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ABSTRACT. Nowadays, protein purification by the aid of affinity tags can 
be carried out with high speed and efficiency. However, in several cases, 
affinity tags can significantly alter the key properties of enzymes, especially 
activity and/or thermostability. 

This study focused on the purification of the non-tagged phenylalanine 
ammonia-lyase from Petroselinum crispum (PcPAL), as well as on the 
purification of the TEV (Tobacco Etch Virus) protease, the molecular scissors 
used to remove the affinity tag from the recombinantly expressed PcPAL. 
Removal of the 6xHis-tag led to a 1.5-fold increase in the specific activity of 
PcPAL, while the absence of the affinity tag did not significantly alter the 
thermostability of the protein. The purity and oligomerization state of the 
proteins of interest were also analyzed by size exclusion chromatography, 
both before and after the removal of the affinity tag, confirming the stability 
of the tetrameric fold of PcPAL. 
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INTRODUCTION 
 
The isolation and purification of recombinant proteins has never been 

easier than after the discovery of the various affinity labels, developed by the 
collaboration of genetic and protein engineering. Tagging the protein of interest 
mainly consists of insertion–at one of the two ends of the corresponding open 
reading frame–of the specific codons encoding the future amino acid label. 
A wide variety of affinity tags has been developed, with different functions/ 
roles and of variable lengths, such as MBP, GST, FLAG or His-tag, with either 
N- or C-terminal positioning [1-5], demonstrating their importance in the field 
of recombinant protein technologies. 

Beyond their high importance in the purification procedures of 
recombinant proteins, tags might serve further goals. For example, artificial 
polypeptide tags have been shown to convey specific influence on solubility 
[2,6,7], stability and thermostability [8-10], expression yields, folding of the 
proteins, enzyme activity [10-12], as well as on protein-protein interactions, 
and protein crystallization processes [11,13,14]. 

Among the multitude of available affinity tags, the most widely known 
and employed one is the polyhistidine affinity tag, consisting of a sequence 
of 5-10 histidines (most often hexa- or deca-histidine (6xHis- or 10xHis-tag, 
respectively)) [10,13,15]. In the purification process, after the cell lysis step, 
the tagged protein is purified by the metal affinity chromatography method 
(IMAC), using a column filled with agarose support, modified with nitrilotriacetic 
acid function at the surface, which allows the formation of coordinative bonds 
with metal ions (Fe2+, Co2+, Ni2+, Cu2+, Zn 2+). The imidazole moieties of the 
histidines in the His-tag further coordinate the immobilized metal ions [15-18]. 
While the binding efficiency is high, especially at neutral pH, the fused proteins 
can be smoothly eluted by imidazole solutions of elevated concentrations 
[18,19]. Besides ensuring a high purification yield, the 6(10)xHis-label also 
excels in its small size (~2.5 kDa), low toxicity, and the ability to function both 
as acid and as base through its nucleophilic imidazole moieties. Furthermore, 
specific anti-His antibodies are available, allowing immunodetection techniques 
[20], flow cytometry (FCM) [21], and tracking the expression and even the 
cellular localization of the His-tagged proteins [22].  

However, several studies revealed disadvantages associated with 
the use of affinity labels. Considering strictly the 6xHis-tag, some key 
properties (activity and thermostability) of the enzyme of interest have been 
altered or even enzyme inactivation occurred [6,10]. As an example, in the 
case of β-lactamase and MtDapB enzymes, the His-tagged proteins have Tm 
values with 2-3 °C higher than those of the corresponding non-tagged 
variants [8]. Furthermore, it was found that besides the presence/absence of 
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the His-tag, the composition of the buffer solution can also influence experiment 
reproducibility and enzyme specific activity, due to conformational changes, 
having importance because in several cases the activity measurements of 
the tagged/non-tagged enzymes have been performed in different buffer 
systems [23-25]. For some corn-derived proteins, the release/detachment of 
the His-tag led to protein aggregation and reduced solubility. In this case, 
attaching the His-tag to a solubilization label (TDX) greatly improved the 
solubility and expression level of the protein in question [26]. 

In the case of proteins of thermophilic origin, the effect of the label is 
even more interesting: while at first sight the difference in Tm (only 1-2 °C) 
between the tagged and non-tagged protein was not noticeable, within the 
enzyme refolding process the label seemed to destabilize protein refolding, 
with practically no observable refolding transition. Not only the reversibility of 
thermal unfolding was drastically affected, but also the specific activity of the 
enzyme, which decreased significantly, by 17-fold [9]. 

His-tags may influence the crystallization of proteins. Although 
successful crystallizations of His-tagged proteins were widely reported [27,28], 
the inducibility of octopine dehydrogenase crystallization changed as a function 
of the length of the His-tag [28]. In other studies, protein crystallization failed in 
the presence of affinity tags [13,14]. In the case of phenylalanine ammonia-
lyases, direct comparison of the enzyme, with and without its His-tag, has not 
been performed until now, although in the last decade most of the different 
PALs have been recombinantly expressed with an affinity tag. Recently, the 
non-tagged PcPAL variants showed increased crystallization ability [29]. 

