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According to current models, dimeric DNA Polymerases coordinate the replication of DNA leading and
lagging strands. However, it was recently shown that trimeric DNA Polymerases, assembled in vitro,
replicate the lagging strand more efficiently than dimeric replicases. Here we show that the t, a, ¢, and 6
subunits of Escherichia coli DNA Polymerase IIl can be assembled in vivo, yielding the trimeric t303e303
complex. Further, we propose a molecular model of this complex, whose catalytic action was investigated
using model DNA substrates. Our observations indicate that trimeric DNA replicases reduce the gap
between leading and lagging strand synthesis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

In Escherichia coli, DNA Polymerase IIl (DNA Pol-III) is competent
in genome replication, and is considered an asymmetric dimer,
containing 10 different subunits, i.e. a, ¢, 6, 7, v, ¢, %, §, &', and B [1].
The a, ¢, and 0 subunits are tightly associated into a catalytic core,
with o providing the 5'-3’ Pol activity [2], and e the 3’-5" exonu-
clease (proofreading) activity [3]. The 6 subunit increases the sta-
bility of e [4], the bridging subunit of the core interacting with both
o and 0 [5]. The © subunit features ATPase activity [6], self-interacts
[7], and contacts « [8], therefore assembling independent catalytic
cores. Interestingly, the y subunit is coded by the same gene (dnaX)
yielding 7. A frameshift in translation of the dnaX message is indeed
responsible for early termination, producing a C-ter truncated form
of 7, i.e. the y subunit [9]. Moreover, it was demonstrated that using
a mutant form of dnaX, devoid of the frameshift motif, only the ©
subunit is expressed [10]. Due to the deficiency of the © C-ter region,
v is not competent in binding «. However, two independent cata-
lytic cores can associate via the DnaX complex, composed of the 7,
Y, ¥, %, 9, and & subunits, assembled according to T2y1¢1%1919'1
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stoichiometry. This dimeric replicase, denominated Pol-IIl*, can
withstand the simultaneous synthesis of leading and lagging DNA
strands [11]. In addition, high processivity is conferred to E. coli Pol
III* by the B subunit, acting as a clamp on DNA [12] and interacting
with o [13]. Recently, a trimeric replicase containing 3 t subunits
and 3 catalytic cores was assembled in vitro, and it was shown that
the 3 active sites of this replicase are able to exert their Pol function
simultaneously, and outperform their dimeric counterparts in
lagging strand replication [14—17]. Here we report on the trimeric
complex t303e303, assembled in vivo. In particular, the action of this
trimeric replicase at the expense of double- and single-primed
DNA:s is presented here, along with a molecular model which re-
lies on a-a interactions detected by mass spectroscopy.

2. Materials and methods
2.1. Bacterial cultures and media

E. coli TOP10 (obtained from Invitrogen, Carlsbad, USA), was
transformed with the plasmid pBAD-«. [18], and was eventually co-
transformed with pGOOD-¢-0 [19] or with pGOOD-Tyjess-e-0. The
transformants were grown at 30 °C for 15 h, using LB medium
supplemented with the appropriate antibiotics. The o subunit, the
catalytic core, or the t303e303 complex were overexpressed for 2.5 h
with arabinose alone or arabinose and IPTG (1 mM each).
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2.2. Construction of pGOOD-Tyjess-¢-0

The dnaX-yless gene was synthesized by Entelechon GmbH (Bad
Abbach, Germany). To obtain overexpression of the T subunit only,
the sequence responsible for the translational frameshift yielding y
subunit was mutated [10], i.e. the wild type codons 429-431 were
changed to AAG-AAA-AGC. The synthetic dnaX-yless gene was then
inserted into the pGOOD plasmid, using the Ncol and Pstl sites,
yielding pGOOD-7yjess. The insert coding for e and 0 subunits was
then amplified from the pGOOD-¢-6 plasmid [19]. To this aim, the
plasmid was linearized with AIwNI restriction enzyme and sub-
jected to PCR using 5'GCTGGAGGTACCAGGAGGTGAGCTAATGGG
CACTGCAATTACACGCCAGA3' as forward and 5 GAGCTGGAATTCTT
ATTTAAGTTTGGGCTCGTAAGGT3' as reverse primer, respectively.
The amplified fragment was digested with Kpnl and EcoRI enzymes,
and finally inserted into the pGOOD-Tess vector, previously treated
with the same restriction endonucleases.

