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Unique Helicase Determinants in the Essential Conjugative Tral
Factor from Salmonella enterica Serovar Typhimurium Plasmid pCU1
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Department of Chemistry® and Departments of Biochemistry and Microbiology,” University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA

The widespread development of multidrug-resistant bacteria is a major health emergency. Conjugative DNA plasmids, which
harbor a wide range of antibiotic resistance genes, also encode the protein factors necessary to orchestrate the propagation of
plasmid DNA between bacterial cells through conjugative transfer. Successful conjugative DNA transfer depends on key catalytic
components to nick one strand of the duplex DNA plasmid and separate the DNA strands while cell-to-cell transfer occurs. The
Tral protein from the conjugative Salmonella plasmid pCU1 fulfills these key catalytic roles, as it contains both single-stranded
DNA-nicking relaxase and ATP-dependent helicase domains within a single, 1,078-residue polypeptide. In this work, we unrav-
eled the helicase determinants of Salimonella pCU1 Tral through DNA binding, ATPase, and DNA strand separation assays. Tral
binds DNA substrates with high affinity in a manner influenced by nucleic acid length and the presence of a DNA hairpin struc-
ture adjacent to the nick site. Tral selectively hydrolyzes ATP, and mutations in conserved helicase motifs eliminate ATPase ac-
tivity. Surprisingly, the absence of a relatively short (144-residue) domain at the extreme C terminus of the protein severely di-
minishes ATP-dependent strand separation. Collectively, these data define the helicase motifs of the conjugative factor Tral
from Salmonella pCU1 and reveal a previously uncharacterized C-terminal functional domain that uncouples ATP hydrolysis

from strand separation activity.

elicases are molecular motors that drive the separation of

duplex nucleic acid strands through the coupling of ATP hy-
drolysis to unwinding (1-3). As a result, helicases are key players
in a wide variety of DNA and RNA metabolic processes, such as
recombination, chromatin remodeling, and DNA transport (4—
6). Most recently, helicases have emerged as potential therapeutic
targets for diseases ranging from cancer to Gram-positive bacte-
rial infections (7—18). Classified into six superfamilies, superfam-
ily 1 and 2 (SF1 and SF2) helicases are the most similar, sharing up
to seven conserved sequence motifs and core RecA-like folds (1-
3). Furthermore, SF1 helicases comprise the largest class and can
be further subdivided into SF1A and SF1B, based on the direction
of helicase translocation along the strand; SF1A helicases progress
3’ to 5" and SFIB 5’ to 3" (3). Despite their importance, SF1B
helicases are still poorly characterized in comparison to SF1A and
SF2 helicases, though some recent studies have expanded our
knowledge (19-21). SF1B helicases are critical to a diverse range of
processes, including DNA repair by human DNA helicase B (22),
telomere regulation by Pif1 (23), and conjugative plasmid transfer
by F Tral (24).

Conjugative plasmid transfer (CPT) mediates the propagation
of antibiotic resistance genes and virulence factors within com-
mensal and pathogenic bacteria (25-27) and relies on the helicase
domain of a bifunctional protein to facilitate plasmid DNA trans-
fer (24, 28-30). Early work characterizing the general mechanism
of CPT was accomplished through the study of the F (fertility)
plasmid system, a member of the MOB; family of conjugative
plasmids (31-35). During CPT, a donor bacterium transfers one
strand of the double-stranded conjugative DNA plasmid to a
neighboring recipient via direct cell-cell contact (29, 36). Conju-
gative plasmids encode nearly all of the proteins found within the
relaxosome, a multiprotein complex indispensable for sequence-
specific transfer of the plasmid (37). DNA strand transfer is initi-
ated by a relaxosome component, the relaxase, through a site- and
strand-specific DNA nick at the plasmid origin of transfer (oriT).
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Once nicked, a helicase unwinds the duplex DNA plasmid and one
strand is transferred through a pore connecting the neighboring
cells. In many conjugative systems, the relaxase is found at the N
terminus of a multifunctional transfer-initiation protein with a
helicase or primase located C terminal to the relaxase (29, 35, 37).

Bifunctional enzymes Tral (1,756 residues) and TrwC (966
residues), from F plasmid and resistance plasmid R388, respec-
tively, harbor an N-terminal relaxase and a C-terminal helicase
(38,39). In both cases, the C-terminal helicase belongs to the SF1B
family. Structures of the MOB N-terminal relaxases from F Tral
and R388 TrwC have been determined (40, 41), and their enzy-
matic nicking activity has been thoroughly investigated (42-47).
Although DNA binding of the F Tral C-terminal helicase has re-
cently been investigated (30, 48), much less is known about the
structure and mechanism of these C-terminal helicase domains
relative to the N-terminal relaxase domains. Studies of F Tral and
R388 TrwC demonstrate, however, that both enzymatic activities
of the relaxase and helicase are required for CPT (24, 38, 44).
Furthermore, more distantly related relaxases with C-terminal
domains lacking in apparent catalytic activity, such as NES from
Staphylococcus aureus pSK41, have recently been shown to require
their relatively large C-terminal domains for conjugative transfer
(49).