To obtain non-tagged recombinant proteins–best approaching the native 
protein sequence–the removal of affinity tags through enzymatic cleavage 
involving a TEV (Tobacco Etch Virus) protease is mostly employed [2,30]. 

The TEV protease (EC 3.4.22.44) is an extensively studied enzyme, 
used in the purification process of affinity-tagged proteins [30,31], due to its 
ubiquity, leading to the expansion of its application in the field of biotechnology 
(protease therapeutics, in vitro enzymology tests, spectrometry-based 
proteomics, in vivo targeting etc.) [32-35]. To avoid the drawback of its limited 
solubility, the TEV protease can be co-expressed with an MBP (maltose-binding 
protein) affinity tag [2,36]. This ~ 29 kDa protease (NIa – nuclear-inclusion-a 
endopeptidase) utilizing the His46-Asp81-Cys151 catalytic triad [7,37] has a 
particular selectivity for cleaving at the sequence [ENLYFQ(G/S)], to perform the 
endoproteolytic cleavage between the Q-G or Q-S amino acid residues [7,38]. 
Unfortunately, TEV protease is also difficult to isolate, therefore numerous 
mutations aimed to increase the solubility of the protein and, importantly, to stop 
the autolysis during purification. The best performing variant, in terms of 
autolysis prevention, is mutant S219V [7,37bc, 39]. 
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Within this study, we focused on the use of the TEV protease for 
removing the affinity tag of phenylalanine ammonia-lyase from Petroselinum 
crispum (PcPAL), to obtain the non-tagged, recombinant PcPAL for comparison 
to its His-tagged variants. A further goal was to employ the optimized purification 
protocol of the non-tagged PcPAL for the purification/characterization of several 
mutant PcPAL variants with high biocatalytic usefulness. PcPAL belongs to 
the MIO-dependent aromatic ammonia-lyase enzyme family, which catalyze 
the non-oxidative ammonia elimination from aromatic amino acids to the 
corresponding α,β-unsaturated acids and/or the reverse ammonia addition 
to trans-cinnamic acid derivatives, to form L-phenylalanine analogues [40]. 
Among the most studied PALs, PcPAL is known to accept a wide range of 
substrates, while rational/semi-rational protein engineering further extended 
its substrate scope [27,41]. The engineered PALs provide biotechnologies 
leading to important building blocks for the pharmaceutical industry 
[42,43,44]. Furthermore, the optimized His-tag removal procedure can be 
further applied to the purification of other MIO enzymes, from different 
organisms (AtPAL, RtPAL, AvPAL, KkPAL, RxPAL, TcPAM, PaPAM, PfPAM) 
[19,41], as well as to other enzymes, such as lipases or decarboxylases 
(ScFDC1) [45], subjects of interest within our current research topics. 

 
 

RESULTS AND DISCUSSION 
 
1. Expression and purification of the hexahistidine-tagged, wild-
type and mutant PcPAL variants, followed by His-tag removal 
 
While the purification of recombinant enzymes is highly facilitated by 

the presence of His-tags–generally derived from the expression vector–, 
their attachment often requires an additional linker sequence of 6-12 amino 
acids. Thus, the presence of the His-tag and linker might alter enzyme 
activity/stability or crystallization ability [2,6-12]. 

The genetic construct used for the purification of the recombinant 
PcPAL is represented by the pET15b-PcPAL expression plasmid (Figure 1), 
which, after IPTG-induced expression in corresponding Escherichia coli  
(E. coli) pET15b-PcPAL hosts, provided a 741 amino acid, recombinant 
PcPAL, an N-terminal 6xHis affinity tag (highlighted in green), and the 
[ENLYFQG] TEV-protease recognition site. The N-terminal sequence additional 
to the original ORF (open reading frame) of PcPAL totals 25 amino acid 
residues.  
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MGSSHHHHHHSSGRENLYFQGHMASMENGNGAT
TNGHVNGNGMDFCMKTEDPLYWGIAAEAMTGSHL
DEVKKMVAEYRKPVVKLGGETLTISQVAAISARDGS
GVTVELSEAARAGVKASSDWVMDSMNKGTDSYGV
TTGFGATSHRRTKQGGALQKELIRFLNAGIFGNGSD
NTLPHSATRAAMLVRINTLLQGYSGIRFEILEAITKFL
NQNITPCLPLRGTITASGDLVPLSYIAGLLTGRPNSK
AVGPTGVILSPEEAFKLAGVEGGFFELQPKEGLALV
NGTAVGSGMASMVLFEANILAVLAEVMSAIFAEVM
QGKPEFTDHLTHKLKHHPGQIEAAAIMEHILDGSAY
VKAAQKLHEMDPLQKPKQDRYALRTSPQWLGPQIE
VIRSSTKMIEREINSVNDNPLIDVSRNKAIHGGNFQG
TPIGVSMDNTRLAIAAIGKLMFAQFSELVNDFYNNG
LPSNLSGGRNPSLDYGFKGAEIAMASYCSELQFLA
NPVTNHVQSAEQHNQDVNSLGLISSRKTSEAVEILK
LMSTTFLVGLCQAIDLRHLEENLKSTVKNTVSSVAK
RVLTMGVNGELHPSRFCEKDLLRVVDREYIFAYIDD
PCSATYPLMQKLRQTLVEHALKNGDNERNLSTSIFQ
KIATFEDELKALLPKEVESARAALESGNPAIPNRIEE
CRSYPLYKFVRKELGTEYLTGEKVTSPGEEFEKVFI
AMSKGEIIDPLLESLESWNGAPLPIS 

