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5. Conclusiones

5.1. La relaxasa TrwC del plasmido conjugativo R388

El andlisis de la unién del complejo TrwC-ADN25 a diferentes metales
divalentes (Zn2+, Cu2+, Ni2+, Mn2+, Mg2+, Ca2+) por difraccion andémala de rayos X,
junto con los ensayos bioquimicos, permitié establecer que el metal fisiologicamente

empleado por la proteina TrwC en la actividad catalitica es el Zn>".

El metal desarrolla un papel clave en el mecanismo enzimatico, en el que no solo
interviene en la coordinacion de la triada de histidinas localizada en el sitio activo de la
proteina, sino que ademads su union al grupo fosfato lo polariza, y debilita el enlace

fosfo-diéster a cortar.

En los complejos TrwC-ADN25-M*" el lazo a;-B;, donde se localiza la segunda
tirosina catalitica Tyr26, pudo ser completamente trazado. Si bien la posicion de este
residuo es bastante lejana del sitio activo, no puede descartarse su participacion en el
segundo corte de la cadena de ADN. Es posible que ocurran arreglos conformacionales,
o incluso que la proteina actiie como dimero, para permitir que el corte se realice. La
informacion estructural no permite establecer sin ambigiiedad el rol exacto que juega

este residuo en el mecanismo catalitico.

La estructura del complejo TrwC-ADN27 en la que esta presente el enlace fosfo-
diéster a cortar permitid la localizacion del mismo respecto al sitio activo, ayudando a

comprender el papel del metal en la reaccion de corte de la cadena de ADN.

En base a la informacion estructural obtenida para los complejos TrwC-ADN25-
M*"y el complejo TrwC-ADN27, es posible proponer un mecanismo a nivel molecular,
del primer paso de la reaccion de corte de la cadena de ADN. La Tyrl8, activada por el
Asp85, realiza el ataque nucleofilico al grupo fosfato, siendo ayudada por el i6n

metalico, que como se ha indicado, lo polariza favoreciendo el ataque.

La posicion de grupos sulfato en la estructura TrwC-ADN25, que mimetizan la
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posicion de las bases de la cadena de ADN, junto con lo observado en la estructura del
complejo TrwC-ADN27, sugieren la existencia de dos posibles rutas de salida para la
cadena de ADN cuya bifurcacion se produce cerca del sitio de unién al metal. Una

hipotesis plausible es que la proteina utiliza ambos caminos en su mecanismo.

5.2. La relaxasa MobM del plasmido movilizable pMV158

Se logré determinar la estructura del dominio N-terminal de la relaxasa MobM
en complejo con ADN, encontrandose en ella los elementos estructurales conservados
de la familia de las relaxasas: el nucleo central formado por cinco hebras beta

flanqueadas por ambos lados por hélices alfa.

Las interacciones de la cadena de ADN con la proteina son multiples, dada la
extensa superficie de interaccion que involucra (un 30% de la superficie total accesible
de la proteina). Entre ellas, destacan el reconocimiento de la proteina a la cadena de
ADN mediante el lazo 02-3. Dos giros betas consecutivos de dicho lazo orientan dos
residuos arginina (Arg71 y Arg74) hacia el estrecho surco menor de la doble cadena de
ADN, penetrando en ¢l y estableciendo enlaces de hidrogeno que permiten el

reconocimiento especifico del ADN.

La arquitectura del sitio activo es semejante a la observada en la estructura de
los complejos TrwC-ADN, con la caracteristica triada de histidinas encargada de
coordinar el i6n metélico. Las His126 e His133 adoptan conformaciones diferentes que

en la estructura de la TrwC producto de la ausencia del metal en el sitio activo.

La identidad del residuo nucleofilico es ambigua. Los resultados sugieren que en
la MobM la Tyrl22 podria cumplir este papel catalitico, aunque se encuentra mas
alejada del grupo fosfato a cortar que en el caso de las relaxasas de las bacterias Gram-
negativas TrwC o Tral. La tirosina Tyr44, por su parte, se localiza en una posicion
homologa a la Tyr26 de la TrwC y podria cumplir un papel similar al de esta. La His22

podria ser también un residuo esencial.