The relaxase-helicase enzyme Tral, encoded by MOBy, conju-
gative resistance plasmid pCU1, is responsible for DNA plasmid
processing leading to cell-to-cell transfer of the pCU1 plasmid
(50-52). The structure and function of the pCU1 Tral N-terminal
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TABLE 1 DNA substrates used in this study

Unique Helicase Determinants in pCU1 Tral

Length

Substrate® (nucleotides) Sequence (5’ to 3')
DNA binding

350riT-hairpin 35 TGTGATAGCGTGATTTATCGCGCTGCGTTAGGTGT?

35-mer-hairpin 35 CTAGCTCCGAGCATAAGAGCTCGGACTACGTGATC?

35-mer 35 TGCGTGCGTAGTGTCTATAGCGGAGATCCTGGAGT

19-mer 19 CAGCGAGCGAGCGAACGCG

10-mer 10 AGCGAACGCG
NTPase assays

23-mer 23 CCTAGATCCCATTGGCCATGAGC

37-mer 37 TCGATCTAGCATCCGGATCTAGGGTAACCGGTACTCG

60-mer 60 GCGATACGTACTGTCGATCCATGTCGATCTAGCATCCGGATCTAGGGTAACCGGTACTCG
Helicase assays

17-mer 17 CCGGTTACCCTAGATCC

80-mer 80 CTAGGCATTCGACTGCACTAGATCTTGCGATACGTACTGTCGATCCATGTCGATCTAGCA

TCCGGATCTAGGGTAACCGG®

“ DNA substrates are all labeled with fluorescein at the 5" end, with the exception of the 23-mer, 37-mer, 60-mer, and 80-mer substrates.

b Bold sequences contain an inverted repeat predicted to form a hairpin structure.
¢ Underline indicates the region that base-pairs with the 17-mer substrate.

relaxase domain have been well studied (53, 54), with only limited
data available for its C-terminal helicase. In this work, we establish
that the C-terminal domain of pCU1 Tral contains a functional
SF1B helicase capable of binding DNA, hydrolyzing ATP and un-
winding double-stranded DNA (dsDNA) substrates. We also
demonstrate a third functional domain that couples ATP hydro-
lysis to unwinding activity and is essential for Tral helicase func-
tion.

MATERIALS AND METHODS

Expression and purification of pCU1 Tral constructs. The pCU1 Tral
constructs used in this study include WT_1078 (residues 1 to 1078; Gen-
Bank accession number AAD27542), WT_299 (residues 1 to 299),
WT_932 (residues 1 to 932), WT_311-1078 (residues 311 to 1078),
WT_483-1078 (residues 483 to 1078), and WT_311-932 (residues 311 to
932) (see Fig. 2). ATPase point mutants were generated by QuikChange
site-directed mutagenesis (Stratagene). All Tral constructs were cloned
into the pTYB2 vector of the IMPACT system (New England BioLabs) as
previously described (4-6, 53).

Cloned constructs were grown in Escherichia coli BL21(DE3) cells in
1.5 liters of terrific broth (TB) under ampicillin selection with shaking at
37°C to an optical density of 0.6 to 0.8. Protein expression was induced
with isopropyl 3-p-1-thiogalactopyranoside (IPTG) added to a final con-
centration of 0.1 mM, and then the temperature was reduced to 18°C.
Protein was overexpressed at 18°C for 16 h, after which the cells were
harvested by centrifugation and resuspended in buffer C (500 mM NaCl,
20 mM Tris-HCI [pH 7.5], 10% glycerol, 5 mM EDTA, 0.01% azide).
Resuspended cells were stored at —80°C.

All proteins were purified on chitin resin (New England BioLabs) us-
ing a batch bind method followed by an extended wash step as described in
the manufacturer’s protocol. The chitin resin was incubated for 16 h with
50 mM dithiothreitol (DTT) to induce cleavage of the intein and chitin
binding domain (CBD) tags and thus release Tral from the intein, CBD,
and chitin resin. Eluted Tral constructs were then further purified in an
additional size exclusion chromatography step using a HiLoad 16/60 Su-
perdex 200 column (GE Healthcare) preequilibrated with buffer S (100
mM NaCl, 50 to 100 mM Tris-HCI, 0.01% azide) on an AKTAxpress fast
protein liquid chromatograph (FPLC; GE Healthcare).

Fluorescence anisotropy. The affinity for binding of Tral constructs
to several DNA substrates was investigated using fluorescence anisotropy
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(FA)-based DNA binding assays. Fluorescence measurements were ob-
tained using a PHERAstar fluorescence plate reader (BMG Labtech) at
room temperature. High-performance liquid chromatography (HPLC)-
purified fluorescein (5'-6-carboxyfluorescein [FAM])-labeled DNA sub-
strates were obtained from Integrated DNA Technologies Inc. (IDT). All
DNA substrates were resuspended in buffer R (50 mM NaCl, 10 mM
Tris-HCI [pH 7.5], 0.05 mM EDTA, 0.01% azide), heated to 95°C for 10
min, and then allowed to slow cool to room temperature. The DNA nu-
cleotide sequences used are listed in Table 1.