 
 

Figure 1. a) Plasmid map of the pET15b-PcPAL construct, with the PcPAL encoding 
gene highlighted in green, positioned between restriction sites NdeI and SacI. 
b) The encoded translation/protein sequence, including, besides the original 
sequence (blue), the additional 25 amino acid N-terminal sequence, comprising 
the 6xHis-tag (green), the TEV cleavage site (red) and linker sequences. 

 
 
 
Following our optimized expression and isolation procedure of the 

His-tagged PALs [19,29], the PcPAL containing the removable His-tag was 
successfully obtained (Figure 2), with the highest protein amount eluting from 
the Ni-NTA affinity column with the 200 mM imidazole solution (Figure 2b, 
lane 2). At this imidazole concentration, besides the main target protein, two 
additional proteins of ~15 and 10 kDa were also eluted. Therefore, after a 
4-fold concentration step, an additional purification step has been performed 
by size-exclusion chromatography (SEC), using a Superdex 200 10/300 GL 
column. 

Finally, the solutions containing the affinity tagged PcPAL in high 
purity–the SEC purified fraction, and the fractions eluted with 300 mM and 
400 mM imidazole solutions (Figure 2b, lanes 3, 4)–were dialyzed and further 
subjected to the 6xHis label removal process. 
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Figure 2a. SDS-PAGE analysis of samples 
from the purification steps of the affinity-
tagged PcPAL. 1 – cells before induction, 
2 – cells after induction, 3 – supernatant 
from the cellular lysis step, 4 – flow 
through – Ni-NTA purification step, 5 – first 
washing step with low salt solution, 6 – 
washing step with high salt solution, 7 – 
second washing step with low salt 
solution, 8 – fr. 20 mM imidazole, 9 – 
molecular weight marker. 

 
Figure 2b. SDS-PAGE analysis of 
samples from the optimization of the 
purification steps of affinity-tagged 
PcPAL. 1 – fr. 50 mM imidazole, 2 – 
80 kDa fr. 200 mM imidazole, 3 – fr. 
300 mM imidazole, 4 – fr. 400 mM 
imidazole, 5 – fr. 500 mM imidazole, 
6 – fr. 1 M imidazole, 7 – molecular 
weight marker. 
 
fr.=fraction eluted with 

 
 

2. Expression and purification of the S219V TEV protease 
 
For the expression of the stable S219V TEV protease variant, the 

recombinant pRK793 MBP–TEV S219V plasmid construct has been 
employed (Figure 3) [37c]. The construct encodes for the maltose-binding 
protein (MBP) as fusion protein (shown in black), located at the N-terminal 
part, followed by the TEV-protease cleavage sequence, ENLYFQG, which 
allows the removal of the MBP fusion-tag by self-cleavage, thus providing the 
TEV protease (shown in red) with an N-terminal 6xHis-tag [1,7,38], that enables 
its facile purification by immobilized metal ion affinity chromatography (Ni-
NTA). 

It is important to point out that the mutant S219V TEV protease variant 
is optimized for a much higher self-cleavage stability. While the GHKVFMS 
sequence is considered as a “secondary” recognition site for cleavage, 
replacing the serine (S) residue from position 219 with valine (V) reduces the 
cleavage efficiency at this site [7,9,37bc,39]. 
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MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDK
LEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKA
FQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKT
WEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSI
AEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQ
PSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKD
KPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSA
FWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNN
NLGIEGRGENLYFQGHHHHHHGESLFKGPRDYNPISSTICHL
TNESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVF
KVKNTTTLQQHLIDGRDMIIIRMPKDFPPFPQKLKFREPQREE
RICLVTTNFQTKSMSSMVSDTSCTFPSSDGIFWKHWIQTKDG
QCGSPLVSTRDGFIVGIHSASNFTNTNNYFTSVPKNFMELLT
NQEAQQWVSGWRLNADSVLWGGHKVFMVKPEEPFQPVKE
ATQLMNRRRR 

 
Figure 3. a) Plasmid map of the pRK793 MBP–TEV S219V construct. (Addgene 
plasmid # 8827) [37c]. b) The translated sequence encoding the MBP (black)-
fused, 6xHis-tagged (green) TEV protease, which, upon self-cleavage at the 
ENLYFQ (red) site provides the non-fused, 6xHis-tagged S219V TEV protease. 
The amino acids of the His-Asp-Cys catalytic triad (blue) and V219 (brown) 
are also highlighted. 