122



El extremo 3’ de la cadena de ADN no entra al sitio activo y en su lugar se
coloca el lazo de la horquilla de una cadena de ADN vecina. La posicion relativa de
dicha cadena parece estar mimetizando la conformacion IR-2 en la que el sitio de corte

estaria en el lazo de la horquilla del ADN.

Si bien no puede establecerse con certeza la razon por la cual el extremo 3’ de la
cadena de ADN no entra al sitio activo, la comparacion de la estructura obtenida con la
de la relaxasa TrwC sugiere que el constructo de MobM con el que se trabajé carece de
los elementos de secuencia secundaria indispensables para guiar al ADN hacia el sitio
de corte, indicando que las hélices o “dedos” en la parte C-terminal del dominio serian

imprescindibles para el correcto posicionamiento del substrato.
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TrwC is a DNA strand transferase that catalyzes the initial and final stages
of conjugative DNA transfer. We have solved the crystal structure of the
N-terminal relaxase domain of TrwC in complex with a 27 base-long DNA
oligonucleotide that contains both the recognition hairpin and the scissile
phosphate. In addition, a series of ternary structures of protein-DNA
complexes with different divalent cations at the active site have been
solved. Systematic anomalous difference analysis allowed us to determine
unambiguously the nature of the metal bound. Zn**, Ni** and Cu** were
found to bind the histidine-triad metal binding site. Comparison of the
structures of the different complexes suggests two pathways for the DNA
to exit the active pocket. They are probably used at different steps of the
conjugative DNA-processing reaction. The structural information allows
us to propose (i) an enzyme mechanism where the scissile phosphate is
polarized by the metal ion facilitating the nucleophilic attack of the
catalytic tyrosine, and (ii) a probable sequence of events during conjugative
DNA processing that explains the biological function of the relaxase.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

nucleoprotein complex, the relaxosome, contacts
the transport site, where a multi-protein DNA

Bacterial conjugation is a process by which a
DNA molecule is transferred from a donor to a
recipient bacterium. The mechanism is efficient, and
allows bacteria to acquire new adaptive traits such
as antibiotic resistance. Thus, it is considered an
important mechanism in bacterial evolution."” The
underlying biochemical process can be operation-
ally divided into two steps, DNA processing and
DNA transport, each of which is carried out by a
specific set of proteins encoded by the tra genes of a
given conjugative plasmid. Conjugative DNA
processing starts by cleavage of a specific phospho-
diester bond (the nic site) in the donor supercoiled
DNA by a plasmid-specific relaxase. The resulting
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transport apparatus effects the transfer process of
the cleaved DNA strand to the recipient cell.
Presumably, the relaxase religates the transferred
DNA strand, and finally host proteins replicate
both single strands in donor and recipient bacteria
to regenerate the double-stranded conjugative
plasmid.**

Most conjugative systems contain phylogeneti-
cally related relaxases, according to their amino
acid sequences.” Remarkably conspicuous is a
histidine triad that has been intimately involved
in the catalytic mechanism. A few selected relaxases
have been analyzed at a biochemical level. The
purified proteins can specifically cleave oligo-
nucleotides containing their respective nic site
sequences so that the 5’ phosphoryl end of the
cleaved product becomes covalently bound to the
hydroxyl group of a specific tyrosyl residue of
the protein. Relaxases can then transfer the bound

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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DNA to an appropriate acceptor oligonucleotide by
a second DNA strand-transfer reaction, so that a
hybrid ohgonucleotlde is released from the
enzyme The P-family relaxase Tral of plasmid
RP4 is one of the best analyzed with respect
to the biochemical details of these reactions. By
using ohgonucleotldes bound to a solid support,
Pansegrau & Lanka’ showed that the Tral oligo-
nucleotide adduct was incapable of carrying out the
strand transfer reaction when challenged with a
second oligonucleotide containing nic. The
interpretation was that a second Tral molecule is
required to complete the reaction, presumably by
providing a new Tyr to catalyze the second strand
transfer reaction.