For each assay, the purified protein was initially diluted to 2X the
maximum final concentration desired in buffer B (50 mM NaCl, 20 mM
Tris-HCI [pH 7.5], 5% glycerol, 5 mM EDTA, 0.01% azide), followed by
serial dilutions in buffer B to generate 8 to 16 unique protein concentra-
tions. Fluorescently labeled DNA substrate (0.1 pM) was then combined
with an equal volume of each concentration of protein, resulting in a final
concentration of 50 nM DNA substrate and 1X protein. Equal volumes of
0.1 pM DNA substrate and buffer B were mixed to generate a no-protein
control. The assay was performed in triplicate on a 96- or 384-well black
assay plate (Costar). Samples were excited at 490 nm and emission inten-
sities recorded at 520 nm on the PHERAstar fluorescence plate reader in a
T format. Depending on the shape of the curve and apparent binding
mode observed, the data were fit in Graphpad Prism v6.0 (Graphpad,
2013) using equation 1 (one-site specific binding with Hill slope, Graph-
pad, 2013) to yield a value for the apparent K, (equilibrium dissociation
constant):

_ (max)x"
f= KZP T

where fis average FA signal detected, x is total protein concentration, K,,,
is apparent K, max is average FA signal of sample at a saturating concen-
tration of protein, and h is the Hill coefficient. Alternatively, equation 2
could be used to yield a value for K, as previously described (7-18, 53):

(1)

{r+x+10-[(-1-x-K? - a1x]}
27

f=min + (max — min)
(2)

where fis average FA signal detected, T is total DNA concentration (50
nM), x is total protein concentration, K is K ; min is average FA signal of
the no-protein control, and max is average FA signal of sample at a satu-
rating concentration of protein.
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FIG 1 pCUI Tral helicase sequence alignment. C termini of pCU1 Tral (GenBank accession number AAD27542.1), R388 TrwC (GenBank accession number
CAA44853.2), and F Tral (GenBank accession number BAA97974.1) were aligned to show conserved SF1 helicase motifs (boxed). Identical residues are shaded

black, and similar residues are shaded gray.

NADH-linked enzyme NTPase assay. NTPase activity of pCU1 Tral
was evaluated using a NADH-linked enzyme assay involving pyruvate
kinase (PK) and lactate dehydrogenase (LDH), as described by Kiianitsa et
al. (55). The drop in absorbance over time was monitored at 350 nm by a
PHERAstar fluorescence plate reader (BMG Labtech) and was used to
calculate the rate of nucleoside triphosphate (NTP) hydrolysis by pCU1
Tral using equation 3 (1-3, 55):

NTPase rate [NTP X min’l]

dAss,[ OD . .
=1 min X Koy X moles™" NTPase  (3)
where K, is the molar absorption coefficient for NADH for a given

optical path length, which was calculated to be 3,965.75 OD units mol
for the assay volume (75 ) in 384-well clear-bottom assay plates (Corn-
ing) used in the assay. dA;5,/dt was corrected for background NADH
hydrolysis and NTP hydrolysis by subtracting a no-protein control from
all experimental data points.

Final NTPase assay conditions (75 pl reaction volume) were as fol-
lows: 100 nM pCU1 Tral, 1.25 mM NTP, 100 nM single-stranded DNA
(ssDNA), 0.7 mM phosphoenolpyruvate (PEP), 0.3 mM NADH, 50 mM
PK, and 50 mM LDH. Tral, ssDNA, and NTPs were diluted into ATPase
buffer (buffer P) consisting of 25 mM NaCl, 50 mM Tris acetate (pH 7.5),
10 mM magnesium acetate, 25 mM K,PO,, and 0.1 mg/ml of bovine
serum albumin (BSA) prior to use in the assay. pCU1 Tral was allowed to
bind to the ssDNA for 10 min at 37°C prior to the addition of NTP. Upon
addition of NTP, dA;;, was monitored for 2.5 h at 37°C. All reagents,
including enzymes and N'TPs, were acquired from Sigma-Aldrich. ssDNA
substrates used in the assays were obtained commercially from IDT and
initially resuspended in buffer R (50 mM NaCl, 10 mM Tris-HCl [pH 7.5],
0.05 mM EDTA, 0.01% azide). The DNA nucleotide sequences used are
listed in Table 1.
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EMSAs. Electrophoretic mobility shift assays (EMSAs) were used to
visualize the helicase activity of Tral by detecting the ability of Tral to
displace a labeled DNA fragment from a partial duplex DNA molecule.
Tral constructs were incubated in the presence of ATP with a double-
stranded DNA substrate (17-mer—80-mer), consisting of one unlabeled
strand (80-mer) and one fluorescein-labeled strand (17-mer). After the
reactions were quenched, a gel was used to visualize substrates and prod-
ucts. Tral unwinding activity was assessed by the presence of a smaller
product band on the gel, corresponding to the unwound 17-mer.