 
 
 

According to previous reports, the autocleavage occurs between M218 
and S219 of the GHKVFMS secondary recognition sequence, resulting, 
besides the ~ 29 kDa full-length and active TEV protease, an additional, 25 kDa 
inactive, truncated variant [7,37,38]. Furthermore, several studies pointed  
out the difficulty to isolate the TEV-protease in intact and unprecipitated/non-
aggregated form. Finding the optimal salt concentration, pH, and purification 
temperature to prevent aggregation, are crucial and govern the solubility of the 
recombinantly expressed/purified S219V TEV variant. 

Within our expression and isolation protocol, the removal of MBP  
(~42 kDa) was achieved using washing solutions of different imidazole content 
(0-400 mM) (Figure 4), while the targeted TEV protease (molecular weight of 
~29 kDa) has been successfully eluted under higher imidazole concentrations 
(500-1000 mM), with >90% purity (Figure 4b, lanes 5, 6). Fractions 4, 5, and 6 
were combined and dialyzed, obtaining the purified, 6xHis-tagged TEV-protease 
(Figure 4b, lane 9). The reported conditions, related to the optimal protein 
concentration (< 1.7 mg/ml) and storage at - 80 °C, with 50% glycerol [37c], 
were precisely respected to avoid enzyme precipitation and, implicitly, self-
digestion.  
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Figure 4a. Polyacrylamide gel (10%) 
containing samples from the purification 
steps of TEV S219V. 1 – cells before 
induction, 2 – cells after induction, 3 – 
supernatant from the cellular lysis step. 
Ni-NTA purification procedure: 4 – flow 
through, 5 – washing step with low salt 
solution, 6 – washing step with high 
salt solution, 7 – washing step with low 
salt solution, 8 – fr. 20 mM imidazole, 
9 – fr. 400 mM imidazole. 

 

Figure 4b. Polyacrylamide gel (12%) 
containing samples from the purification 
steps of TEV S219V. 1 – fr. 100 mM 
imidazole, 2 – fr. 200 mM imidazole, 3 – 
fr. 300 mM imidazole, 4 – fr. 400 mM 
imidazole, 5 – fr. 500 mM imidazole, 6 – 
fr. 1 M imidazole, 7 – molecular weight 
marker, 8 – the mixture of samples 4, 5 
and 6 before dialysis, 9 – sample 8 after 
dialysis. 
 
fr.= fraction eluted with 

 
3. Removal of the 6xHis affinity tag of PcPALs through digestion 
with S219V-TEV protease 
 

Obtaining a relatively large amount of the desired protein without His-
tag, with high purity and maintained level of activity is challenging. Initially, 
the digestion reaction of the affinity-tagged wild-type PcPAL was optimized 
regarding the cleavage temperature, by comparing the efficiency of the TEV-
protease mediated digestions performed at 4 °C or 25 °C, at pH 8.0. It was 
observed that removal of the 6xHis-tag was achieved almost quantitatively 
at 4 °C, where the majority of the wt-PcPAL (>80%) eluted from the column 
within the flow-through fraction (Figure 5a, lane 5), supporting the loss of the 
affinity tag, while the 6xHis-tagged TEV enzyme and a smaller fraction of the 
non-cleaved, affinity tagged PcPAL remained bound to the Ni-NTA resin, 
being eluted with 200 mM imidazole solution (Figure 5a, lane 6). Performing 
the cleavage at 25 °C was less efficient, the ratio of non-tagged (Figure 5a, 
lane 1) and 6xHis-tagged (Figure 5a, lane 2) PcPAL being of ~1, suggesting 
a ~50% cleavage efficiency. Unfortunately, autolysis of TEV protease, resulting 
in the 25 kDa fragment from the 29 kDa fragment was still observed (Figure 5a, 
lane 3 and 7) after 20 h of reaction time. Therefore, in further optimized steps, 
a shorter digestion (reaction) time of 12 h was employed. 
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During the optimization process, the effect of salt concentration, glycerol 
content of the reaction buffer, the effect of stirring (with or without) and of the 
decreased reaction time (12 h) on the cleavage efficiency were also addressed 
(Table 1). 

The optimization process revealed that the highest TEV cleavage 
efficiency could be obtained by using 50 mM Tris, 300 mM NaCl, supplemented 
with 20% glycerol as reaction buffer and by performing the reaction without 
stirring, at pH 8.0, 4 °C, for 12 h reaction time. In this case, the percentage of 
non-tagged PcPAL eluting within the flow-through fraction was ~65%.  

The optimized protein cleavage protocol was also successfully employed 
to produce several engineered PcPAL variants in their non-tagged forms, such 
as F137A, I460V (Figure 5b) and F137A/I460V, suitable for further protein 
crystallization experiments. 

