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A B S T R A C T

Packaging the viral genome in the head of double-stranded DNA viruses, such as bacteriophages, requires the activity of a terminase. The bacteriophage terminase
consists of a small terminase subunit (TerS), which binds the viral DNA, and a large terminase subunit (TerL) that possesses the ATPase and nuclease activities for
packaging the DNA in the phage head. Some phages require additional components for DNA packaging, such as the HNH endonuclease gp74 in the bacteriophage
HK97. Gp74 enhances the activity of terminase-mediated digestion of the cohesive (cos) site that connects individual genomes in phage concatemeric DNA, a prerequisite to DNA packaging, and this enhancement requires an intact HNH motif in gp74. Testing of whether gp74 alters the terminase DNA binding or enzymatic
activities requires obtaining isolated samples of pure TerS and TerL, which has been challenging owing to the poor solubility of these proteins. To this end, we
developed methods to obtain puriﬁed TerS and TerL proteins that are active. TerS is expressed solubly in E. coli as a fusion with SUMO, which can be removed during
puriﬁcation to yield a TerS nonamer (TerS9). Homogenous samples of a TerL monomer are also obtained, but the homogeneity of the sample depends on the solution
conditions, as seen for other terminases. DNA binding, ATPase, and nuclease assays demonstrate that our preparations of TerS9 and TerL are functional, and that they
also function with gp74. Puriﬁed TerS9 and TerL enable studies into the molecular basis by which gp74 regulates terminase activity in phage maturation.

1. Introduction
The viral genome of most double-stranded DNA viruses, such as
bacteriophages, is synthesized as concatemers of multiple copies of the
genome that are joined end to end [1–5]. A crucial step in the replication of bacteriophages requires packaging of one genome-length
unit of viral DNA into an empty protein shell (capsid or head). The
molecular motor that packages the DNA is formed by a portal protein
dodecamer and a terminase enzyme complex, which mediates the digestion of the concatemeric DNA and translocation of the resulting
genome-length unit into the phage capsid [2,3,6].
The terminase complex in bacteriophages is formed from two proteins: a small terminase subunit (e.g. TerS in HK97, gpNu1 in λ, gp3 in
P22) and a large terminase subunit (e.g. TerL in HK97, gpA in λ, gp2 in
P22) [1–4,7–10]. The small terminase binds the concatemeric DNA,
positions the large terminase onto the DNA for digestion, and regulates
the activity of the large terminase (references [11–13] and this paper).
The large terminase possesses the ATPase activity that provides the
energy for packaging the DNA into the empty head and the nuclease
activity needed for initiation and termination of packaging. Depending
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on the virus, the large terminase either cleaves the DNA at non-speciﬁc
sites during packaging or at speciﬁc cohesive (cos) sites that connect the
individual genomes in the concatemeric DNA [5].
Although DNA binding, ATPase activity, and nuclease activity are
conserved in terminases, there are diﬀerences in the structure and
regulation of terminases from diﬀerent phages. For example, small
terminase proteins from diﬀerent phages adopt diﬀerent oligomeric
states, from octameric to dodecameric ring structures [11,14–21]. The
diﬀerence in small terminase oligomers is suggested to control the
mode by which this subunit recognizes the DNA [17]. The octameric
small terminases contain a central pore that is too small to accommodate duplex DNA, so that DNA may wrap around the small terminase
oligomer in these systems [17,19]. Small terminase oligomeric rings
with nine or more subunits, however, can accommodate the DNA duplex within the central pore, although it is possible for the DNA to also
wrap around these terminase oligomers, as postulated for the octameric
oligomer systems [15–17,22].
The association of the small terminase with the large terminase also
varies. For example, in the phage P22, two or three gp2 monomers
associate with one gp3 nonamer complex [23], whereas in λ phage four
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2. Materials and methods

copies of a gpNu12:gpA protomer associate into a hetero-tetramer
[22,24,25]. In addition, the activity of some terminases is modulated by
accessory proteins such as gpF1, which enhances the interaction of the
terminase/DNA complex with proheads in λ phage [26–29].
The activity of the terminase complex in HK97, a λ-like phage, is
modulated by the HNH endonuclease gp74 [7]. HNH endonucleases are
small proteins that bind and digest DNA in the presence of divalent
metals [30–33]. Biochemical and functional data indicate that gp74
enhances the activity of the TerS/TerL terminase complex toward HK97
cos DNA [7]. Furthermore, the gp74-mediated enhancement of cos site
digestion is dependent on an intact HNH motif in gp74, as mutation of
the metal binding His residue to Ala abrogates gp74-mediated stimulation of terminase activity. Gp74 may cleave a single strand of the DNA
genome at the cos site, with TerL providing the nick on the other strand.
Alternatively, interaction of gp74 with the TerL/TerS complex may
cause conformational changes that increase the DNA binding, ATP
hydrolysis, and/or nuclease activity of the terminase complex, leading
to increased cos site digestion. The gp74/terminase studies were performed with terminase samples that were generated by co-puriﬁcation
of His6-TerS and His6-TerL [7], and hence the eﬀect of gp74 on individual terminase activities could not be ascertained. The ability to
purify the small and large terminase subunits independently would
enable studies to determine whether gp74 aﬀects cos DNA binding by
TerS and/or TerL, or whether gp74 aﬀects TerL ATPase and nuclease
activity.
The small and large terminase subunits from diﬀerent phages, such
as P22 [23], have been cited as challenging to purify. The large terminases are unstable and prone to aggregation [22,23,34,35]. Although
some small terminase subunits can be solubly expressed in E. coli
[17,36], other small terminases are expressed in inclusion bodies in E.
coli, requiring denaturants for isolation of the terminase and subsequent
refolding of the puriﬁed protein [15,17,24]. Notably, the choice of
denaturant (e.g. detergent or guanidinium HCl) and the method used for
refolding can inﬂuence the oligomeric state and function of multimeric
proteins, including the small terminase [17,37]. The puriﬁcation
method can also result in diﬀerent oligomeric states for the terminases
[37,38], including large aggregates that are non-functional. Note that
puriﬁcation of the λ phage small terminase subunit from inclusion
bodies has been successful [24,39], but the methods to obtain one small
terminase do not necessarily apply to all proteins of this type. Success
has been achieved in purifying holo-terminase enzymes [7,34,39].
However, as mentioned above, puriﬁcation of individual proteins
would allow for isolating the speciﬁc eﬀect of regulatory proteins, such
as gp74, on TerS and/or TerL activities.
Here we present a system and protocol that allows for expression
and puriﬁcation of soluble and homogenous samples of HK97 TerS and
TerL. We show that TerS can be expressed in the soluble fraction as a
fusion with an N-terminal His6-SUMO tag. Sequential, but not concurrent, removal of the His6 and SUMO tags and optimization of buﬀer
conditions enable the isolation of TerS. We also demonstrate that obtaining a homogenous solution of monomeric HK97 TerL depends on
the pH of the puriﬁcation buﬀers. Biochemical and biophysical data
indicate that HK97 TerS exists as a nonamer (TerS9) and that our preparations of TerS9 and TerL exhibit cos DNA binding and ATPase activity. Furthermore, we show that our TerS9 and TerL preparations form
a functional complex with each other and with gp74, as expected [7].
TerS9 enhances the ATPase activity of TerL, mixtures of TerS9 and TerL
cleave cos DNA, and cos DNA digestion by the TerS9/TerL complex is
enhanced with gp74. The method to obtain pure, homogenous solutions
of TerS9 and TerL provide the foundation to assess the role of gp74
activities (e.g. metal binding, DNA digestion) on the speciﬁc terminase
functions (DNA binding, ATP hydrolysis, DNA digestion) required for
phage maturation.