The F-family relaxase TrwC, from the IncW
plasmid R388, is a large protein composed of an
N-terminal domain with DNA-relaxase activity
and a C—terminal domain with DNA helicase
activity.® Tt can cleave a supercoiled plasmid
DNA containing OTIT in vitro in the absence of
accessory protems TrwC contains two active-site
tyrosyl residues (instead of the single one in
P-family relaxases) that play different functional
roles in the DNA processing reactions. Thus, it was
proposed that conjugative DNA processing of
plasmid R388 occurs by a variant of the flip-flop
mechanism used in ¢$X-174 replication 1% in which
the two active tyrosine residues catalyze the
initiation and termmatlon steps in conjugative
DNA replication."

The atomic structures of two F- famlly relaxases,
R388 TrwC'? and F plasmid Tral,'® have been
reported. The TrwC structure shows a complex of
the protein with the nic DNA up to the cleavage site.
This complex was shown both as a binary DNA-
protem complex and as a ternary complex with a
Zn** in the three-histidine pocket. Although these
structures provided valuable information with
respect to the DNA and metal binding sites, they
did not reveal the identity of the metal ion and did
not provide a complete view of the reaction
mechanism catalyzed by relaxases. In particular,
both the exit path for the DNA and the position of
the scissile phosphate with respect to the catalytic
residues were unclear because the DNA used for
the DNA-TrwC complex'* did not include any
residue downstream of the cleavage site nor the
scissile phosphate (A26, according to our naming).
Recently, the structure of Tral complexed with a
10 bp oligonucleotide, including the scissile bond
but not the full recognition hairpin, has been
reported.'* Here we present additional structural
information of TrwC with the description of a
relaxase ternary complex with a 27-mer DNA
oligonucleotide encompassing both the recognition
hairpin and the cleavage site. Also, we present a
detailed structural analysis of the binding of
different metal ions. Finally, we provide a structure
where the loop a«l-B1 that includes the second
catalytic residue Tyr26 is fully traced, in contrast to
previous structures where it was disordered. As a
result we clarify crucial aspects of the mechanism

for the successive DNA-strand transfer reactions
catalyzed by relaxases.

Results
Crystal structure of TrwCY'8F—-DNA27

For this complex a Tyrl8Phe TrwC mutant
relaxase was used, impairing cleavage of the DNA
at the scissile O3'(T25)-P(A26) bond. In this crystal,
the space group and crystal packing arrangement is
the same as the one observed for the 10SB
structure.'” The overall structures of the protein
and the DNA in the DNA27 complex (Figure 1(a))
are similar to those found in the metal-free DNA25
complex structures determined previously.'?
Briefly, the DNA folds in a hairpin structure, with
a double-helical stem that includes bases G3 to G7
which are paired, in a Watson—Crick manner, to
bases C16 to G12, respectively. Bases G8 and A9, at
the tip of the hairpin, continue the stack but are not
paired, while A10 is folded back into the minor
groove, establishing H-bonds with G8. All is
swung out. Further downstream of the hairpin a
U-turn occurs from base T21 to C24, prior to the
DNA entry into the active site (Figure 1(b)). At the
turn, bases T21, G22 and T23 form a hydrophobic
cage that traps the side-chain of the first residue of
the protein, Metl. When comparing the DNA25 and
DNAZ27 structures in the respective complexes with
TrwC, some differences appear at the 5’ end, where
the first two residues were disordered in the
DNA27 complex and, thus, not modelled. More
significant differences from a mechanistic view-
point occur at the 3’ end of the DNA. Base T25 has
changed its orientation (when compared to 10SB)
to form a non-complementary base-pairing with
G22, with a three-centered (bifurcated) H-bond
between the O2(T25) and N2(G22) and N1(G22)
and another H-bond between N3(T25) and O6(G22)
(Figure 1(b)). The resulting conformation of residue
T25 orients the 3’ oxygen atom and the phosphate
group of the next residue (A26) towards the metal-
binding site which is, in this structure, occupied by
a water molecule (Figure 2(a)). This water molecule
established H-bonds with His150, His161, His163
and one of the oxygen atoms of the scissile
phosphate A26, most probably mimicking the
metal ion coordination. No SOF~ was found close
to that metal site, contrary to what occurred in the
DNA25 metal-free complex, since that position is
now occupied by phosphate A26. Interestingly, the
second sulphate is still present, signalling the
alternative path for the DNA exit (see below).