 
 

  
 

Figure 5a. Polyacrylamide gel (10%) con-
taining samples from the Ni-NTA purifica-
tion steps of the PcPAL cleaved with TEV-
protease. Cleavage at 25 °C: 1 – flow 
through, 2 – fr. 200 mM imidazole, 3 – 
supernatant before Ni-NTA purification step, 
4 – molecular weight marker; cleavage at 
4 °C: 5 – flow through, 6 – fr. 200 mM 
imidazole, 7 – supernatant from the cellular 
lysis step loaded on the Ni-NTA column. 
 
fr.=fraction eluted with 

 
Figure 5b. Polyacrylamide gel (12%) 
representing the digestion steps of the 
I460V-PcPAL enzyme under the condi-
tions specified in Table 1. 1 – TEV 
protease; 2 – cleavage reaction mixture/ 
supernatant (the TEV enzyme and the 
I460V-PcPAL enzyme with or without 
His-tag); 3 – fr. 200 mM imidazole (non-
digested enzyme). 4 – flow-through 
(I460V-PcPAL without His-tag); 5 – mo-
lecular weight marker. 
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Table 1. The different reaction conditions tested during the optimization process of 
the digestion reaction performed by the S219V TEV-protease. 

 

Solutions 1 2 3 4 5 6 7 8 9 
Tris 50 mM 50 mM 50 mM 50 mM 50 mM 50 mM 20 mM 50 mM 50 mM 

NaCl - - - 300 mM 300 mM 300 mM 100 mM 150 mM 150 mM 

Glycerol - 20% - - 20% 20% 20% 10% 10% 

Stirring - - + - - + - + - 

Cleavage 
yield 

30% 30% 5% 50-55% 65% 2-5% 45% 5-10% 5-10% 

 
 

4. Analysis of the oligomerization state and homogeneity of the 
6xHis-tagged and non-tagged recombinant PcPALs  
 
The homogeneity and oligomerization state of all purified enzymes 

obtained in this study were determined by size exclusion chromatography. In 
the case of PcPAL, the signal with the retention volume of 1.49 mL, according 
to the calibration curve (for details see the Experimental section) corresponds to 
the native, tetrameric oligomerization state of PcPAL, of ~310 kDa. At retention 
volume 1.3 mL, generally in the form of a peak of low intensity, most probably 
the aggregation forms of the protein are eluted, which might appear during 
the concentration steps. Another weak intensity signal elutes at 2.0 mL, 
corresponding to a 35-40 kDa-sized protein fraction, according to the calibration 
curve. Based on the areas of the signals, the purity of the protein of interest 
could be estimated as ~ 90%. 

 

 

 

 

Figure 6. Representative SEC-derived chromatograms of the non-tagged PcPALs 
obtained using the Superdex 200 5/150 GL column: A) wt-PcPAL, B) F137A-PcPAL. 
Similar chromatograms have been obtained also for variants I460V-PcPAL and 
I460V/F137A-PcPAL. 

B) A) 



PRODUCTION OF RECOMBINANT, NON-TAGGED PHENYLALANINE AMMONIA-LYASES …  
 
 

 
37 

5. Thermal unfolding of the non-tagged PcPAL variants  
 
The thermal unfolding profiles of wild-type PcPAL and PcPAL mutants 

(F137A, I460V and F137A/I460V), before and after affinity tag removal, are 
shown in Figure 7, and the Tm values are listed in Table 2.  

Generally, after removing the sequence of 25 amino acids from the  
N-terminal end of PcPAL, a slight decrease of the Tm value (~2 °C) was recorded 
in comparison with the Tm of the 6xHis-tagged homologues, with the exception 
of the I460V-PcPAL mutant, where identical temperature unfolding profiles 
(Figure 7) have been obtained for the tagged and non-tagged variants.  

The Tm value reported in the literature [37c,d] for the S219V-TEV 
protease (45 °C) was also confirmed by our results, further supporting the 
high quality of the isolated recombinant S219V TEV-protease variant.  
 

Table 2. Melting temperatures (Tm) of wt-PcPAL and mutant PcPALs,  
before and after removing the 6xHis-tag 

Entry PcPAL  Tm (oC)  Tm (oC) 
1 wild-type 

W
ith

ou
t 

H
is

-ta
g 

73.0±0.2 
W

ith
  

H
is

-ta
g 

75.0±0.2 
2 F137A 74.6±0.5 76.5±0.3 
3 I460V 74.2±0.5 74.1±0.3 
4 F137A/I460V   73.2±0.2 74.7±0.2 
5 TEV   (S219V) 45 °C  (wt) 52.1 

 

 
Figure 7. Thermal unfolding profile of the TEV S219V protease and of the wild-type 
and mutant (F137A, I460V, F137A/I460V) PcPAL variants. The melting temperatures 
of the PcPAL variants without 6xHis-tag ranged between 73–74.6 °C. For S219V-
TEV protease the Tm value was 45 °C. 
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6. Specific enzyme activities of tagged and non-tagged PcPAL 
 
The enzymatic activity of the wild-type PcPAL, with and without the 

6xHis-affinity tag, was determined. The activity tests were performed at 1 mM 
L-phenylalanine concentrations in the presence of 4 µg of PAL, at 30 °C, 
monitoring by UV the production of trans-cinnamic acid at 290 nm (Figure 8). 
The specific activity obtained was 0.340 µmol min-1 mg-1 for the PcPAL with 
the N-terminal 6xHis-tag and 0.523 µmol min-1 mg-1 for the non-tagged 
PcPAL. The specific activity of the non-tagged PcPAL was ~1.5-fold higher 
than that of its N-terminally His-tagged variant. 
 