2.1. TerS and TerL expression plasmids
The full-length large and small terminases were expressed as His6
fusion proteins, with a tobacco etch virus (TEV) protease cleavage site
between the His6 and terminase sequences [7]. TerS was also subcloned
into a pET26b-derived expression vector containing an N-terminal His6SUMO tag [40] that has been used previously to promote the soluble
expression of nucleotide binding domains from various ABC proteins
[41–44]. However, the vector was modiﬁed to include a TEV protease
recognition site between the His6 and SUMO sequences to enable removal of the His6 tag alone without removal of the SUMO tag.
2.2. Expression of the His6-TerS, His6-SUMO-TerS, and His6-TerL fusion
proteins
The His6-TerS, His6-SUMO-TerS, and His6-TerL fusion proteins were
expressed in E. coli BL21*(DE3) cells grown in minimal M9 media that
was supplemented with 5% Lennox Broth (LB). Because diﬀerent types
of media can result in diﬀerential expression patterns of E. coli proteins,
minimal M9 media was used here so that puriﬁcation protocols developed for TerS and TerL could also be used in future structural studies of
the proteins. Any NMR studies conducted on TerS or TerL would require
expression in M9 minimal media to enable labeling with 15N, 13C, and
2
H nuclei given the sizes of these proteins [45,46]. Cell cultures were
grown with constant agitation at 37 °C until the cultures reached an
OD600 value of 0.4, at which point the temperature was lowered in a
step-wise manner so that when the temperature was 18 °C the OD600
value was 0.7–0.8. Protein expression was induced by the addition of
1 mM IPTG and cells were incubated with shaking overnight at 18 °C. At
16–20 h post induction, the cells were harvested and stored at −20 °C
until puriﬁcation.
While expression of proteins at low temperatures can increase the
amount expressed in the soluble fraction [42], it was not necessary for
His6-SUMO-TerS. Thus, cells expressing His6-SUMO-TerS could also be
grown at 37 °C until the OD600 value was 0.7–0.8. 1 mM IPTG was
subsequently added to induce protein expression, and the cells were
harvested after 3 h. Pellets were stored at −20 °C until puriﬁcation.
2.3. Puriﬁcation of TerS
TerS samples were obtained from puriﬁcation of His6-TerS or His6SUMO-TerS. Below, we describe the optimal puriﬁcation protocol for
each fusion protein. The advantages of using the His6-SUMO-TerS fusion and the considerations for the puriﬁcation protocol that can be
applied to other terminases are presented in the results.
All puriﬁcation steps were conducted at 4 °C. Cellular pellets from
1 L culture were resuspended in 15 mL of terminase lysis buﬀer (20 mM
Tris-HCl, pH 8.6, 150 mM NaCl, 5 mM imidazole, 5 mM benzamidine,
5 mM n-caproic acid, 2 mg/mL deoxycholic acid). The cells were lysed
by sonication, and the insoluble and soluble fractions were separated by
centrifugation at 17,000 g for 30 min. The soluble fraction was loaded
at 1 mL/min onto a 5 mL Fast Flow Ni2+-NTA column (GE Healthcare)
that was pre-equilibrated with 20 mM Tris-HCl, pH 8.6, 500 mM NaCl,
20 mM imidazole. The column was then washed with 10 column volumes of the equilibration buﬀer at a ﬂow rate of 1 mL/min. The His6TerS fusion protein was then eluted in 20 mM Tris-HCl, pH 8.6, 500 mM
NaCl, 400 mM imidazole, 5 mM benzamidine.
The elution fractions from the Ni2+ column containing the His6TerS fusion protein were pooled and dialyzed overnight against 50 mM
Na+ phosphate, pH 7.0, 50 mM NaCl, 5 mM β-mercaptoethanol. TEV
protease (20 μg/mL) was added directly to the sample to cleave the His6
tag from His6-TerS during dialysis to produce TerS. The resultant
mixture was applied to a Superdex 200 Increase 10/300 size exclusion
column (GE Healthcare), on an Aktä Puriﬁer system, that was pre46
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2.6. Protein concentration determination

equilibrated with 50 mM Tris-HCl, pH 8.6, 150 mM NaCl to further
isolate TerS.
TerS was also obtained from the His6-SUMO-TerS fusion protein.
The ﬁrst two puriﬁcation steps for His6-SUMO-TerS, the Ni2+ puriﬁcation and removal of the His6 tag, are identical to those used for
His6-TerS. TEV protease digestion of His6-SUMO-TerS samples yields
SUMO-TerS, which was further puriﬁed using the Superdex 200 size
exclusion column run on either an Aktä Puriﬁer or Aktä FPLC system
and pre-equilibrated in the TerS size exclusion buﬀer (50 mM Tris-HCl,
pH 8.6, 150 mM NaCl). Fractions containing pure SUMO-TerS were
pooled and the SUMO fusion tag was removed with Ulp-1 protease
(6 μg/mL). The solution containing Ulp-1, SUMO, and TerS was concentrated and reapplied to the Superdex 200 column in order to isolate
TerS. For long-term storage, TerS was exchanged into in 50 mM TrisHCl, pH 8.6, 150 mM NaCl, 2% (v/v) glycerol. Note that the Superdex
200 size exclusion column was calibrated on both the Aktä Puriﬁer or
Aktä FPLC systems to account for the diﬀerent lengths of tubing and
volumes of components for the two systems. Thus calibration standards
shown for the SUMO-TerS and TerS chromatograms, as well as for TerL
chromatograms (see below), correspond to the speciﬁc system used.