Helicase reaction mixtures contained 3.5 to 8 pM Tral, 0.5 oM DNA
substrate (17-mer—80-mer), 5 uM trap DNA, 2.5 mM ATP, 33 mM Tris
acetate (pH 7.5), 1% dimethyl sulfoxide, and 10 mM B-mercaptoethanol.
DNA substrates were commercially synthesized by IDT and resuspended
in buffer R (50 mM NaCl, 10 mM Tris-HCI [pH 7.5], 0.05 mM EDTA,
0.01% azide). The DNA nucleotide sequences used are listed in Table 1.
To anneal the 17-mer—80-mer DNA substrate, ssDNA strands were
mixed in an equimolar ratio, heated to 95°C for 10 min, and then allowed
to slowly cool to room temperature. Tral was diluted into buffer Q (15
mM HEPES [pH 7.5], 20 mM NaCl, 0.1 mg/ml of BSA, 0.3 mM MgCl,)
prior to use in the assay.

Time course helicase assay mixtures were incubated at 37°C and
quenched at the desired time with the addition of 5 pl of 10% SDS and 4
pl of loading dye. The reaction volume was 300 pl, with a starting Tral
concentration of 3.5 WM. Aliquots (20 pl) were removed and quenched at
1,5, 15,30, 45, 60, and 120 min. At 60 min, a parallel reaction was initiated
by removing 130 .l of the initial reaction product and doubling the Tral
concentration to 7 WM. Aliquots (20 pl) were removed from the second
reaction mixture and quenched at the time points indicated above. Heli-
case assay mixtures of Tral constructs (8 wuM) with or without the extreme
C terminus (20-pl reaction volume) were incubated at 37°C and
quenched at 30 min.
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FIG 2 pCUI Tral domain organization and protein constructs used in this
study. Wild-type Tral has 1,078 amino acids (WT_1078). The N-terminal
region contains the relaxase domain between residues 1 and 299, while the
C-terminal region harbors a predicted helicase domain. Canonical helicase
motifs (white boxes) span a region between residues 498 and 894. Residue
ranges for each Tral deletion construct used are indicated. Filled triangles
represent the location of point mutations in conserved helicase motifs inves-
tigated in full-length Tral.

Samples (20 pl) of each quenched helicase reaction were run through
a 17% polyacrylamide gel (17 ml of 40% polyacrylamide-bisacrylamide
[37:1], 2 ml of 10X Tris-borate-EDTA [TBE], 400 wl of 10% SDS, 300 pl
of 10% ammonium persulfate [APS], 30 pl of tetramethylethylenedi-
amine [TEMED]) in TBE running buffer (0.5X TBE, 0.1% SDS) to sepa-
rate the substrate and products. The gel was run for 160 min at 20 mA,
with an attached ice pack to avoid overheating effects. The fluorescent
oligonucleotides were visualized using Quantity One software and a Ver-
saDoc imaging system (Bio-Rad). Band intensities were quantified using
Image] v1.42 (W. S. Rasband, NIH, 2008). Unwinding activity was re-
ported as the percentage of substrate unwound (fragment displacement):
the product band intensity was divided by the sum of the product band
plus substrate band intensities and then multiplied by 100%.

RESULTS

Tral contains conserved SF1 helicase motifs. Initiation of conju-
gative plasmid transfer (CPT) requires the binding and nicking of
the conjugative DNA plasmid’s origin of transfer (oriT) by the
relaxase enzyme (3, 56, 57). For DNA strand transfer to occur after
the oriT is nicked, helicase activity is essential (19-21, 24, 56).
Helicase activity involves DNA binding, NTP hydrolysis, and the
coupling of this hydrolysis to the unwinding of dsDNA substrates
(1, 2, 22). The conjugative proteins Tral and TrwC, from MOB;
conjugative plasmids F and R388, respectively, have N-terminal
relaxases and C-terminal helicases (23, 38, 39, 41, 44) and are
functionally homologous to pCU1 Tral (24, 50, 56). Sequence
alignment of the predicted pCU1 Tral helicase region with the
helicase regions of F Tral and R388 TrwC provisionally identified
seven conserved superfamily 1 (SF1) helicase motifs within the
pCU1 sequence (I to VI) (Fig. 1) (1, 2, 25-27). Further inspection
of the pCU1 sequence identified specific residues within these mo-