2.3. Protein purification

Soluble protein extracts were loaded onto a 50 mL Q-Sepharose
FF column (1.6 x 25 cm, GE Healthcare, Piscataway, USA) equili-
brated with buffer A (50 mM Tris—HCl pH 8, 50 mM NaCl, 1 mM
EDTA, 2.5 mM DTT). The column was then washed with 5 column
volumes of buffer A, and elution was performed applying a linear
NaCl gradient (50—600 mM). The best fractions, according to SDS-
PAGE analysis, were pooled, diluted with buffer B (50 mM Tris—HCI
pH 8, 50 mM NaCl, 1 mM EDTA, 2.5 mM DTT, 20% glycerol),
concentrated, and loaded onto a 30 mL CibacronBlue 3G column
(GE Healthcare, 1.6 x 15 cm), equilibrated with buffer B. After
loading the sample (at 0.5 mL/min), the column was washed with 5
column volumes of equilibration buffer. Elution was performed by a
two-step NaCl gradient (150 mM and 1 M NaCl) in equilibration
buffer, at 2 mL/min. The peak eluted at 1 M NaCl was collected,
reconditioned to 50 mM Nadl in buffer B, and then loaded onto a
5 mL HiTrap Heparin HP column (GE Healthcare), equilibrated with
buffer B. After loading the sample, the column was washed, and
elution was obtained with a 50 mL linear gradient of NaCl
(50—300 mM in buffer B). Fractions (0.9 mL) were collected and
analyzed by SDS-PAGE. The best fractions were pooled, conditioned
to 50 mM Nacl in buffer B, concentrated, and finally loaded onto a
1 mL ResourceQ pre-packed column (GE Healthcare). The best
fractions (0.2 mL) were pooled to yield purified o subunit or o
catalytic core.

When the t303e303 was purified, the best fractions eluted from
the HiTrap Heparin column were concentrated to 1 mL and loaded
onto a Sephacryl S-300 column (GE Healthcare, 1.6 x 62 cm),
equilibrated with 50 mM Tris—HCI pH 8, 150 mM NaCl, 1 mM EDTA,
2.5 mM DTT, 20% glycerol (v/v). Elution was performed at 0.6 mL/
min, and fractions of 0.9 mL were collected. The column was cali-
brated with HMW Gel Filtration Calibration kit (GE Healthcare).
Protein concentration was determined according to Bradford [20].

2.4. Mass spectrometry

Cross-linking of subunits of the T30:3e303 complex was obtained
by incubation, for 1 h at room temperature, with 50 uM bis(sulfo-
succinimidyl)suberate (BS3) in phosphate-buffered saline (pH 7.2).
The cross-linking reaction was stopped by the addition of 100 mM
Tris-HCI buffer, pH 7.9. Mass Spectrometry was performed as pre-
viously described [21].

ESI-MS measurements of the native t3c03e303 complex were
performed in positive ion mode, using a modified electrospray
ionization quadrupole-time-of-flight instrument (Waters) equip-
ped with a Z-spray nano-spray source. The pressure in the first

vacuum stages of the mass spectrometer was increased, in order to
cool the ions, leading to a higher stability in vacuo of ions from large
complexes [22]. To this aim, pressure conditions were raised to
10 mbar and capillary and cone voltages were set to 1750 and 125V,
respectively. Analogously, the collision cell gas pressure and the
collision energy were also optimized.

All spectra were mass calibrated using an aqueous solution of
caesium iodide (50 mg/mL). Mass spectra were acquired in the m/z
range 2000—8000 and averaged, smoothed and centered, using the
software program MassLynx 4.0 (Waters). The molecular mass of
the T303e303 complex was obtained using the MassLynx function
MaxEnt.

2.5. Steady-state activity assays

For steady-state kinetic experiments, a Perkin—Elmer A19
spectrophotometer was used. DNA Polymerase and ATPase activ-
ities were assayed by detecting the pyrophosphate and phosphate
released, respectively [23]. Steady-state 3/-5' exonuclease activity
of e subunit was determined according to Hamdan et al. [24], using
5’-p-nitrophenyl ester of thymidine monophosphate (pNP-TMP) as
substrate. Reaction velocities were calculated using 12,600 and
12,950 M~! cm™! as the molar extinction coefficients for uric acid
[23] at 293 and p-nitrophenolate [24] at 420 nm, respectively.