Residual density appeared at the 3’ end of T25
and adenosine A26 could be placed and refined in
one of the molecules of the asymmetric unit (in the
other molecules the density was weak and residue
A26 was not built in). Adenine A26 stacks with one
face on base T25 (Figure 1), while the backbone
continues in a, more or less, straight trajectory. The
other face of A26 is stacked on Met5. No additional
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Figure 1. (a) Ribbon representation of the TrwC¥'8F—

DNAZ27 complex. a-Helices are shown in red, B-strands in
green and the DNA in blue. The side-chain of Phel8 is
included in magenta, the location of the disordered loop
Glu20-Asp30 in the sequence of TrwC is indicated b¥ the
broken line. (b) Ribbon representation of the TrwC*'#F~
DNAZ27 complex showing the U-turn of the DNA. The
hydrogen bonds at the G22:T25 mismatch pairing and
between G22 and T23 are shown as dots. The interactions
of Metl at the hydrophobic cage formed by T21, G22 and
T23 are shown, as well as the T25/A26/Met5 stack. The
black arrow indicates the scissile bond.

density for the last residue of the DNA sequence,
T27, appeared during refinement, and thus it was
not modelled. These observations, in combination
with increasing B factors at residues T25 and A26

(b)

Loop ad - (11

Figure 2. (a) View of the active site of the TrwC Y18
DNA27 complex showing the mutated Tyr18Phe residue
location. A water molecule occupies the metal site, which
is tetrahedraly H-bonded by the histidine triad and the
03’ atom of the scissile phosphate A26. The adenine base
of residue A26 is stacked on T25. (b) View of the active site
of the TrwC~Cu®*~DNA25 structure showing the coordi-
nation of the Cu”™, the catalytic residues Tyr18 and Tyr26,
and the flexible loop al1-Bl. The metal ion is tetra-
coordinated by the histidine triad and a water molecule.

suggest a high degree of flexibility for the 3’ end of
the DNA. The location and conformation of DNA
residues T25 and A26 implies that the DNA
backbone follows a parallel path to the hairpin
stem (upwards in Figure 1).

A substantial displacement of protein residue
Phel8 was observed, when compared to the
position of Tyrl8 in the native protein structure in
the DNA25 complex. Tyrl8 has been observed in
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slightly different positions in different crystals (see
below and Figure 5(a)), but the Tyr18Phe mutation
further frees the side-chain, since the hydrogen
bond of the Tyr18 hydroxyl group to Asp85 is not
possible anymore.

Crystal structures with different metal ions

Relaxases, such as TrwC, require the addition of a
divalent metal ion for oligonucleotide cleavage
activity. The reaction is practically instantaneous,
and is expressed as a percentage cleavage at
equilibrium. We tested a series of divalent ions for
cleavage of an oligonucleotide containing the nic
site. Without externally added divalent ion, erratic
figures were obtained, probably due to the presence
of trace amounts of metal ions in buffers and/or
protein or DNA preparations. Thus, 10 uM EDTA
was added in all experiments shown in Figure 3.
Under these conditions, and without added metal
ions, no cleavage product was detected. Cleavage
activity was detected when adding any of the
following metal ions: Mg2+, Mn?", Ca%t, Ni**,
Zn** or Cu®>* (see Figure 3). Similar equilibrium
states could be achieved irrespective of the metal
used, suggesting an ample flexibility in the nature
of the metal required. However, while Mn? ", Ni? ™,
Zn** and Cu®* cleaved at concentrations as low as
10 uM, concentrations of at least 100 uM were
required to see high yields of cleavage with Mg>*
or Ca%™. In some cases, such as Cu?>" and Zn?™" the
percentage cleavage dropped at high metal concen-
trations due to macroscopic protein precipitation. It
is also noteworthy that significant cleavage was
obtained in all cases at 1 uM metal concentration,
even in the presence of 10 uM EDTA. This result
underscores the notion that trace amounts of metal
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Figure 3. TrwC cleavage activity in the presence of
different divalent metal ions. Cleavage experiments were
performed by 30 min incubation of 0.5 M oligonucleo-
tide R388(12+18) with 1 uM TrwC-N293 at 37 °C in
10 mM Tris (pH 7.6), 100 mM NaCl, 10 pM EDTA and
1-1000 pM of either MgCl,, MnCl,, NiCl,, ZnCl,, CuCl, or
CaCl,. The percent cleavage is represented as a function
of metal ion concentration.