TABLE 2 Summary of pCU1 Tral DNA binding activities

Unique Helicase Determinants in pCU1 Tral

1504

g 350riT
2100- -2 WT_1078
% = WT_311-1078
I
§ 504 10mer
§’ -~ WT_1078

0 —+— WT_311-1078

10'00

Total Protein Conc. (nM)
FIG 3 pCU1 Tral DNA binding activity. Representative fluorescence anisot-
ropy curves with standard error bars for wild-type pCU1 Tral (WT_1078) and
Tral helicase (WT_311-1078) constructs binding to 35oriT and 10-mer DNA
substrates. The DNA binding curves generated by WT_1078 and WT_311-
1078 were best fit by sigmoidal and hyperbolic fits, respectively.

tifs associated with helicase activity, including an invariant lysine
(Lys-507) in motif I/Walker A, the DExx box in motif II/Walker B
(Asp-568 and Glu-569), and a conserved arginine (Arg-696) in
motif IV, further suggesting that Tral was indeed an active helicase
(1, 2,24, 28-30).

Tral helicase binds with high affinity to oriT DNA. We first
examined the ability of pCUI Tral helicase constructs to bind
several DNA substrates (Table 1) using fluorescence anisotropy-
based DNA binding assays. DNA substrates were fluorescently
labeled, and the change in the substrate’s fluorescence anisotropy
was monitored as a function of increasing protein concentration.
Only pCU1 Tral constructs containing the predicted helicase mo-
tifs were examined (Fig. 2): full-length Tral (WT_1078), Tral with
a C-terminal truncation after the conserved helicase motif
(WT_932; for clarity, residues 933 to 1078 are henceforth referred
to as the extreme C terminus), the entire C-terminal domain
(WT_311-1078), a C-terminal domain lacking the extreme C ter-
minus (WT_311-932), and a “minimal helicase domain” contain-
ing only the predicted helicase motifs (WT_483-932). The panel
of DNA substrates included three of the same length (35 nucleo-
tides) to examine the role of structure and sequence DNA binding
by the Tral C terminus: (i) 350riT, which consisted of the hairpin-
forming origin of transfer sequence from plasmid pCU1; (ii) 35-
mer-hairpin, a substrate with structural, but no sequence, similar-
ity to 35oriT; and (iii) a 35-mer substrate with no sequence or
structural similarity to 35oriT (Table 1). All Tral constructs
bound these DNA substrates with similar affinities ranging from
58 to 180 nM (Table 2; Fig. 3, squares). The largest increase in
affinity occurred when the relaxase region was absent (WT_311-
1078, WT_311-932, and WT_483-932) (Table 2), although this
was maximally a 3-fold difference that was not consistent across all

K, (nM) for DNA substrate®

Tral construct 350riT-hairpin 35-mer-hairpin 35-mer 19-mer 10-mer
WT_1078" 117+ 3 592 79 %2 106 = 4 ND
WT_932" 58 %1 80 =2 97 =2 — —
WT_311-1078 102 £9 194 £ 8 107 £7 408 £ 22 ND
WT_311-932° 137 +3 180 = 3 176 = 2 — —
WT_483-932 138 = 18 138 = 18 145 £ 19 — —

@ Average values of three independent experiments. Standard errors are indicated. ND, binding experiment was performed but no binding was observed. —, this binding

experiment was not performed.
b Data fit with equation 2 to yield an apparent K.
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FIG 4 pCU1 Tral NTPase activity. (A) NTP hydrolysis by Tral. Hydrolysis is indicated by a reduction in absorbance at 350 nm and was observed only in the
presence of ATP. Little or no activity was observed in the presence of TTP, GTP, and CTP. All reaction mixtures contained 100 nM 60-mer ssDNA. (B) Influence
of ssDNA length on the ATPase activity of Tral. Tral exhibits low background ATPase activity in the absence of DNA. An increase in activity was seen as the
ssDNA length increased from 37 to 60 nucleotides, whereas a shorter substrate reduced activity. Similar activity was seen for the 60-nucleotide substrate and the
shorter 350riTc (Table 1), indicating some sequence specificity. All DNA substrate concentrations were 500 nM. (For clarity, averages of three experiments each
are shown and error bars are omitted from panels A and B.) (C) ATPase activity of full-length Tral, deletion mutants, and ATPase motif mutants. Deletion
mutant constructs containing at least residues 311 to 932 retained ATPase activity. Point mutations in the conserved helicase motif residues K507 and E569
eliminated ATPase activity, while constructs with substitutions at residue D568 retained all or some ATPase activity. Error bars represent standard errors between

at least two independent experiments. ND, not detected.

three DNA substrates. When removed from the context of the
full-length protein, the Tral relaxase is also able to bind these DNA
substrates, though at a much lower affinity (~1 pM [31-35, 53]).
The presence of the relaxase domain does not appear to impact
significantly the overall DNA binding activity of pCU1 Tral. Re-
moval of the extreme C terminus also did not significantly impact
DNA binding ability, as WT_932 and WT_311-932 bound to
DNA substrates with affinities similar to that of full-length Tral
(Table 2).