DNA Polymerase activity was assayed in the presence of 100 mM
Tris-HCl (pH 8), 5 mM MgCly, 0.25 mM inosine, 1 puM DNA, and 10,
50 and 500 mU/mL of inorganic pyrophosphatase (PPase), purine
nucleoside phosphorylase (PNPase), and xanthine oxidase (XOD),
respectively. Reactions were started by the addition of 100 uM
dNTP and monitored at 293 nm.

ATPase activity of T subunit was assayed according to Tsuchi-
hashi and Kornberg [6]. Reaction mixtures contained 100 mM
Tris—HCl, 5 mM MgCl,, 0.25 mM inosine, 1 pM ssDNA (sequence
5'AAAAAAAAGCGCGCGC3’). The inorganic phosphate released
from ATP was detected using PNPase and XOD. Reactions were
started by the addition of 0.4 mM ATP, and monitored at 293 nm.

To determine 3’-5" exonuclease activity, pNP-TMP was used as
substrate. Assay mixtures contained 50 mM Tris-HCI (pH 8),
150 mM NacCl, 1 mM MnCl,, and 1 mM DTT. Reactions were started
with 3 mM pNP-TMP, and monitored at 420 nm.

2.6. Single-turnover activity assays

DNA Polymerase activity was assayed using a stirred Hellma
quartz cuvette (model 119-004-10-40) and a V-550 Jasco spectro-
photometer. Assay and detection conditions were the same as for
the steady-state determinations, except for substrate and enzyme
concentrations, both at 0.2 uM. In addition, to ensure minimization
of the lag time, PPase, PNPase, and XOD were used at 50, 500, and
500 mU/mL, respectively. Reactions were started by the addition of
DNAs.

3. Results and discussion

To assess whether a trimeric replicase can be assembled in vivo,
and to further test the t/core stoichiometry, we co-expressed in
E. coli the o, ¢, and 0 subunits, along with a dnaX variant unable to
produce y. With this aim, we cloned into the pBAD plasmid the
dnak gene (coding for o), and into the pGOOD vector [19] the dnaX-
vless, dnaQ, and holE genes (coding for T, e, and 0, subunits,
respectively). E. coli was co-transformed with these two plasmids
and the overexpression of a, T, ¢, and 6 was triggered by the addi-
tion of arabinose and isopropyl-thio-p-p-galactopyranoside (IPTG)
to the growth medium. As a first test, we extracted soluble proteins
from overexpressing cells, and we immediately loaded the protein
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extract onto a Sephacryl S-300 column. Each collected fraction was
then assayed for DNA Polymerase, 3’-5' exonuclease, and ATPase
activities. Surprisingly, the major and most sharp peaks of these 3
activities overlapped, and were detected at fractions containing
proteins featuring molecular masses compatible with a T303e303
complex (Supplementary Fig. 1). On the contrary, no sharp activity
peaks were observed at elution volumes corresponding to a dimeric
complex (Supplementary Fig. 1). We then attempted the purifica-
tion of the t30:3e303 complex by means of standard chromato-
graphic techniques. Unexpectedly, no dimeric replicase (t202¢e202)
was detected, while trimeric Polymerase (t303e363) was readily
purified (Fig. 1A—C), along with an excess of aef catalytic core
(Fig. 1A—C). The oligomerization state of the purified replicase was
further ascertained by ESI mass spectroscopy. To this aim, a solution
of the native enzyme in 25 mM ammonium acetate buffer (pH 6.5)
was used. Under these conditions, we detected a major peak cor-
responding to a molecular mass equal to 708050 Da (Fig. 1D), in
good agreement with the expected value for the t303e303 complex,
i.e. 710238 Da. Further, to identify interactions between subunits,
the trimeric complex was subjected to cross-linking (Fig. 1E), using
bis(sulfosuccinimidyl)suberate (BS3). Mass spectra of the cross-
linked trimeric Polymerase revealed o-¢, -0, T-7, and o-o. contacts
(Supplementary Tables 1—4). The detected a-¢ and e-0 contacts
confirm previously described interactions between o N-ter and ¢ C-
ter [25], and between e N-ter and 6 [26]. Remarkably, the observed
a-o interaction (engaging Lys1037 or Lys1044) resides in the C-ter
region, mapping into a portion of o which is most likely disordered.
Crystals of o were indeed obtained using a truncated form of a,
lacking the residues 918-1169 [27].