 
Figure 8. Specific activity of wt-PcPAL variants with and without His-tag in the 
ammonia elimination reaction of 1 mM L-phenylalanine, monitoring by UV absorption 
the production of trans-cinnamic acid at 290 nm.  

 
 

CONCLUSIONS 
 
Several PcPAL variants with removable His-tag and S219V-TEV 

protease were successfully obtained–by expression in E. coli, followed by 
affinity purification–in high concentrations and with high enzymatic activities. 
The melting temperature (Tm= 45 °C) and the digestion efficiency of the 
S219V-TEV protease is in accordance with reported data, supporting its 
successful purification. 

Optimization of the TEV-protease digestion reactions allowed efficient 
removal of the N-terminal His-tags from the isolated PcPALs, providing ~65% 
recovery of the non-tagged form. The oligomerization state and purity of the 
enzymes were not affected by the 6xHis-tag removal, as revealed by the 
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size exclusion chromatography and SDS-PAGE analyses, respectively. 
Furthermore, the change in the Tm value was not significant for the non-
6xHis-tagged enzymes, compared to their 6xHis-tagged form. On the other 
hand, the enzymatic activity of the non-tagged wt-PcPAL was ∼1.5-fold 
higher than of its N-terminally tagged variant, indicating significant negative 
influence of N-terminal tags on the activity of wt-PcPAL. 

 
 

EXPERIMENTAL SECTION  
 
All the materials, supplies and equipment were provided by the 

Enzymology and Applied Biocatalysis Research Center of Babeș-Bolyai 
University, the Bioorganic Chemistry Group of Budapest University of 
Technology and Economics, or the Institute of Enzymology, ELKH. We thank 
Prof. Beáta G. Vértessy (Budapest University of Technology and Economics) 
for the scientific and infrastructural support in the design and molecular 
assembly of the employed plasmid constructs. 

Plasmid pRK793 was a gift from David Waugh (Addgene plasmid  
# 8827; http://n2t.net/addgene:8827; RRID: Addgene_8827). 

 
Expression and purification of the wild-type and mutant PcPAL 
variants with His-tag 
Sterile LB (Luria Bertani) medium (50 mL), supplemented with 50 

µg/mL of carbenicillin and 30 µg/mL of chloramphenicol, was inoculated with 
20 µL of Rosetta (DE3) pLysS E. coli cells, previously transformed with the 
pET15b_PcPAL plasmid (encoding the wt- or mutant PcPALs with the 
removable 6xHis-tag). A portion (10 mL) of the preculture grown overnight 
(37 °C, 200 rpm) was used to inoculate 2 L of LB medium. The cell culture 
was further incubated at 37 °C, 200 rpm until the OD600 reached ~0.6. At this 
point, the expression was induced by adding 0.5 mM IPTG (isopropyl β-D-1-
thiogalactopyranoside). After induction, the cell growth was maintained at 25 °C 
for another 15 h, followed by harvesting the cells by centrifugation (5.000 g 
for 20 min), resulting in 25 g of wet cell mass.  

The isolated cells were resuspended in 60 mL of lysis buffer [50 mM 
Tris, 300 mM NaCl, 0.5 mM EDTA, pH 8.0; supplemented with RNAse 
(0.2 mg), lysozyme (1 mg), a solution of PMSF (10 mg) in EtOH (0.5 mL), 
benzamidine (2.5 mg/1 mL of dH2O), 1 tablet of protease inhibitor cocktail 
from Roche and 0.05 mM TCEP], and the ice-cold cell suspension was lysed 
by sonication, using a Sonics Vibra-Cell instrument for 30 min (1.4 MJ, intensity 
40%, pulse on for 6 seconds, pulse off for 2 seconds, T < 16 °C). 
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The cellular debris was removed by centrifugation (12.000 g, 20 min, 
4 °C) and the supernatant was loaded on a Ni-NTA-agarose column (2 mL 
of Superflow resin from Qiagen) using a peristaltic pump. A series of washing 
solutions of different ionic strengths were used to remove the non-specifically 
bound proteins (Table 3). The enzyme of interest was isolated with a 250 mM 
imidazole solution and dialyzed overnight in 5 L of Tris buffer (Dialysis 
buffer). A 10 kDa cut-off centrifugal filter was used to concentrate the protein 
solution, followed by homogeneity analysis via size exclusion chromatography, 
using a Superdex 200 5/150 GL column. 

The concentration of the protein solution was determined by the BCA 
method, and the enzyme was aliquoted and stored at -20 °C with 20% 
glycerol. Samples from all steps of the expression and purification processes 
were analyzed by SDS-PAGE, using 10-12% polyacrylamide gels. 

