]. As shown in Fig. 9(a) and (b), the amount of imi-
dazole needed in the elution buffer to elute the MBP tagged with
HT6 and HT15 fusion tags were 364 mM and 299 mM respectively.
This shows that HT15 has a lower binding strength to IMAC than
HT6 despite both tags contain 6 histidine residues. As mentioned
earlier, HT15 has a lower elution conductivity (70 mS/cm) than HT6
(79 mS/cm) when separated by the Mono STM cationic exchanger,
suggesting that HT15 is less positive than HT6. Both results can
be attributed to the insertion of the glutamine (Q) residues, which
have a neutral charge, in the HT15 sequence between the posi-
tively charged histidine residues. The inclusion of the glutamine

residues in the hexa-histidine tag decreases the effect of the his-
tidine residues in terms of both the metal-binding ability and the
overall positive charge as shown by the relative binding strength of
HT15 to nickel ions being lower and the earlier elution of HT15 in
the cationic exchange separation. As a result, during the purification
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Fig. 7. Chromatograms showing the generation of different species of intermediates during the progress of poly-histidine tag removal from HT15-MBP by DAPase digestion.
(a) Chromatogram recorded at the start, time 0 min of batch digestion. (b) Chromatogram recorded after 10 min of batch digestion and (c) chromatogram recorded after
60 min of batch digestion.
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ig. 8. The effect of tag design on the time course of the yield of MBP. HT6-MBP
nd HT15-MBP were digested with 50 mU of DAPase enzyme in the batch mode
t 37 ◦C. Yield of MBP was calculated using the area of the MBP peak on the FPLC
hromatograms.

f HT6 tagged fusion proteins, a higher imidazole concentration can
e used in the binding and wash buffers to prevent non-specific
inding, which might result in higher product purity. It follows then
hat in terms of purification performance, HT6 can be a preferred
usion tag than HT15.
The effect of incubation time on the percentage yield of native
etagged MBP for the on-column exopeptidase cleavage of HT6-
BP and HT15-MBP was then investigated. Fig. 10 shows that the

n-column cleavage reaction was more efficient when the HT15

ig. 9. (a) The elution profile of HT6-MBP and (b) the elution profile of HT15-MBP.
he higher percentage elution buffer (B) needed for elution the stronger binding of
he fusion tag.
Fig. 10. The effect of incubation time on the percentage yield of native detagged MBP
for on-column exopeptidase cleavage experiments using HT6-MBP and HT15-MBP;
on-column cleavage buffer contained 50 mM imidazole, 0.5 mg of protein loading,
200 mU of DAPase, 37 ◦C.

fusion tag was used, as the yield of native detagged MBP was higher
for the on-column removal of the HT15 tag throughout the range of
test incubation time. On-column cleavage of HT15-MBP by DAPase
reached 77% (93% of the equilibrium yield) after 12 h; a comparable
yield of 77%, was achieved for the on-column cleavage experiment
using HT6-MBP only after 24 h of incubation. It was previously
found that by increasing the period of the on-column cleavage
reaction under the same conditions up to 50 or 97 h for HT6-
MBP did not increase the yield of detagged MBP compared to that
achieved with 24-h incubation [17]. These results suggested that an
incubation period of 24 h was sufficient for the on-column cleav-
age experiments to reach equilibrium for HT6-MBP. The results of
the on-column cleavage experiments are in accordance with those
observed during batch mode of cleavage, in which a HT15 tag was
also found to be more efficiently removed than an HT6 tag. Based
on these results, an incubation period of 12 h should be used for the
on-column cleavage of HT15-MBP by DAPase in future experiments
as this seems to be the optimum time. Furthermore, the use of an
HT15 fusion tag should be chosen preferentially over a HT6 fusion
tag for adsorptive detagging by DAPase as it effectively shortens
the on-column incubation time required to achieve a comparable
yield to the equilibrium value of native detagged MBP.

4. Further discussion

Therapeutic application of recombinant fusion tagged proteins
requires the protein to meet stringent requirements of struc-
tural integrity and purity. Furthermore, large-scale manufacturing
of these recombinant proteins would need the factors affecting
production cost, namely purification, fusion tag removal, and con-
taminant clearance, be well characterized. Emphasis of this work
is given to the development of the column-based detagging pro-
cess in combination with an exopeptidase system and strategies
for increasing the process yield. The proposed method allows pro-
tein product with authentic, native N-terminal to be recovered.
In addition, the column-based exopeptidase detagging technique
described in this work provides an alternative to conventional
batch enzymatic digestion in an attempt to reduce processing steps
and improve overall operation economics. For process scale opera-
tions, the on-column exopeptidase cleavage method is preferred to

the batch strategy because the isolation of the native detagged pro-
teins can be achieved in a single chromatographic step. Even with
an exopeptidase such as DAPase, digestion can occur on the col-
umn as long as adequate degree of dynamic binding is maintained
and the accessibility to the cleavage site is not blocked or hindered.
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his can allow the purification, on-column exopeptidase cleavage,
nd product recovery to be carried out in one-column step, effec-
ively reducing the number of processing steps and minimizing the
oss of protein during the multiple change-overs necessary in the
onventional batch method.