DNA Polymerase activity was then assayed using the trimeric
replicase, and the observed activity was compared to that of

purified o subunit. To this aim, we used as substrate a 40mer DNA
template strand paired to a single pentadecameric primer (Fig. 2A).
The template and the primer were chosen to produce, once
annealed, a 25mer PolydA overhang, and dTTP was used as the
single dNTP substrate (Fig. 2A). Under these conditions, the 3 a
subunits of t303e303 were found to exert their function simulta-
neously (Fig. 2B and D). The k¢,c was indeed equal to 1.89 + 0.15 and
2.59 + 0.26 s~ for o subunit and T303e303, respectively, suggesting a
slight increase of activity in the trimeric complex. Similar obser-
vations were obtained when the 3’-5’ exonuclease activity of the
trimeric replicase was assayed with the p-nitrophenyl ester of
thymidine 5’-monophosphate (pNP-TMP). In this case, the k¢
values were 9.66 + 0.36 and 8.50 + 0.29 s~! for the catalytic core
and the trimeric replicase, respectively (Fig. 2C and E).

To model the replication of leading and lagging strands, we
designed a set of DNAs to be used in single-turnover assays with the
trimeric replicase. In particular, we devised three different double-
primed DNAs (100mer, 75mer, 50mer, Fig. 2A), whose elongation
requires dTTP and dATP for the extension near the 3’ (head) and the
5’ (tail) end of the template, respectively (Fig. 2A). To test how the
inter-primer distance affects the simultaneous replication of tem-
plate head and tail, these different DNAs contain primers 15, 40, or
65 nucleotides apart (Fig. 2A). In addition, we selected a single-
primed DNA (25mer), the elongation of which depends on dGTP
(Fig. 2A). Our rationale was to use the double-primed DNA as a
model of lagging strand, with the single-primed DNA mimicking
the leading strand (Fig. 3A). First, we performed steady-state assays
using o subunit and a single substrate, i.e. 100mer, 75mer, 50mer or
25mer DNA. Under these conditions, the highest DNA Polymerase
activity was observed in the presence of the 25mer DNA
(Supplementary Figs 2—3). Moreover, when the double-primed
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Fig. 1. Purification of the T303e303 complex. A) Gel filtration (Sephacryl S-300 column) of the trimeric replicase, previously subjected to anion-exchange and affinity chromatog-
raphy. The square, circle, and star indicate the elution volume of the molecular mass markers thyroglobulin (669 kDa), ferritin (440 kDa), and catalase (232 kDa). The theoretical
molecular masses of t303e303 and oef complexes are equal to 710 and 166 kDa, respectively. B, C) SDS-PAGE of fractions eluted from the Sephacryl S-300 column (the fraction
numbers are indicated at the top; M: molecular mass markers). The position of o, 7, ¢, and 6 subunits are indicated at the right side of Fig. 1B. D) ESI mass spectrum of native t303e303
complex. The molecular masses of major peaks are indicated in Daltons. E) SDS-PAGE of purified t3¢:3e303 complex subjected or not to cross-linking with BS3. The trimeric replicase
(350 nM) was incubated with 5, 50, 500, or 1000 uM BS3 in PBS (lanes 2-5, respectively), for 1 h at room temperature. Reactions were blocked by the addition of 100 mM Tris—HCI,

pH 7.9. Lane 1 was loaded with an aliquot of untreated t303e3605 complex.
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1.8 nM 71303¢303 complex (blue dots), in the presence of 3 mM p-nitrophenyl ester of 5’-thymidine monophosphate (pNP-TMP). D, E) Initial velocities of DNA Polymerase (Panel D)
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DNAs are considered, the template head was replicated: i) at the
same initial velocity as the tail, in the presence of the 75mer or
100merDNaA,; ii) at a slower, if at all, initial velocity than the tail in
the presence of the 50mer DNA, suggesting that a near downstream
dsDNA inhibits elongation (Supplementary Figs 2—3).