 
Expression and purification of the S219V TEV protease 
In the TEV protease expression protocol, several steps differed from 

those applied within the purification protocol of PALs. Inoculation of the 3 L 
LB liquid culture was performed with 4% (v/v) of the overnight preculture 
(grown for 16 h, at 37 °C, 200 rpm). When the culture medium reached an 
OD600 of 0.9 (after growth at 37 °C, 200 rpm), IPTG was added to a final 
concentration of 0.4 mM to induce TEV protein expression. The growth of the 
cellular mass was continued at 200 rpm, 18 °C for another 8 h, followed by 
cell harvesting by centrifugation (5.000 g, 25 min, 4 °C) and storage at - 20 °C. 

For cellular lysis, the cells were resuspended in 60 mL of lysis buffer 
supplemented with 10 mg of lysozyme, 3 mg of RNAse and a solution of 
PMSF (10 mg) in EtOH (0.5 mL), followed by sonication for 50 min (with an 
energy of 1.4 MJ, and pulse on for 4 seconds, pulse off for 8 seconds, at 40% 
amplitude, T < 16 °C). The cell lysate was centrifuged (12.000 g, 15 min, 4 °C) 
and the supernatant was loaded on a Ni-NTA-agarose column, containing 2 mL 
of Ni-NTA Superflow resin, pre-equilibrated with binding buffer (50 mM Tris-HCl, 
300 mM NaCl, 20 mM imidazole, pH 8.0). 

After loading the protein solution, the Ni-NTA column was washed 
thoroughly with a series of buffers to remove non-specifically bound proteins, 
and to remove as much as possible the MBP, as follows: LS solution – 20 mL, 
HS solution – 10 mL, LS solution – 20 mL, followed by washing with different 
concentrations of imidazole (20 mM - 1000 mM). The presence of high protein 
content in the imidazole fractions was detected with the Bradford reagent. The 
imidazole from the eluted protein samples was removed by dialysis at 4 °C 
overnight, followed–after the addition of 20% glycerol–by protein concentration 
determination using the BCA method. The TEV protease can be used directly 
in experiments or stored at -80 °C in a 20% glycerol containing buffer. 
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All the protein isolation/purification steps were performed at 4 °C.  
 

Table 3. The list of solutions used in the purification stages of the two types of 
enzymes and their composition. 

 

Solution name Components of the solution 

Buffer solution for cell lysis,  
pH 8.0 

• 50 mM Tris 
• 0.5 mM EDTA 
• 300 mM NaCl 

• 1.14 mM PMSF 
• 0.015 mM lysozyme 
• 0.003 mM RNAse 

Low salt solution (LS), pH 8.0 • 30 mM KCl 
• 50 mM HEPES 

High salt solution (HS),  
pH 8.0 

• 300 mM KCl 
• 50 mM HEPES 

Imidazole solutions, pH 7.5 
(dissolved in LS) 

• 0.025 M imidazole 
• 0.050 M imidazole 
• 0.075 M imidazole 

• 0.250 M imidazole 
• 0.500 M imidazole 
• 1 M imidazole 

Dialysis buffer, pH 7.5 
• 20 mM Tris 
• 100 mM NaCl 
• 1 mM PMSF 

 
His-tag removal from PcPAL by digestion with TEV S219V 
The S219V TEV-protease and the affinity-tagged PcPAL (wild-type 

or mutant variants) were mixed in a ratio of 2:10. Accordingly, 0.2 mg of TEV-
protease and 2 mg of PcPAL were mixed in a final volume of 2 mL in Tris 
buffer (50 mM Tris and 300 mM NaCl, 20% glycerol, pH 8) and the reaction 
mixture was kept at 4 °C for 12 h under the different conditions indicated in 
Table 1. Further, the mixture was loaded onto a Ni-NTA affinity column (2 mL 
of Ni-NTA Superflow resin) and, after 10 minutes of incubation, the non-tagged 
PcPAL enzyme was recovered within the flow-through fractions and washing 
saline solutions. The TEV-protease and the non-cleaved 6xHis-tagged PcPAL–
remained bound to the resin–have been eluted with 200 mM imidazole 
solution. The obtained solutions of PcPAL were dialyzed in 20 mM Tris and 
100 mM NaCl, pH 8.0, followed by SDS-PAGE analysis for purity assessment. 
Further, size exclusion chromatography (Superdex 200 10/300 GL) was 
used for the assessment of the homogeneity and oligomerization state of the 
isolated non-tagged PcPALs. 
 

Thermal unfolding profiles by NanoDSF measurements 
Thermal unfolding analysis of S219 TEV protease, wt- and  

mutant PcPAL variants was performed using Nanoscale differential scanning 
fluorimetry (NanoDSF), using the Prometheus NT.48 instrument (Figure 9). 