Protein concentrations for TerS, SUMO-TerS, and TerL were determined by absorbance at 280 nm in 6 M guanidinium HCl (using a
calculated
extinction
coeﬃcients
of
12570 M−1cm−1,
−1
−1
−1
−1
29155 M cm , and 45015 M cm , respectively [48,49]), Bradford assay, and by amino acid analysis (SPARC BioCentre, The Hospital
for Sick Children, Toronto).
2.7. Malachite green assay for monitoring ATPase activity
The ATPase activity of TerL (8 μM) alone or with TerS9 (4 μM) and/
or gp74 (4 μM) was assessed by the Malachite Green assay for free
phosphate, as previously described [50]. Samples (total volume 200 μL)
containing TerL, with and without TerS and/or gp74, in 20 mM TrisHCl, pH 8.6, 20 mM NaCl, 2% (v/v) glycerol, 5 mM Mg2+ and 1 mM
ATP were prepared and incubated at 37 °C for 1 h. Control samples in
reaction buﬀer were also prepared and incubated. After incubation,
29 μL of the phosphate detection reagent (2.6 mM Malachite Green,
1.5% [w/v] ammonium molybdate, 0.2% [v/v] Tween 20) was added
to each sample. The samples were then mixed by vortexing and incubated at room temperature for 3 min. Subsequently, sodium citrate
was added to a ﬁnal concentration of 3.5% (w/v), and the samples were
mixed again and incubated at room temperature for 30 min prior to
being transferred to a 96-well plate for measuring the absorbance at
630 nm with a Gen5 microplate reader. The amount of phosphate released was determined via a standard curve based on a phosphate
standard (Sigma Aldrich) in the reaction buﬀer.

2.4. Puriﬁcation of TerL
All puriﬁcation steps were conducted at 4 °C. The puriﬁcation
scheme for the His6-TerL fusion followed the protocol for His6-TerS and
His6-SUMO-TerS described above, except that the His6-TerL puriﬁcation was tested at pH 7.9 and at pH 8.6. Thus, the lysis, and the Ni2+NTA column equilibration and elution buﬀers were either at pH 8.6, as
described above for His6-TerS and His6-SUMO-TerS, or at pH 7.9.
Further, all Ni2+-NTA column buﬀers used in puriﬁcation of His6-TerL
contained 5 mM β-mercaptoethanol.
Cellular pellets from 1 L of culture were resuspended in 15 mL of the
lysis buﬀer. The cells were lysed using sonication and the soluble lysate
and insoluble cellular debris were separated via centrifugation at
17,000 g for 30 min. The soluble fraction was loaded at a rate of 1 mL/
min onto a 5 mL Fast Flow Ni2+-NTA column (GE Healthcare) in the
Ni2+ column equilibration buﬀer. The column was then washed with
10 column volumes of the equilibration buﬀer at a rate of 1 mL/min.
The His6-TerL fusion protein was eluted in the Ni2+ column elution
buﬀer. DTT, to a ﬁnal concentration of 5 mM, was added to elution
fractions containing TerL. At this point, the His6-TerL fusion protein
solution was at either pH 7.9 or pH 8.6, depending on the pH of the lysis
and Ni2+ column puriﬁcation buﬀers. Elution fractions containing the
His6-TerL fusion were pooled and TEV protease was added to the
pooled fractions. Samples puriﬁed at pH 7.9 (His6-TerLpH7.9) were
dialyzed against a buﬀer at pH 7.0 (50 mM Na+ phosphate, pH 7.0,
50 mM NaCl, 5 mM β–mercaptoethanol). Samples puriﬁed at pH 8.6
(His6-TerLpH8.6) were dialyzed against a buﬀer at pH 8.6 (50 mM TrisHCl, pH 8.6, 50 mM NaCl, 5 mM β-mercaptoethanol).
The TerL protein was further puriﬁed by size exclusion chromatography with a Superdex 200 Increase 10/300 column (GE Healthcare)
(on either an Aktä puriﬁer or Aktä FPLC system) that was either preequilibrated in 50 mM HEPES, pH 7.0, 150 mM NaCl, 1 mM N-caproic
acid, 5 mM benzamidine, 5 mM β-mercaptoethanol or pre-equilibrated
in the TerS size exclusion column buﬀer described above that is at pH
8.6 with the addition of 5 mM β-mercaptoethanol. For long-term storage, TerL samples also contained 2% (v/v) glycerol.

2.8. Electrophoretic mobile shift assay (EMSA)
A 51 base pair fragment of the HK97 genome containing the cosN
site was synthesized [51]. Two larger fragments of the HK97 genome
(226 bp and 356 bp) that encompass the cosB, cosN, and cosQ sites and
surrounding nucleotides were generated by PCR ampliﬁcation using
pCDF-based plasmid containing the cos sequence of HK97 [7].
Puriﬁed TerS9 (20–100 nM) was incubated with either the 51 base
pair cosN-containing fragment (1.0 nM) or the 226 base pair fragment
containing the cosB, cosN, and cosQ sites (2.5 nM) at 22 °C in 20 μL of
reaction buﬀer (10 mM Tris-HCl pH 8.6, 100 mM NaCl, 10 mM MgCl2)
for 30 min, at which point the reaction mixtures were applied to a
4–15% gradient native polyacrylamide gel (Bio-Rad) that was run in
Tris glycine buﬀer (25 mM Tris, pH 8.3, 192 mM glycine) at 4 °C for
120 min at a constant voltage of 90 V. The gel was stained with Sybr
Green™ in TBE buﬀer (89 mM Tris base, 89 mM boric acid, 1 mM EDTA)
with agitation for 30 min. After imaging the DNA, the gel was washed
with water and then stained overnight with Sypro Ruby EMSA protein
gel stain (ThermoFisher Scientiﬁc).
The same experimental conditions were used to test for TerL/DNA
binding as for TerS/DNA binding, except that 4.5 μM TerL was used
with 5 nM DNA.
2.9. In-vitro cos DNA digestion assay
The nuclease activity of TerL alone, with TerS9, and with TerS9 and
gp74 was assessed using the 356 base pair DNA fragment described
above as a substrate. Each 20 μL reaction contains 2.5 nM of the DNA
alone or with TerL (7 μM), TerS9 (3.5 μM), and/or gp74 (7 μM) in a
buﬀer containing 20 mM HEPES, pH 7.0, 50 mM NaCl, 1.0 mM MgCl2,
0.5 mM ATP, 2 mM spermidine, 2 mM putrescine, and 5 mM β-mercaptoethanol. The combination of Mg2+ ions and ATP will be referred
to as MgATP. The reaction was incubated at 37 °C for 1 h. Inactivation
was achieved by the addition of 1 μL of proteinase K (600 U/ml) and
1.2 μL of 10% SDS and heating at 65 °C for 60 min, followed by the
addition of 5.0 μL of 5 × DNA loading dye. Samples were run on a
4–15% gradient native polyacrylamide gel (Bio-Rad) that was run in