To investigate the effect of substrate length on DNA binding
affinity by Tral, two shorter DNA substrates (19-mer and 10-mer)
were evaluated. WT_1078 bound with high affinity to the 19-mer
substrate (106 nM) (Table 2), while the C-terminal construct
(WT_311-1078) bound with slightly weaker affinity (408 nM)
(Table 2). We were unable to determine affinities for the 10-mer
DNA substrate with either WT_1078 or WT_311-1078 due to
poor binding (Fig. 3, triangles).

The DNA binding curves generated by the various full-length
and C-terminal Tral constructs were either sigmoidal or hyper-
bolic in appearance (Fig. 3, open squares and closed squares, re-
spectively). Equation 1 was used to fit the sigmoidal curves
(WT_1078, WT_932, and WT_932) generating an apparent K,
whereas hyperbolic curves (WT_311-1078 and WT_483-1078)
were fit with equation 2. As the apparent K}, is an approximate
measure, the actual binding affinity of Tral helicase constructs for
the DNA substrates may be underestimated. The sigmoidal curve
shape is likely a result of independent binding of the relaxase and
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helicase domains or a result of multiple Tral molecules binding to
the DNA substrate. However, analysis by size exclusion chroma-
tography and static light scattering (SEC-SLS) indicated thata 1:1
ratio of DNA to Tral is favored for the 350riT DNA and wild-type
Tral (data not shown). While shorter constructs, such as
WT_311-932, may bind in a different ratio to the DNA substrates,
giving rise to the seemingly cooperative binding, it is most likely
that Tral binds DNA as a monomer and cooperativity is due to the
presence of two DNA binding domains, the relaxase and helicase.

Tral NTPase activity. Wild-type Tral was assessed for nucleo-
tide triphosphate (NTP) hydrolysis activity using an NADH-
linked enzyme assay) (see Materials and Methods and reference
55). In the presence of ssDNA (60-mer; 100 nM), we investigated
the ability of Tral to hydrolyze the four standard NTP substrates:
ATP, GTP, CTP, and TTP. NTP hydrolysis was observed only with
ATP (Fig. 4A). However, since the enzymatic activity of pyruvate
kinase is known to be more stimulated in the presence of ATP than
with other NTPs (29, 36, 58), pCU1 Tral may have some limited
activity in the presence of other NTPs. Since the ATPase activity of
many SF1B helicases is stimulated by ssDNA, we assessed the in-
fluence of ssDNA length on the ATPase activity of Tral. Three
ssDNA substrates (500 nM) of increasing lengths (23, 37, and 60
nucleotides) (Table 1) were tested. As the length of DNA increased
from 37 to 60 nucleotides, the rate of ATPase activity also in-
creased (Fig. 4B); however, the substrate shorter than 37 nucleo-
tides seemed to inhibit ATPase activity. Additionally, we tested the
single-stranded complement of the 350riT (350riTc) and found
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that it stimulated Tral ATPase activity similarly to the 60-nucleo-
tide ssDNA substrate, indicating some sequence specificity (Fig.
4B). We found that in the absence of ssDNA, Tral has some low
ATPase activity (Fig. 4B and C).

We examined the ATPase activity in the presence of ssDNA of
the Tral full-length wild type (WT_1078), as well as constructs
containing only the predicted helicase domains (WT_483-932),
lacking the extreme C terminus (WT_932) or lacking the relaxase
domain (WT_311-1078), or both (WT_311-932) (Fig. 4C). The
shortest construct, WT_483-932, possessed no observable ATPase
activity. Since WT_483-932 still retains DNA binding activity (Ta-
ble 2), residues 311 to 482 are thus essential for ATPase activity.
Compared to the specific ATPase activity of WT_1078 (21 = 4
mol of ATP min~ ' mol of Tral '), the activities for WT_932 and
WT_311-1078 were not significantly affected (13 = 2and 12 = 4
mol of ATP min~ ! mol of Tral "%, respectively). WT_932 demon-
strated a specific ATPase activity that was less than 2-fold lower
than wild-type Tral activity, indicating that the loss of the C ter-
minus does not significantly affect the ATPase activity (Fig. 4C).
The specific ATPase activity of WT_311-1078 was indistinguish-
able from that of WT_932, suggesting that in the context of the
full-length protein, the relaxase domain may only slightly enhance
the overall ATPase activity of Tral (Fig. 4C). Though retaining
ATPase activity, WT_311-932, which lacks both the relaxase do-
main and the extreme C terminus, hydrolyzed ATP at the level
observed for full-length Tral in the absence of ssDNA (7 * 2 mol
of ATP min~ ' mol of Tral™}) (Fig. 4C), indicating an apparent
loss of the ssDNA-stimulated ATPase activity.