are sufficient to catalyze some oligonucleotide
cleavage.

To assess the structural effects of metal binding,
we decided to obtain complexes of protein-DNA
with different metals. Figure 4 shows the refined
structures and anomalous difference maps for each
of the metal-soaked crystals of the TrwC-DNA25
complex. Figure 4(a) corresponds to crystals soaked
with Zn®* and Mg®". With data collected at the
peak of the Zn edge, strong difference density
appears (yellow) at the metal site. However, the
anomalous difference map for the same crystal
calculated with data collected below the Zn edge
(purple) shows no density at the metal site. This
result demonstrates that Zn®* is the metal ion
bound to the three active site histidine residues.

Figure 4(b) corresponds to crystals soaked
with Zn** and Mn?". With data collected at the
peak of the Zn edge, strong anomalous difference
density appears (yellow) at the metal site. However,
when the anomalous map is calculated with data
collected at the Mn absorption edge (Figure 4(c)) no
density is found at the metal site. These results
demonstrate that, again, Zn>*, and not Mn?*, is the
metal ion bound at the TrwC active site.

Figure 4(d) corresponds to the anomalous map
of crystals soaked only with Mn** and collected at
the energy corresponding to the Mn absorption
edge, as determined from a MnCl, solution placed
in the crystal-mounting loop and irradiated at the
beamline. No density is observed at the metal site
and thus it can be concluded that the Mn"* is not
bound. No evidence of Mn®* binding was found
either from the X-ray fluorescence absorption
scans on any of the Mn”*-soaked crystals. The
absence of metal ion at the active site is further
confirmed by the orientation of His150
(Figure 4(d)), which is not appropriate for metal
coordination. The orientation of this histidine
residue is similar to the one observed in the
metal-free 10MH structure.'?

Figure 4(e) and (f) shows the anomalous maps
with data collected at the Ni and Cu absortion edges
from crystals soaked in Ni** and Cu®*, respect-
ively. They clearly show the presence of these two
metals at the metal binding site, with triple histidine
coordination.

Other soakings with calcium and magnesium
were also performed. As in the case of Mn**, the
X-ray data (not shown) showed that binding of
Ca*" did not take place. To rule out Mg*" binding
was more difficult, it is not possible to collect
anomalous data for this metal. The electron density
maps showed the presence of an atom located at the
metal site that could be firstly assigned as Mg>* or
an oxygen atom of a water molecule, since from the
electron density height they are nearly indistin-
guishable at the resolution of the data described
here. However, the coordination geometry of this
atom at the active site in the structure of crystals
soaked in Mg?" does not correspond to the
characteristic octahedral coordination around a
magnesium atom.
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Figure 4. Bijvoet maps of the active site of TrwC, using anomalous differences of data measured at the edge of the
appropriate element. (a) Crystal soaked in a solution containing both Zn** and Mg>*. In yellow is shown the anomalous
difference map calculated with data measured at the peak of the Zn absorption edge (data set 25ZNpkMG), contoured at the
76 level. The contours in purple are from a dataset measured at an energy just below the absorption edge (data set
25ZNrmMG) using the same crystal and contoured at noise level (2.85). (b) Anomalous difference map calculated with data
measured at the Zn edge (data set 25ZNpkMN) from TrwC-DNA25 crystals soaked in a solution containing both Zn** and
Mn?", contoured at 75. (c) Anomalous difference map calculated using data measured at the Mn absortion edge (data set
25ZNMNpk) on the same crystal used for (b), contoured at noise level (2.85). (d) Anomalous difference map calculated with
data measured on the Mn edge (data set 25MN) from a TrwC-DNA25 crystal soaked in MnCl, only, contoured at noise level
(2.80). (e) Anomalous map calculated with data set measured at the Cu absorption edge (data set 25CU), from a TrwC-
DNA25 crystal soaked in a solution containing Cu®*, contoured at the 7o level. (f) Anomalous map calculated using data