ALINA FILIP, ZSÓFIA BATA, ANCA ELENA ANGHEL, LÁSZLÓ POPPE, LÁSZLÓ CSABA BENCZE 
 
 

 
42 

The determination of thermal stability (Tm) of enzymes is based on the 
intrinsic fluorescence of tyrosine and tryptophan, where Tm is determined as 
the inflection point of the curve representing the ratio of the tryptophan 
fluorescence at 330 and 350 nm in function of the employed temperature 
ramp. The UV Monolith capillaries (NanoTemper Technologies) were loaded 
with 10 μL of the protein solution (1 mg mL-1 in 100 mM Tris, 120 mM NaCl 
buffer, pH 8.8), followed by their placement in the capillary array (rails) of the 
device. The protein unfolding was monitored in a temperature range of 30 °C 
to 95 °C, with an increment of 1 °C min-1. 

 

 

 

Figure 9a. Schematic representation of the protein unfolding, representing the 
general fold of soluble, globular proteins, with their polar surface (green, blue, 
violet) exposed to the solvent and the hydrophobic core region (orange), which 
upon denaturation exposes its hydrophobic residues (among them Trp, Tyr and 
Phe) to the surface. b. The transition state curve of the thermal protein unfolding 
process, with the melting temperature (Tm) positioning at the inflection point of 
the curve, representing the ratio of tryptophan fluorescence measured at 330 
and 350 nm, in function of the employed temperature ramp. 

 
Size-exclusion chromatography 
Size exclusion chromatography was performed using Superdex 

5/150 GL 200 and Superdex 10/300 GL 200 columns attached to an Äkta 
FPLC system (GE Healthcare). The calibration curve for SEC was obtained 
using 8 proteins of known molecular weight: Ribonuclease A (13.7 kDa), 
Carbonic anhydrase (29 kDa), Ovalbumin (43 kDa), BSA (66 kDa), Alcohol 
dehydrogenase (150 kDa), β-amylase (200 kDa), Apoferritin (443 kDa) and 
Thyroglobulin (669 kDa), for which retention volumes on the Superdex 5/150 
GL 200 column have been assessed (Figure 10 and table 4), serving for the 
calibration curve correlating Kav elution parameter as a function of the LogMW. 
Based on the first-order equation obtained below (y = -0.3276x + 1.9719) - 
Figure 11, the molecular weight of the analyzed protein sample was estimated. 
Within the analytical scale SEC, the sample injection volume was 50 μL, the 
elution was performed at a flow-rate of 0.3 mL min-1 and at 25 °C. 

NH

N
H

HN

H
N
NH

N
H

= tryptophan residue

= charged, solvent exposed regions

= hydrophobic core
H
N

NH

H
N

N
H

HN

HN

0

0,5

1

F
ra

ct
io

n
 u

n
fo

ld
ed

Temperature (°C)

unfolded

folded



PRODUCTION OF RECOMBINANT, NON-TAGGED PHENYLALANINE AMMONIA-LYASES …  
 
 

 
43 

 
Figure 10. Chromatograms obtained from the individual injections of the different 
proteins of known molecular weight on the Superdex 200 5/150 GL column, used 
for the calibration curve of the enzymes used for determination. 

 
Table 4. Calibration curve set-up for Superdex 200 5/150 GL using an extended 

Gel Filtration Calibration Kit with proteins of molecular mass in the range  
13700 to 669000 Da. 

 
*Kav=(Ve-Vo)/(Vc-Vo); Vc=3 mL (column volume, Superdex 200 5/150 GL); 
Vo=1.15 mL (column void volume) - determined by injecting Dextran Blue 
2000 (2000 kDa); Vo=elution volume of the analyzed sample/peak.  

 

Figure 11. Plot of the elution volume parameter (Kav) against the logarithm of 
molecular weight of the eight different protein samples used for the calibration. 

Standard protein Molecular 
Weight (Da)

Volume of 
elution (Ve) mL

Kav Log MW

Thyroglobulin 669000 1.22 0.03784 5.8254

Apoferritin 443000 1.42 0.14595 5.6464

β-amylase 200000 1.56 0.22162 5.3010

Alcohol dehydrogenase 150000 1.73 0.31351 5.1761

Bovine Serum Albumin 66000 1.85 0.37838 4.8195

Ovalbumin 43000 1.95 0.43243 4.6335

Carbonic anhydrase 29000 2.12 0.52432 4.4624

Ribonuclease A 13700 2.29 0.61622 4.1367

y = -0.3276x + 1.9719
R² = 0.986
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Enzyme activity measurements  
The specific activity of the non-tagged and 6xHis-tagged wild-type 

PcPAL was determined spectrophotometrically, using Tecan Microplate Reader 
Spark® and a Corning 96-well UV-Transparent plate, monitoring the production 
of trans-cinnamic acid at 290 nm, where the corresponding L-Phe shows 
negligible absorption. The enzyme activity measurements were performed in 
triplicate, in a final volume of 200 µL, using 50 mM Tris-HCl, 100 mM NaCl 
(pH 8.8) as reaction buffer, at 30 °C for 6 min, each sample containing 4 µg 
(2.48 µM) from the corresponding PcPAL. 
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