Motifs I and II (Walker A and Walker B) are highly conserved
across SF1 and SF2 helicases (1, 37). Point mutations were made to
key residues within these motifs in pCU1 Tral, and their impact
on ATPase activity was measured (Fig. 4C). Mutation of the con-
served lysine in the Walker A motif, which coordinates phosphates
of the bound ATP substrate (1, 29, 35, 37), to alanine (K507A)
eliminated ATPase activity (Fig. 4C). Mutations similar to the
conserved DExx box residues within the Walker B motif elimi-
nated or significantly reduced pCU1 Tral activity. For example,
mutation of conserved aspartic acid and glutamic acid residues
that are expected to coordinate the Mg”>* ion and serve as a cata-
lytic base, respectively, reduced (D568A; 6 * 1 mol of ATP min~!
mol of Tral ') or eliminated (E569A) ATPase activity. However,
an aspartic acid-to-asparagine mutation (D568N) had no effect
on the ATPase activity (17 = 2 mol of ATP min~ ! mol of Tral 1).

The Tral C terminus is required for efficient unwinding in
vitro. Wild-type Tral (WT_1078) was assayed for DNA strand
separation, or unwinding, activity using electrophoretic mobility
shift assays (Fig. 5). In the presence of ATP, WT_1078 unwound a
portion of the dsDNA substrate; however, fragment displacement
began to plateau around 30 min and maintained ~30% of sub-
strate unwound (Fig. 5A, closed circles). Increasing the Tral con-
centration after initial unwinding had leveled off (Fig. 5A, open
circles) led to continued fragment displacement, from ~30% to
~60% of substrate unwound (Fig. 5A).

The shorter Tral constructs that were found to retain ATPase
activity (WT_932, WT_311-1078, and WT_311-932) were also
assayed for unwinding activity using a 30-min incubation period
(Fig. 5B and C). Surprisingly, WT_932 showed a significant reduc-
tion in unwinding activity, with less than one-fifth the level of
unwound substrate observed with the full-length enzyme (4%
versus 37% unwound) (Fig. 5C). WT_311-1078 unwound dsDNA
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FIG 5 pCU1 Tral dsDNA separation activity. (A) Kinetics of the unwinding
reaction at different Tral concentrations. The time course of the pCU1 Tral
unwinding reaction using the partial duplex 17-mer—80-mer dsDNA substrate
is shown. Helicase assays were performed at 37°C as described in Materials and
Methods with a starting Tral concentration of 3.5 uM (@), which was then
increased to 7 uM (O). Standard error between multiple experiments is
shown. (B) Representative electrophoretic mobility shift assay. dsDNA strand
separation by Tral constructs with or without the extreme C terminus (resi-
dues 933 to 1078) was measured with EMSA. The Tral construct used is indi-
cated, and each reaction was run in duplicate. Helicase assays were performed
at 37°C for 30 min with 8 wM Tral and 0.5 wM dsDNA substrate as described
in Materials and Methods. (C) Bar graph of normalized unwinding activity for
each Tral construct tested, with standard error shown. Percent dsDNA frag-
ment unwound was normalized to wild-type levels. Tral constructs lacking the
extreme C terminus have significantly reduced ability to unwind the 17-mer—
80-mer dsDNA substrate (see Table 1 for sequence information).
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FIG 6 Dissection of functional domains of pCU1 Tral. All pCU1 constructs
have DNA binding ability. Those lacking the N-terminal relaxase retain both
ATPase and DNA unwinding activities (+). However, constructs lacking the
extreme C terminus (residues 933 to 1078) are unable to unwind dsDNA
substrates efficiently (—).

substrate at a rate comparable to that of the full-length enzyme
(33% unwound), while WT_311-932 performed similarly to
WT_932, with almost all of the substrate left (2% unwound) (Fig.
5C). In the absence of ATP, WT_1078 had no observable unwind-
ing activity (data not shown), demonstrating that ATP hydrolysis
is necessary for unwinding. Reduced unwinding activity was ob-
served for constructs lacking the extreme C terminus, WT_932
and WT_311-932, compared to that of the wild type (WT_1078).
The presence or absence of the relaxase domain (WT_932 or
WT_311-1078, respectively) did not seem to influence the un-
winding activity, as WT_311-1078 unwound substrate at wild-
type levels. These data support the conclusion that the extreme C
terminus of pCU1 Tral provides an essential dsDNA unwinding
function required for the conjugative transfer of the pCU1 plas-
mid.

DISCUSSION

The Tral protein is essential for conjugative transfer of plasmid
pCU1, a member of the MOB, family of conjugative plasmids (38,
39, 50). The N-terminal region encodes a relaxase enzyme with
transesterase activity (40, 41, 53), while the C-terminal region
contains a predicted helicase domain (Fig. 1 and 2). Homologous
bifunctional conjugative proteins F Tral and TrwC, from MOBy;
conjugative plasmids F and R388, respectively, also each have an
N-terminal relaxase and C-terminal helicase (38, 39, 41-46, 59).
Though the transesterase activity of the pCU1 Tral N-terminal
relaxase has been extensively studied (53, 54), in this study we
identified key residues and motifs utilized by the pCU1 Tral heli-
case, determined the extent of the helicase domain, and elucidated
the nature of its DNA binding, ATPase, and DNA strand separa-
tion activities (Fig. 6).