measured at the Ni absorption edge (data set 25NI), from a Ni* " -soaked TrwC-DNA25 crystal, contoured at 7o level.

Metal binding caused some rearrangements in
the conformation of the protein. For example, in the
metal-free structure the loop a1-f1, encompassing
protein residues 20 to 30, had extremely weak and
fragmented electron density, an indication of its
flexibility, and could not be traced. In contrast, clear
density appeared in the Ni** and Zn**-bound
structures and residues 20 to 26 could be built. In
the case of the Cu®>"-bound structure, the whole
loop was traced (Figure 2(b)). The conformation of
this 100;) was similar in the structures with Ni**
and Cu”", but slightly different in the Zn**-bound
structure, at residues 21 to 24.

Also, a significant effect of the metal binding on the
conformation of the catalytic Tyrl8 is observed. In
comparison to the metal-free 10MH s’cruc’cure,12
displacements 0f2.39 A in the Zn?*-bound structure,
2.17 A in the Ni* " -bound structure and 0.68 A in the
Cu**-bound structure are found (Figure 5(a)) for the
OH(Tyr18) atom, indicating that this side-chain is

able to swing about its y; torsion angle. In addition,
nucleotide T25 shows a high degree of flexibility. The
corresponding electron density is weak and dis-
persed, which makes it difficult to correctly place T25
in the metal-bound TrwC structures. However, care-
ful inspection suggests that this residue orients
predominantly the 3’ oxygen towards the metal-
binding pocket in the Cu®** and Zn>*-bound
structures and towards the opposite direction in the
Ni?*-bound structure (Figure 5(b)).

Discussion

The atomic structure of TrwC relaxase in complex
with the 25-mer nic DNA'? unveiled how the relaxase
recognises the extruded inverted repeat hairpin and
provided a detailed view of the architecture of the
active site. However, since the DNA in the complex
did not extend past the cleavage site but ended up



862

Relaxase TrwC in Complex with a 27-mer DNA Hairpin

(b)

Figure 5. Different conformations of (a) Tyrl8 and (b)
T25, observed in the different structures of TrwC-DNA25
complexes solved.

before the scissile phosphate, it left some questions
unanswered. For example, the precise position of the
scissile phosphate was unknown and, thus, the kind
of interactions that it could establish with the protein
residues and the metal ion. The pathway of the DNA
3’ to the cleavage site was also unclear, although two
sulphate ions, at adequate distances, seemed to
indicate where the succeeding DNA phosphate
groups after the scissile bond should be located.
The precise catalytic mechanism and, in particular
the role of the metal ion, was also a matter to decipher.
Finally, the loop a1-B2 could not be fully modelled
because of the weak electron density in that area. This
loop includes the second catalytic Tyr26 and thus
crucial structural information necessary to under-
stand how the protein functions was missing. This
work addresses both questions.

DNA conformation and its recognition by TrwC

The structure of the TrwC""**~-DNA27 complex
confirms our previous findings'*> with respect to