2.5. Expression and puriﬁcation of gp74
Gp74 was expressed and puriﬁed using established protocols [7,47].
Gp74 was made free of exogenous metals by dialysis against a buﬀer
containing 20 mM HEPES, pH 7, 5 mM β-mercaptoethanol, 1 g/L
Chelex resin.
47
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soluble than TerS. SUMO-TerS could still be used in assays with TerL
and gp74, provided that the SUMO tag does not sterically restrict the
function of TerS.
In establishing the puriﬁcation protocol for TerS described in the
Materials and Methods section, we performed trial experiments that
either removed the His6-SUMO tag in one step or that removed the His6
and SUMO tags sequentially. Removal of the His6-SUMO from the
puriﬁed His6-SUMO-TerS fusion protein requires that the imidazole in
the Ni2+ column elution buﬀer be reduced to less than 200 mM in order
for the Ulp-1 protease to be active [40]. Because TerS is prone to precipitation, we dialyzed His6-SUMO-TerS into various buﬀers that differed in salt concentration and pH to determine the best solution conditions to conduct the Ulp-1 digestion reaction. However, removal of
the His6-SUMO tag in one step and subsequent puriﬁcation of TerS by
size exclusion chromatography was unsuccessful, as only small quantities of protein were obtained and the TerS that could be obtained was
not pure. One reason for the poor yield is due to precipitation of TerS
after the one-step removal of the His6-SUMO tag, regardless of the solution conditions.
In contrast, removal of the His6 tag alone yielded soluble SUMOTerS that could further be puriﬁed using size exclusion chromatography
(Fig. 1C). Note that for removal of the His6 tag, the His6-SUMO-TerS
protein is exchanged into a buﬀer at pH 7.0, following previously
published protocols [47]. However, the subsequent size exclusion
chromatography step to purify SUMO-TerS is performed at pH 8.6 and
results in puriﬁed SUMO-TerS fusion protein that is stable at low concentrations (∼15 μM) for at least 3 weeks at 4 °C and that can be digested with Ulp-1 protease and further puriﬁed to yield TerS
(Supplementary Fig. 2). Note that removal of the SUMO tag from
SUMO-TerS does not result in precipitation of TerS, even after the
samples are concentrated (Fig. 1D, right). It is possible that removal of
contaminants during the size exclusion column puriﬁcation of SUMOTerS (Fig. 1C) increases the stability of the TerS sample. Although the
monomeric molecular weight of TerS (18.5 kDa) is similar to that of
SUMO (11.7 kDa), separation of the two proteins is achieved by another
round of size exclusion chromatography (Fig. 1D, left) on account that
HK97 TerS adopts an oligomeric structure, similar to the small terminase subunit in other viruses (PDB code 4XVN; references
[11,14,15,17–22]). The puriﬁcation protocol for TerS yields 2 mg of
protein per L of M9 minimal media culture.
HK97 TerS elutes from a Superdex 200 column at a volume of
11.0 mL, which corresponds to a protein of ∼200 kDa. Thus, these data
suggest that TerS is a nonamer or decamer in solution. Note that all
preparations of TerS yielded chromatograms consistent with a TerS
oligomer, regardless of the concentration of the protein or whether
SUMO was attached (Fig. 1C and D). Thus, TerS monomers likely associate into a higher oligomeric structure in vivo. Note that SUMO-TerS
elutes much earlier than TerS alone. Although a higher order oligomer
of SUMO-TerS, such as a 14-mer or 15-mer based on the elution volume, can not be ruled out, the larger hydrodynamic radius of SUMOTerS is likely due to the more extended shape of the complex on account
of the SUMO tag on each protomer.
Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) was used to quantitatively determine the number of
units present in the TerS oligomer (Fig. 2, Table 1). The Superdex 200
column for SEC-MALS was run in 50 mM Tris-HCl, pH 8.6, 150 mM
NaCl lacking any protease inhibitors. Analysis of the single TerS peak
resulted in an experimental molecular mass (weight average molecular
weight, Mw; equation 1) of 175.0 ± 3.7 kDa and a polydispersity index
(Mw/Mn) of 1.000 ± 0.030, indicating that TerS is likely a nonamer
(TerS9) in solution and that the TerS9 sample is homogeneous, respectively (Fig. 2, Table 1). Note that the SEC-MALS data gives slightly
diﬀerent molecular mass values across the peak, with slightly higher
values at the edges of the peak (“smiles”) [54]. We do not believe that
our samples of TerS contain aggregates, which could give rise to this
eﬀect, as the elution volume for TerS doesn't change when puriﬁed TerS

Tris glycine buﬀer at 4 °C for 210 min at a constant voltage of 83 V. The
gel was stained with Sybr Green™ in TBE buﬀer with agitation for
10–15 min.
2.10. Size exclusion chromatography coupled to multi-angle light scattering
(SEC-MALS) studies
The size exclusion chromatography (SEC) coupled to multi-angle
light scattering (MALS) experiment was performed using an Aktä Pure
system (GE Healthcare LifeSciences) in line with a three angle
miniDAWN TREOS II light scattering detector (Wyatt Technologies) and
an Optilab T-rEX refractive index detector (Wyatt Technologies). 250 μL
samples of TerS (0.6 mg/mL) or TerL (2 mg/mL) were injected onto a
Superdex 200 Increase 10/300 column (GE Healthcare LifeSciences)
pre-equilibrated in 50 mM Tris-HCl, pH 8.6, 150 mM NaCl, at the ﬂow
rate of 0.5 mL/min at 4 °C. Data analysis was performed using the
ASTRA 7.1.2 software (Wyatt Technologies) to obtain the diﬀerent
molar masses: weight-average molecular weight (Mw), number-average
molecular weight (Mn), Z-average molecular weight (Mz), and the
polydispersity index (Mw/Mn) deﬁned according to the equations,
∑ ni M2