Nevertheless, in comparison to another case of on-column
leavage but with an endopeptidase [14], longer incubation peri-
ds and higher temperature were required to achieve the same
egree of product yield in the exopeptidase cleavage experi-
ents described here. 200 U of AcTEV Protease, a hexa-histidine

agged endopeptidase, was used to cleave the tagged target protein
dsorbed on-column with an incubation period of 8 h [14]. Consid-
ring that both works involved the use of hexa-histidine tagged
nzymes and that the earlier results of batch digestion in the lit-
rature showed that exopeptidase cleavage by DAPase was indeed
ore efficient than endopeptidase cleavage in the batch mode [9],

t seemed that in terms of the two obstacles to on-column exopep-
idase cleavage identified earlier, limited molecular diffusion of the
agged proteases to their targets was the easier barrier to overcome.
t follows that it is more difficult to achieve frequent exposure of
he N-terminus of the tagged MBP to the exopeptidase in order
o enhance the rate of peptide cleavage and shorten the period of
n-column incubation required. As a result, the rate limiting step
f the on-column exopeptidase cleavage can be identified to be
he frequency of the reversible, on-off binding of the tagged target
rotein to the IMAC adsorbent, a property that can be enhanced
y optimising the fusion tag sequence or by increasing the imida-
ole concentration. Experiments comparing the cleavage yield and
fficiency for the on-column exopeptidase cleavage of different tag
ariants by DAPase in Section 3.4 can help elucidate the rate limit-
ng factor to a certain extent. Since the HT15 fusion tag was found to
ave a lower binding strength to the IMAC adsorbent than the HT6

usion tag, it is expected that the cleavage yield and efficiency for its
n-column exopeptidase cleavage will be higher than that of HT6
nder the same conditions due to the less strongly bound HT15-
agged protein being more frequently desorbed. Although the fact
hat the HT15 fusion tag contains dipeptides that are more read-
ly removed should also be taken into account, the results of this
xperiment partially corroborate the identification of the afore-
entioned rate-limiting step. Future attempts to further improve

he productivity of the adsorptive detagging method can involve
ncreasing the frequency of desorption of the tagged target protein
y further optimising the fusion tag design or the on-column cleav-
ge conditions, both of which aiming to improve the dynamics of
inding to the adsorbent and the intrinsic kinetics of the cleavage
eaction.

. Conclusions

When more purification steps than are really needed and pro-
ess inefficiencies occur in a downstream purification process, an
lternative approach is to use poly-histidine fusion tags. This might

idestep the design of the support matrix, affinity ligand or coupling
hemistry as well as the need of studying the biomolecule prop-
rties to be purified. In fact, the design of affinity fusion tags can
nable the maximization of both upstream product expression level
nd downstream productivity and recovery as a single entity. The

[

[
[
[
[
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results demonstrate that successful batch and adsorptive detag-
ging of MBP constructed with two different poly-histidine fusion
tags using DAPase can be achieved. The ability of poly-histidine
tagged DAPase to digest its tagged protein substrates appeared
to be significantly affected by the presence of the latter’s binding
interactions with the affinity matrix when compared to the batch
mode of digestion. When cationic exchange chromatography was
used to monitor the progress of poly-histidine tag removal, species
with different elution conductivities were isolated, which were all
in agreement with the structure prediction of their corresponding
N-terminal sequences. Temperatures that were effective for batch
digestion of poly-histidine tagged MBP also achieved high yields
during the adsorptive detagging experiments. The results also sug-
gest that the amount of enzyme present was not controlling the
rate of the adsorptive detagging reactions above an enzyme activ-
ity of 200 mU used per milliliter of adsorbent. The influence of
fusion tag design was found to be substantial on the batch diges-
tion yield and efficiency. The chosen tag design was used effectively
in shortening the on-column incubation time required to achieve
the equilibrium yield of native detagged MBP. Finally, the differ-
ence in the composition of fusion tags affects the binding strength
of the fusion protein, which can have an impact on the purifica-
tion performance. The results presented in this paper can improve
the commercial adoption of IMAC technology for the production of
recombinant proteins as well as the synchronization of upstream
and downstream bioprocess design to facilitate the development
of a productive platform process.
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