the DNA folding as a hairpin and its recognition by
the relaxase by means of a B-sheet entering the
major groove and a loop segment, flanked by two
turns, intruding the opposite minor groove
(Figure 1(a)). After the hairpin, a stretch (G17-T21)
of extended single-stranded DNA follows, until a
peculiar U-turn sharply inverts the direction of the
DNA backbone. The present structure confirms the
180° turn, where Metl is nestled, and further shows
that the DNA continues antiparallel to the extended
G17-T21 stretch (Figure 1(b)) until A26. It also
shows a mismatch pairing G22:T25, an interaction
that was not observed in the complexes with shorter
DNA, where T25 is found to be very mobile
(Figure 5(b)). The strength of this mismatch
G22:T25 interaction must be marginal, since it
does not hold when the sugar-phosphate backbone
ends at residue 25, i.e. after cleavage. The functional
significance of this fact is not clear. It is interesting,
though, that both guanine and thymine are
conserved at the equivalent position of G22 and
T25 in the different nic sequences of the F-family of
conjugative plasmids (see Figure 4b of Guasch et
al.'?). In the Tral-DNA10 complex,'* the equivalent
thymine and guanine are also H-bonded. In any
case, this interaction must help to orient the
DNA to the active site entrance and to place
scissile phosphate A26 at close distance from the
histidine-triad metal binding site.

Catalytic mechanism and role of the metal ion

One of the non-bridging oxygen atoms of the
scissile phosphate is in the appropriate orientation to
be the fourth ligand of the metal ion (Figure 2). No
metal ion is present in the TrwC'®*-DNA27 active
site despite efforts to co-crystallize the TrwC-DNA27
complex with metal ions and soaking attempts of
derived crystals. The co-crystallization experiment
did not produce crystals and soaking damaged the
crystals as evidenced by lack of diffraction. However,
a water molecule binds at the metal site and mimics
the metal position and interactions. Indeed, when
comparing the active sites of the metal-bound TrwC-
DNA25 (e.g. the Cu-bound structure shown in
Figure 2(b)) and TrwC*"**-DNA27 (Figure 2(a)) we
can see that the tetrahedral coordination is similar
and that the water molecule that s the fourth ligand in
the TrwC-DNA25 structure is replaced by the
phosphate oxygen in the TrwC¥'®*~-DN A27 structure.
Superimposition of both structures shows that this
oxygen atom of the scissile phosphate would be
located at a coordination distance (~2.2 A) from the
metal ion. Moreover, in the Tral-DNA10 complex'*
two oxygen atoms of the scissile phosphate group are
coordinated with the metal ion. These observations
and the fact that a metal ion is necessary for the
cleavage reaction allow us to propose a catalytic
mechanism for the first transesterification reaction
(steps 1-2 in Figure 7(b), below) where the scissile
phosphate is polarized by the metal ion promoting
the nucleophilic attack of the hydroxyl group of Tyr18
(Figure 6).
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From the different structures we see that Tyr18
has the capacity to reorient its side-chain and, thus,
it would be able to approach its reactive hydroxyl
oxygen atom to the phosphate for the formation of a
penta-coordinate intermediate. The metal ion
would also stabilize this intermediate, which
would be further stabilized by Argl54. In the
TrwC "®* - DNA27 structure Argl54 is H-bonded
to the non-bridging phosphate oxygen atom that
does not interact with the metal. Although difficult
to assess, the movement of the side-chain of Tyrl8
may be correlated to the increased order in the loop
region upstream in the sequence, as is the case in
the metal-bound structures of TrwC-DNA25 (see
below). The concomitant changes in this loop region
are of interest because it contains residue Tyr26, a
residue proposed to participate in the second
cleavage reaction catalyzed by TrwC.

How Tyr18 gets activated for nucleophilic attack
is an open question, but the proximity of Asp85, at
hydrogen bond distance from the Tyr18 hydroxyl
group, and the fact that its replacement with Ala
impairs the reaction led us to propose'” that this
residue acts as a general base, abstracting a proton
from the tyrosine hydroxyl group. The present data
do not provide any evidence against that hypoth-
esis: all structures presented herein (except for the
Tyr18Phe mutant) show an H-bond between Asp85
and the hydroxyl group of Tyrl8, even though the
side-chain of the tyrosine suffers slight displace-
ments. On the other hand, from the solved
structures, there is no clear candidate for a general
acid, a residue that should provide the proton to
oxygen O3/(T25) to resume the cleaving reaction.