Mw= ∑ n Mi =
i i

Mn=

∑ ni Mi
∑ ni

=

∑ ci Mi
∑ ci
∑ ci
∑ ci

Mi

∑ ni M3i

∑ ci M2i

i i

∑ ci Mi

Mz= ∑ n M2 =

where ni is the number of macromolecules with a given molar mass (Mi)
and ci is the concentration of macromolecules.
3. Results
3.1. Optimization of TerS expression and puriﬁcation yields pure nonameric
TerS complex
Initial attempts to obtain isolated TerS samples involved using a
fusion protein in which a TEV protease-removable His6 tag was linked
to the N terminus of TerS (His6-TerS, Supplementary Fig. 1A). As shown
for small terminase subunits from other phages [8,15,17,24,37], most
of the protein was expressed in insoluble inclusion bodies which hampered isolation of pure His6-TerS (Supplementary Fig. 1B, cell pellet 1 &
2). Further, the small amount of His6-TerS that could be obtained by
Ni2+-NTA chromatography was prone to aggregation and precipitation.
Removal of the His6 tag resulted in further precipitation, which precluded obtaining puriﬁed TerS (Supplementary Fig. 1C). The His6 tag
must be removed in order to use TerS in assays with the metal-dependent HNH endonuclease gp74. The presence of a His6 tag has also been
shown to impair reconstitution of some of the holo-terminase enzymes
[39]. A pH of 8.6 was chosen for the puriﬁcation buﬀers because the
small terminase subunit from λ phage was successfully puriﬁed and is
stable at pH 8.6 [22,34].
We surmised that if the soluble expression of TerS was increased we
could obtain larger quantities of protein, as has been shown in other
systems. Thus, we expressed TerS with an N-terminal His6-SUMO fusion
tag, which can be removed with Ulp-1 protease to yield TerS (Fig. 1A).
The inclusion of soluble proteins as fusion partners also enhanced the
soluble expression of other small terminase subunits [17]. A SUMOfusion tag, speciﬁcally, has been shown to enhance the soluble expression of proteins in E. coli, due to its ability to promote folding and to
stabilize proteins [52,53]. As seen for other proteins, the presence of
SUMO leads to enhanced expression and large quantities of a soluble
His6-SUMO-TerS fusion (Fig. 1B). Because the isolated small terminase
subunit from HK97 and other phages has limited solubility [7,17,24],
we included a TEV protease site between His6 and SUMO to enable
generation of SUMO-TerS (by removing the His6 tag) and TerS (by removing the His6 and SUMO tags), as SUMO-TerS is expected to be more
48
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Fig. 1. Preparation of soluble samples of TerS is achieved by expressing the protein with an N-terminal His6-SUMO tag and sequentially removing the His6
and SUMO tags. (A) Schematic representation of the His6-SUMO-TerS fusion protein that also shows the TEV protease digestion site. (B) 15% SDS-PAGE gel
displaying the Ni2+ column puriﬁcation of soluble His6-SUMO-TerS (33.4 kDa). Lanes show the cell pellet and lysate after sonication, proteins that did not bind the
Ni2+ column (ﬂow through and wash), and the Ni2+ column elution fraction. There is some His6-SUMO-TerS in the ﬂow through and wash fractions, which could be
reduced by using larger column sizes and lower imidazole concentrations, respectively. However, more contaminants will co-elute with His6-SUMO-TerS, which may
lead to aggregation and precipitation of the protein. (C) The chromatogram from the Superdex 200 size exclusion chromatography puriﬁcation of SUMO-TerS is
shown (left), along with the corresponding 15% SDS-PAGE gel (right). Injection volumes of 250 μL, equal to ∼1% of the total volume of the column, were used
during the puriﬁcation. The Superdex 200 size exclusion column removes many contaminating proteins in the SUMO-TerS sample, which may increase the solubility
of the TerS sample once the tag is removed. (D) The chromatogram from the Superdex 200 size exclusion chromatography separation of SUMO from TerS is shown
(left). Injection volumes of 250 μL were used. The 15% SDS-PAGE gel (right) shows the pure SUMO-TerS fusion (part C), concentrated and diluted samples after
digestion of SUMO-TerS with Ulp-1 protease to yield SUMO and TerS, and pure TerS. Note that the SUMO-TerS and TerS Superdex 200 puriﬁcations were performed
on the Aktä Puriﬁer system.
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the column) and 60–80 kDa, respectively. These data indicate that TerL
partitions into a high-order oligomer in addition to monomeric and
dimeric TerL species that are in dynamic equilibrium (Fig. 4A). In this
protocol, the TEV protease digestion and size exclusion column puriﬁcation steps are performed at pH 7.0.
We also attempted to purify HK97 TerL using the TerS9 puriﬁcation
protocol (Fig. 3, right; Fig. 4B), in which the Ni2+ column, TEV protease digestion, and size exclusion buﬀers are at pH 8.6, rather than pH
7.9, pH 7.0, and pH 7.0, respectively. The Ni2+ aﬃnity puriﬁcation of
His6-TerL at pH 8.6 (His6-TerLpH8.6, Fig. 4B) is comparable to that at pH
7.9 (His6-TerLpH7.9, Fig. 4A). However, there is a small diﬀerence in the
size exclusion elution proﬁle obtained when separating TerL from the
His6 tag. Although both preparations result in the production of a highorder oligomer of TerL, the puriﬁcation at pH 8.6 results in some
monomeric TerL (Fig. 4B, middle panel).
Obtaining some monomeric TerL when the size exclusion column
was run at pH 8.6 (Fig. 4B) prompted us to investigate whether combining the two diﬀerent puriﬁcation methods would aﬀect the oligomeric state of TerL. Thus, we attempted to purify TerL by performing
the Ni2+ aﬃnity column at pH 7.9 and the size exclusion step at pH 8.6
(Fig. 3, inner left). As shown by size exclusion chromatography (Fig. 5)
and SEC-MALS data (Fig. 2, Table 1), monomeric TerL is obtained by
performing the Ni2+ aﬃnity column puriﬁcation at pH 7.9 and the size
exclusion column puriﬁcation at pH 8.6. The SEC-MALS experiment
also shows the presence of a small amount of the TerL dimer. Our
puriﬁed TerL samples are stable (for ∼2 weeks) at 4 °C (Supplementary
Fig. 3), although at pH 8.6 we observe oxidation of Cys residues over
time that can aﬀect in vitro TerL activity. The oxidation-dependent
decrease in TerL activity can be prevented by exchanging the protein
into buﬀer with fresh reductant before any assays are performed. The
optimal puriﬁcation of TerL yields ∼35 mg of pure protein per L of
culture.
The puriﬁcation results indicate that diﬀerent conditions are needed
to obtain monomeric His6-TerL (pH 7.9) and TerL (pH 8.6). Although
TerL contains 5 Cys that can eﬀectively oxidize at pH 8.6, formation of
the TerL oligomer from the His6-TerLpH8.6 preparation is not due to
intermolecular disulphide bond formation, as demonstrated by SDSPAGE analysis under reducing and non-reducing conditions
(Supplementary Fig. 4). Further, all puriﬁcation buﬀers for TerL contain
reductant, and the presence of a monomer/oligomer TerL mixture is
present even when the His6 tag is removed and the size exclusion
chromatography step is performed at pH 7.0, again in the presence of
excess reductant (Fig. 4A). The diﬀerential behaviour of the His6-TerL
fusion and isolated TerL is not unprecedented considering that His6
fusion tags have been shown to cause aggregation of other proteins in
various solution conditions [56,57].
In addition to HK97 TerL, large terminases from other phages are
also prone to forming high-order oligomers and aggregates
[8,12,22,23,34,58]. Temperature denaturation studies indicate that
these enzymes are unstable [12]. The low stability of large terminases
leads to the formation of large aggregates in vitro [12,23], some of
which can be solubilized by detergents [12]. It is possible that low
thermodynamic stability of HK97 TerL contributes to its aggregation
under sub-optimal puriﬁcation conditions. Our observation that the