We then performed single-turnover assays to test template head
elongation, using the trimeric replicase (0.2 pM), a double-primed
DNA and the 25mer DNA (0.2 uM each), in the presence of 100 uM
dTTP. When the 50mer double-primed DNA was used, the exten-
sion of the template head was strongly inhibited (Fig. 3B), indi-
cating that the dsDNA proximal to the tail hampers the elongation
activity by a single o subunit of the t303e303 complex. A slightly
higher activity was observed in the presence of the 75mer DNA
(Fig. 3B), while the extension velocity of the 100mer DNA at the
head site was significantly higher, and equal to 9 nM/s (Fig. 3B).
Next, we performed further single-turnover assays using the
trimeric replicase (0.2 pM), and both 100mer and 25mer DNA
(0.2 uM each). When both dTTP and dATP were present (100 uM
each), DNA Polymerase activity equalled 19 nM/s, indicating the
concomitant extension of template head and tail (Fig. 3C and D).
Finally, in the presence of dTTP, dATP, and dGTP (100 uM each), the
extension rate increased further, being equal to 38 nM/s (Fig. 3C and
D). This increase suggests that the activity at the expense of the
25mer DNA is equal to 19 nM/s, twice the activities observed with
the double-primed DNA. However, it should be noted that the
elongation rate of o subunit in the presence of the 25mer DNA is
5—6 times higher than the rate determined in the presence of the

100mer DNA (Supplementary Figs 2—3). Therefore, according to
our observations, the activity of the two o subunits on the double-
primed DNA slows down the extension of the single-primed DNA.

We demonstrated here that the trimeric replicase t303e303 is
assembled in vivo by E. coli cells, and that this protein complex is
competent in the simultaneous extension of three primers, asy-
metrically annealed to two DNA templates. Moreover, using
double-primed DNAs as molecular rulers, we have shown that the
parallel elongation by t303e363 of two primers annealed to the
same DNA template depends on the interprimer distance, the
minimum magnitude of which has to range between 40 and 65
nucleotides. These values correspond, when considering the
average length of ssDNA [28], to about 260—420 A. Taking into
account the interaction between o subunits of the 7t303e303
complex (Supplementary Table 4), we propose a partial model of
the trimeric replicase (Fig. 4, Supplementary Fig. 4, and animation
provided online). With this model, we suggest that the replication
of lagging strand is sustained by two o subunits, whose simul-
taneous elongation activity depends on a sufficiently long ssDNA
connecting two active sites (Fig. 4). Upon shortening of this ssSDNA
to less than 40—65 nucleotides, further extension of the lagging
strand could be exerted by a single o subunit, which, in turn,
would pause its activity upon sensing a second dsDNA in close
proximity (about 15 nucleotides, Fig. 3B). This temporary halt
would trigger the switch of trimeric replicase to a new primer
annealed to the lagging strand, starting the generation of a new
Okazaki fragment. The trimeric replicase described here was
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Fig. 4. Molecular model of trimeric replicase. A) Cartoon of 3 o subunits engaged in the simultaneous replication of leading (blue arrow) and lagging (red arrows) strands. B) Partial
model of the trimeric replicase showing 3 ¢ subunits associated with a single- and a double-primed DNA. The tertiary structure of full-lentgh E. coli o subunit was obtained from
Swiss-Modeller [29], using as a template the Thermus aquaticus DnaE replicase (PDB 2hpm). The dsDNA structures are from T. aquaticus DnaE replicase (PDB 3e0d), and were
positioned superimposing the E. coli protein model and the T. aquaticus polymerase in complex with DNA (PDB 3e0d). The ssDNA (65 nucleotides) was generated with Foldit [30].
The quaternary structure of the model was obtained imposing a distance between the K1037 of each subunit equal to 11.4 A, which is the lentgh of the cross-linker used (BS3,
Fig. 1E). C) Detail of the single- and the double-primed DNAs associated to the E. coli trimeric replicase. A single o. subunit is shown in green. D) Side view of the molecular model
reported in Fig. 4B. The structures were rendered with PyMol (The PyMOL Molecular Graphics System, version 1.3, Schrodinger, LLC). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

obtained preventing the expression of y subunit, which presence
would imply the assembly of a dimeric enzyme. It will be inter-
esting to ascertain the levels, in vivo, of T and y subunits as a
function of the E. coli growth phase. It seems indeed reasonable to
suppose that cells would benefit of trimeric replicase under
conditions of active growth (and replication), while a dimeric
replicase would suffice under stationary state or resting
conditions.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.bbrc.2015.04.067.
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