pCU1 Tral C-terminal helicase constructs bound DNA sub-
strates with nanomolar binding affinity (Table 2), comparable to
that of full-length Tral (WT_1078) (Table 2; Fig. 6), illustrating
that the pCU1 Tral relaxase does not enhance the affinity of pCU1
Tral for DNA substrates. In contrast, R1 Tral, which is closely
related to F plasmid Tral (24, 38, 44, 48), exhibits a 10-fold reduc-
tion in DNA binding affinity in the absence of its N-terminal re-
laxase relative to full-length R1 Tral levels (48, 49). Additionally,
unlike analogous pCU1 construct WT_483-932, an F Tral helicase
construct containing all the functional helicase motifs lacked de-
tectable DNA binding affinity; the high-affinity DNA binding site
is instead located in a separate specialized RecD-like domain (48,
50-52). Furthermore, the binding affinities of these pCU1 C-ter-
minal constructs showed no dependence on DNA sequence, DNA
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secondary structure, or similarity of the DNA substrate to the
pCU1 oriT DNA (Table 2; Fig. 6). In contrast, DNA binding by
both the relaxase and helicase domains of F Tral shows some
degree of sequence specificity (48, 53, 54). These findings for the
pCU1 Tral helicase domain mirror those reported by Nash et al.
(53) for the pCU1 Tral relaxase domain, which also did not dem-
onstrate significant DNA sequence or structure specificity for
binding. pCU1 Tral likely functions in coordination with an ad-
ditional plasmid-encoded factor, such as pCU1 TraK, to ensure
plasmid specificity during conjugative plasmid transfer, as previ-
ously suggested (53). The minimum Tral DNA binding site is
greater than 10 nucleotides in length, as no significant DNA bind-
ing to the 10-mer DNA substrate was observed (Fig. 3; Table 2).
Many SF1 and SF2 helicase structures contain a DNA binding site
of 8 to 10 nucleotides (1).

ATPase activity and strand separation activity were observed in
full-length pCU1 Tral and several C-terminal helicase constructs.
pCU1 Tral exhibited basal ATPase activity that was stimulated by
ssDNA, with length dependence and some sequence specificity for
stimulation. The rates of ATP hydrolysis by pCU1 Tral were 150-
and 350-fold, respectively, lower than those by TrwC and F Tral
(28, 60). Strand separation assays show that the pCU1 Tral rate of
unwinding levels off over time (Fig. 5A), as similarly observed
with TrwC, and suggest a slow turnover rate (28). The minimal
functional pCU1 Tral helicase extends from residues 311 to 1078
and can accomplish DNA binding, ATP hydrolysis, and DNA un-
winding. Smaller constructs lack ATPase or DNA unwinding ac-
tivity, but all constructs retain DNA binding activity. For example,
WT_483-932 contains all the conserved helicase motifs, but this
construct was unable to hydrolyze ATP in spite of the fact that its
DNA binding ability remained intact (Table 2). Available struc-
tural data suggest that residues 311 to 482 will form part of the
core RecA-like domain in the pCU1 Tral helicase structure (19,
21, 61), so deletion of these residues is likely to be detrimental to
function, as we have demonstrated. A slightly larger construct,
WT_311-932, demonstrated some ATPase activity (Fig. 4C) and
DNA binding activity (Table 2) but, surprisingly, was unable to
unwind DNA (Fig. 5B and C). Interestingly, WT_932, which lacks
only the extreme C terminus (residues 933 to 1078), also suffered
a loss in unwinding activity similar to that suffered by WT_311-
932 but maintained wild-type levels of ATPase activity (Fig. 4C
and 5C). With WT_311-932, the ATPase activity observed was at
the basal ATPase activity observed for Tral in the absence of DNA,
indicating that ssDNA-stimulated ATPase activity is lost when
both the relaxase and extreme C terminus are absent. Of note, the
isolated extreme C terminus (residues 933 to 1078) has no observ-
able ability to bind DNA, single or double stranded (data not
shown), suggesting that this loss in ssDNA-stimulated activity is
not due to loss of any DNA binding. Lacking only the relaxase
domain, WT_311-1078 both hydrolyzed ATP and unwound ds-
DNA substrates at wild-type levels, pointing to a crucial role for
these extreme C-terminal residues in pCU1 Tral helicase function.

Previous studies have shown that deletion of the F Tral ex-
treme C-terminal domain leads to loss of conjugative plasmid
transfer. Of note, however, unlike pCU1 Tral, this deletion does
not significantly affect the ability of the helicase to hydrolyze ATP
or unwind substrates (39, 62). Thus, we suggest that this pCU1
Tral C terminus be considered a distinct functional domain in this
enzyme (Fig. 6) and, relative to other relaxase-helicase proteins
examined to date, one that is essential for linking ATP hydrolysis
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to strand separation, ensuring helicase function during conjuga-
tion.
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