Fig. 2. Molecular weight determination of TerS and TerL complexes. The
SEC-MALS chromatograms of TerS (black), TerL (green), and TerL with ADP
(magenta) are shown as solid lines. The open colored circles show the calculated molecular masses for the complexes.

samples at diﬀerent concentrations are applied to the size exclusion
column. In addition, other TerS SEC-MALS experiments do not show
“smiles” and give Mw values of 171.2 ± 2.8 kDa. Further conﬁrmation
of the homogeneity of the sample comes from comparing the Mw and
Mn values. Mn is the number average molecular weight and accounts
for the concentration of each species and their respective molecular
masses, divided by the total number of molecules (see equation 2).
Comparison of Mw with Mz further conﬁrms that the TerS9 sample is
homogeneous. Mz is the higher average molecular weight, and attributes more weight to higher species (see equation 3). In practice,
Mn < Mw < Mz, and the fact they are very similar for TerS (Table 1)
suggests a homogeneous distribution of molecular masses.
3.2. The oligomeric state of TerL is aﬀected by pH
The large terminase subunit from other phages can adopt monomeric and higher order oligomeric structures in solution [15,35,38,55],
suggesting that the oligomeric state of the large terminase may be dynamic and dependent on binding to the portal dodecamer, the small
terminase and/or DNA. Notably, the variable oligomeric state of the
large terminase can also be aﬀected by the puriﬁcation protocol employed [38]. As described below, the oligomeric state of TerL is aﬀected
by the pH of the puriﬁcation buﬀers (Figs. 3–5).
Because HK97 TerL is expressed in a soluble form as a fusion with a
His6 tag, we ﬁrst attempted to purify TerL using the gp74 puriﬁcation
protocol [7,47] (Fig. 3, outer left; Fig. 4A). The Ni2+ column puriﬁcation at pH 7.9 yields soluble His6-TerL, which can then be digested
with TEV protease to remove the His6 tag. However, the isolated TerL
elutes from the Superdex 200 size exclusion column in two broad peaks,
at 8.5 mL and 14.3 mL, which correspond to the elution volumes of
proteins with molecular weights of ≥660 kDa (the exclusion limit for

Table 1
Molar mass moments and polydispersity index of samples determined by SEC-MALS.
Sample

TerS
apo TerL
TerL + ADP

Peak

1
1
2
1
2

Molar mass moments (kDa)

Polydispersity index

Mn

Mw

Mz

Mw/Mn

175.0 ± 3.7
60.8 ± 0.7
107.3 ± 7.4
61.3 ± 1.4
90.1 ± 16.4

175.1 ± 3.7
60.8 ± 0.7
107.6 ± 7.4
61.4 ± 1.4
90.5 ± 16.4

175.1 ± 8.2
60.8 ± 1.7
108.0 ± 16.5
61.4 ± 3.1
91.0 ± 36.9

1.000
1.000
1.003
1.001
1.005
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±
±
±
±
±

0.030
0.017
0.097
0.032
0.258
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Fig. 3. Schematic representation of TerL puriﬁcation protocols. The three main steps of the puriﬁcation protocol are shown in grey ovals with the pH values for
the buﬀers used in each step shown in boxes. Ni2+ aﬃnity chromatography was conducted either at pH 7.9 or pH 8.6. The TEV protease step was conducted either at
pH 7.0 or pH 8.6. The size exclusion chromatography was conducted at pH 7.0 or pH 8.6. Also indicated are the outcomes of each puriﬁcation protocol with respect to
the oligomeric state of TerL.

that of TerS9. Whereas less than 100 nM of TerS9 is needed to completely saturate 1–2.5 nM cos DNA (Figs. 6), 4.5 μM TerL does not saturate 5 nM cos DNA (Fig. 7B). Furthermore, the presence of ATP decreases the aﬃnity of TerL for DNA, suggesting that ATP binding to the
ATPase domain alters the conﬁrmation of the DNA binding region, as
seen for other large terminase subunits [8,38,55].
In keeping with the known activity of the terminase complex,
samples containing TerS9 and TerL are capable of digesting DNA at the
cos site (Fig. 8, lane 7), whereas the individual components are not
(Fig. 8, lanes 3 and 5). The lack of speciﬁc cos DNA digestion by TerS9
or TerL alone is not surprising considering that small terminases from
other phages do not possess endonuclease activity and that the small
terminase is needed to position the catalytic site of the large terminase
towards the DNA substrate [1,4,8,59]. However, we do see evidence of
some non-speciﬁc digestion of cos DNA by TerL (and gp74) alone
(Fig. 8, lanes 3 and 9). Notably, in the experiment shown in Fig. 8, some
cos DNA is seen bound to samples containing TerS9 (lanes 5–8), even
though the samples are treated with proteinase K prior to the gel
electrophoresis step. Further, the sample containing only TerS9 has the
highest amount of bound DNA (Fig. 8, lanes 5), while samples containing other components of the DNA digestion machinery have less
bound cos DNA (Fig. 8, lanes 6–8). These data suggest that binding to
the cos DNA protects at least part of TerS9 from digestion. In contrast,
the sample containing TerL alone does not possess any bound DNA,
reﬂective of the lower aﬃnity of TerL for the cos DNA compared to
TerS9. As expected, the cos digestion activity of the TerS9/TerL complex
is enhanced by gp74 [7].

TerL oligomeric state depends on the solution conditions during puriﬁcation is not unusual, and has also been observed for other components of the DNA packaging motor, including the portal protein
[59–61] and the small terminase [15,17,23].
3.3. Puriﬁed TerS and TerL proteins are active
In other phages, the small terminase subunit possesses DNA binding
capabilities that allows the phage holo-terminase to recognize the
concatemeric DNA, which is the substrate for the large terminase subunit [1,4,8,59]. DNA binding to the puriﬁed TerS9 was assessed using
an electrophoretic mobility shift assay (EMSA). Binding of TerS9 to two
diﬀerent HK97 DNA ligands was tested: a 51 base pair DNA oligonucleotide that includes the cosN site and a 226 base pair DNA oligonucleotide that includes the cosN, cosB, and cosQ sites. TerS9 is able to
eﬀectively bind both DNA ligands (Fig. 6).
TerL consists of an ATPase domain and a nuclease domain. Thus, we
tested whether TerL can hydrolyze ATP, bind and digest DNA, and
whether these activities are inﬂuenced by TerS and/or gp74 (Fig. 7).
Note, that monomeric TerL obtained from the optimal puriﬁcation is
used for these experiments. TerL is a weak ATPase (Fig. 7A) - the rate of
free phosphate released in the presence of TerL alone is only slightly
higher than ATP control (0.13 ± 0.05 μM Pi released/min vs.
0.06 ± 0.06 μM Pi released/min). However, upon the addition of
TerS9, the ATPase activity of TerL is enhanced nearly four-fold
(0.43 ± 0.05 μM Pi released/min, p < 0.05). Like other small terminases [1,4,8,59], TerS9 is not an ATPase, and thus the rate of free
phosphate released in a solution of TerS9 and ATP is essentially equal to
that released for ATP alone (0.08 ± 0.05 vs. 0.06 ± 0.06 μM Pi released/min). The slight increase in the ATPase activity of TerL with
gp74 is not statistically signiﬁcant (p > 0.05). Although TerL is capable of binding DNA (Fig. 7B), the aﬃnity of TerL for DNA is lower than

4. Discussion
This paper presents protocols for expressing and purifying the small
and large terminase subunits (TerS9 and TerL, respectively) from the
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Fig. 4. The monomeric state of TerL is aﬀected by pH. His6-TerL is soluble and can be puriﬁed using a Ni2+-NTA column at pH 7.9 (Ai) or at pH 8.6 (Bi). Lanes
show whole cell samples before and after induction (pre- and post-induction), cell pellet and lysate after one (pH 7.9) or two (pH 8.6) sonication steps, proteins that
did not bind the Ni2+ column (ﬂow through and wash), and the Ni2+ column elution fraction. As seen for the Ni2+ puriﬁcation of His6-SUMO-TerS, there is some
His6-TerL in the ﬂow through and wash fractions. A larger column size and lower imidazole concentrations would lead to more His6-TerL retained, but also to greater
non-speciﬁc binding of E. coli proteins to the Ni2+ column, and thus the co-elution of more contaminants with His6-TerL. (Aii, Bii) Chromatograms from the Superdex
200 puriﬁcation of TerL lacking the His6 tag (top) and the corresponding 15% SDS-PAGE gel of speciﬁc Superdex 200 fractions. Note that the Superdex 200 column
puriﬁcations were performed on the Aktä FPLC (Aii) or Aktä Puriﬁer (Bii) systems, and thus the elution volumes for each peak diﬀers between the chromatograms.
However, separate calibrations were performed for the Superdex 200 column on each of the systems. Injection volumes of 250 μL were used during puriﬁcation of
TerL.

enzymes from other phages, our observations from puriﬁcation of HK97
TerS9 and TerL and activity assays highlight the plasticity in the
structure and activity of these proteins. Small terminases from various
phages adopt an oligomeric structure, but the size of the oligomer
diﬀers for small terminases even in related phages. For example, the T4
phage small terminase, gp16, forms octamers [21], while the small
terminase subunit from the related 44RR phage forms undecamers and
dodecamers [18]. Our data on HK97 TerS show that this variability
extends to λ-type phages. Whereas HK97 TerS adopts a nonameric
structure, the λ phage small and large terminase enzymes associate into
a hetero-trimer (gpNu12gpA) [24,34] that further oligomerizes into the

bacteriophage HK97 as isolated proteins that are functional. By using a
His6-SUMO fusion tag, removing the His6 and SUMO tags sequentially,
and conducting the puriﬁcation steps at pH 8.6, we obtain pure samples
of TerS nonamer (TerS9) that bind cos DNA. We also show that
monomeric, non-aggregated samples of TerL are obtained by varying
the pH of the buﬀers used during puriﬁcation. Monomeric TerL is
capable of hydrolyzing ATP, binding to DNA, and in concert with TerS9
and gp74, cleaving HK97 DNA at the cos site. In keeping with the association of TerS9 and TerL in the DNA packaging complex, TerS9 also
aﬀects the ATPase activity of TerL.
In comparison with structural and biochemical data on terminase
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oligomeric state may also provide the large terminase the plasticity to
interact with a dodecameric portal and a TerS oligomer with a diﬀerent
number of monomers compared to the portal protein. Further, the active oligomeric state diﬀers for large terminases from diﬀerent phages.
For example, the holo-terminase in the P22 phage is formed with two or
three large terminase (gp2) molecules in complex with one small terminase (gp3) nonamer [23], while the holo-terminase in λ phage
consists of the (gpNu12gpA)4 hetero-tetramer [22,25]. In contrast,
structural data on large terminases from thermophilic phages suggest
that the catalytic form of the protein is a pentamer [38,63], where the
large terminase monomer is inactive and may represent an initiation
state [38]. Conformational changes in these thermophilic phage large
terminases are proposed to enable the transition of the protein from the
inactive state to the active state. Notably, we observed formation of a
TerL pentamer during some (two of 17) of our puriﬁcations, but this
species was always in the presence of the monomer and higher-order
oligomer, precluding its isolation. A mixture of oligomeric states is also
observed for the large terminase from the thermophilic phage D6E [63].
It is possible that a pentamer of HK97 TerL would be stabilized when
bound to other components of the DNA packaging complex, such as
TerS9, cos DNA, and/or the portal protein, also hypothesized for D6E
[63]. It is also possible that a complex between TerS9 and TerL in HK97
is similar to that observed in P22 [23].
Our data has also highlighted aspects of the HK97 terminase activity, some of which diﬀer from other terminase enzymes. Both TerS
and TerL are capable of binding HK97 DNA containing the cos site and,
as expected, the aﬃnity of TerS for the cos DNA is greater than that of
TerL. Further, HK97 TerS activates both the ATPase and nuclease activities of TerL, indicating that TerL binds TerS and the TerS/cos DNA
complex. TerS-mediated activation of TerL ATPase activity may result
from direct binding of TerS to the ATPase domain or through allosteric
eﬀects from binding of TerS to another region of TerL. In contrast to
HK97 TerL, the isolated P22 large terminase (gp2) can not bind DNA,
but does bind to the small terminase (gp3)/DNA complex [15]. Further,
P22 gp3 increases the ATPase activity of gp2 but decreases the nuclease
activity of gp2, although the inhibition can be removed by ATP [11,12].
The small terminase also modulates the ATPase and nuclease activities
of the large terminase in T4 phage [13].
Additional structural and biochemical data on the terminase enzymes from P22, SPP1, and the thermophilic phage D6E indicate
crosstalk between the nuclease and ATPase domains of the large terminase [12,38,64,65]. The isolated nuclease domains of the P22 and
SPP1 large terminases are not active and the isolated ATPase domain
from the D6E large terminase is more active than in the intact enzyme.
Our data showing that MgATP inhibits TerL binding to cos DNA suggests cross-talk between the ATPase and nuclease domains. Additional
studies are needed to probe the mode by which the HK97 holo-terminase (TerS9, TerL) and cos DNA interact, the molecular basis by which
TerS9 aﬀects the activity of TerL, and the role of speciﬁc gp74 functions
(eg. metal binding, endonuclease activity) in enhancing terminase digestion of the cos site. The puriﬁcations of TerS9 and TerL as isolated
proteins provide the foundation to conduct these studies.

Fig. 5. Puriﬁcation of monomeric TerL. (A) 15% SDS-PAGE gel displaying
Ni2+ column puriﬁcation of soluble His6-TerL at pH 7.9. Lanes show whole cell
samples before and after induction (pre- and post-induction), cell pellet and
lysate after two sonications, proteins that did not bind the Ni2+ column (ﬂow
through and wash), and the Ni2+ column elution fraction. (B) Superdex 200
puriﬁcation (at pH 8.6) of TerL lacking the His6 tag (top) and 15% SDS-PAGE
gel of speciﬁc Superdex 200 fractions (bottom).
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hetero-tetramer (gpNu12gpA)4 [22,25]. A nonamer is adopted by the
small terminase of SF6 phage, another phage with a long, non-contractile tail such as HK97 and λ [11,14,62]. Regardless of the number of
subunits involved, the oligomeric small terminase enables interaction of
viral DNA and the large terminase, which contains the endonuclease
activity needed for DNA digestion and ATPase activity needed to drive
DNA packaging into the phage head [11].
As seen for HK97 TerL, large terminases can also adopt diﬀerent
oligomeric structures, in isolation and when bound to the small terminase or to the portal protein complex, which may aﬀect the activity
of the large terminase [15,23,35,38,55,58,63]. Changes in the
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Fig. 6. TerS9 binds HK97 DNA that contains the
cos site. Electrophoretic mobility shift assay (EMSA)
showing binding of TerS9 to a 51 bp fragment of
HK97 DNA containing cosN (A) or a 226 bp fragment
of HK97 DNA that contains the cosB, cosN, and cosQ
(B). The concentration of DNA used was either
1.0 nM for the 51 bp fragment and 2.5 nM for the 226
bp fragment. Using band intensities of the free DNA
in panel A, a Kd value of ∼30 nM can be estimated
for the interaction of TerS9 to the 51 bp cos DNA
fragment.

Fig. 8. TerL-mediated digestion of cos site DNA requires TerS9 and is enhanced by gp74. Digestion assays used 2.5 nM of a 356 bp cos DNA, 3.5 μM
TerS9, 7 μM TerL, and 7 μM gp74 and were visualized on a 4–15% acrylamide
gel. TerS9/TerL-mediated digestion of the 356 bp DNA results in two fragments,
the left cohesive fragment (292 bp) and the right cohesive fragment (64 bp).
Gp74 enhances the terminase-mediated digestion at the cos site, indicated by
the greater intensities of the left and right cohesive fragments.

from the Saskatchewan Health Research Foundation (SHRF), Canada
(4163) and the Canadian Institutes for Health Research (396113).
W.A.H. was supported by a CIHR project grant (PJT-148564).
Fig. 7. (A) TerS increases the ATPase activity of TerL. Malachite green calorimetric assay for Pi was used to measure the ATPase activity of isolated TerL,
TerS9, and gp74, as well as for TerL in the presence of TerS9 or gp74. Note that
isolated gp74 and TerS9 do not possess ATPase activity, as the release of Pi in
these samples is identical to that observed for the ATP control sample. (B) The
presence of ATP aﬀects binding of TerL to cos site DNA. EMSA showing binding
of TerL to a 356 bp fragment of HK97 containing the cosB, cosN, and cosQ sites.
Increasing concentrations of MgATP inhibit TerL binding to the cos DNA.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pep.2019.03.017.
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