The nature of the metal ion
Another open question was what divalent metal

ion was physiologically used by TrwC. In vitro
reaction assays show that, in the absence of any

Arg154
Figure 6. Schematic diagram
illustrating the proposed catalytic
mechanism for the first DNA
cleavage reaction (see Discussion).

*NH,
HM—__
\

metal, TrwC is unable to cleave the DNA. On the
other hand, the addition of either Mg>*, Mn?¥,
Ca2*t, zZn?*, Ni*", Cu®?t or Co?" results in
significant DNA cleavage. It should be noted,
however, that a much higher concentration was
needed for Mg or Ca-catalyzed cleavage, when
compared to Zn**, Ni** and Cu®*. This is in
agreement with the fact that the affinity for Mg ™" is
four orders of magnitude lower than for Zn** (M.L.
& F. de la C., unpublished results). Our results with
the soaking experiments confirm that Zn*" binds
readily to the active site, the histidine triad
providing an appro]griate metal binding site for
this kind of ion. Cu>* and Ni** display similar
characteristics. On the other hand we did not find
any evidence for Mg®" or Mn®* binding, although
our cleavage reaction assays with oligonucleotides
(see Results) indicate that both metal ions activate
the enzyme (Mg” " requiring a higher concentration
than Mn?*). A survey of all Mg”" protein
structures presently available does not show any
case where this cation is triple-coordinated by
histidine residues, except for the relaxase Tral
structure where the electron density at the metal
site was assigned to a Mg®".*'® In fact, all other
Mg?*-containing proteins in the PDB coordinate
the metal ion with at least one carboxylate group.
Furthermore, the most common Zn”*-chelating
sphere in proteins (when this cation is catalytic) is
a tetrahedral arrangement of three histidine resi-
dues and a water molecule.'® Such arrangement is
observed in all our metal-bound structures. On the
contrary, there is no indication in the TrwC active
site architecture for the typical octahedral Mg”* or
Mn®" coordination sphere.'® It has to be noted,
though, that all metal-binding data we present
correspond to experiments carried out with crystals
containing the DNA25 oligonucleotide, thus not
including the scissile phosphate group near the
metal site. Unfortunately, all soaking experiments
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with the DNA27 oligonucleotide resulted in crystals
that either lacked any metal at the active site (short
time soaking) or did not diffract. Therefore, we can
not rule out the binding of Mg®* or Mn** to the
TrwC active site, since the presence of phosphate
A26 could provide a better environment for these
metals to bind.

Two exit paths for the DNA

One important feature of the TrwC"'**-DNA27
complex is the fact that the DNA downstream of the
cleavage site does not follow one of the paths that
could be inferred from our previous work with the
metal-free TrwC-DNA25 complex (PDB code
10OMH)."* From that structure, it was apparent
that the deep active site crevice continued after the
metal binding site. Two sulphate ions, one close to
the metal binding site and another 7 A further away
(labelled So and Sg in Figure 7(a)) suggested
favorable locations for DNA phosphate groups
after residue 25. Our prediction has been proven
correct for the first position, since in the present
TrwCY"®*_DNA27 structure the scissile phosphate
(A26) occupies the first sulphate So position. But
after that the DNA does not follow the crevice.
Instead, it continues “upwards” (Figure 1), anti-
parallel to the single-stranded DNA stretch that
extends between the hairpin and the U-turn. Since
the crevice is almost closed over the active site by
residues Argl4 and Argl54, the DNA seems to go,
in the TrwCY8F-DNA27 structure, towards a cul-de-
sac. However, closer inspection indicates that an
exit path for the DNA is possible, as shown by
model building. Indeed, a third sulphate ion was
observed in that path, bound to Argl4 and Argl54
(sulphate Sp and path A in Figure 7(a)). In
agreement, in Tral-DNA10 complex,14 the DNA
follows a similar path A. Still, we may speculate
that an alternative functional path exists (path B)
following the active site crevice as suggested by
sulphate Sg. This sulphate ion is present in both the
TrwC-DNA25'? structure and in the TrwCY'®F-
DNAZ27 structure reported here, close to conserved
residues Glul51 (an Asp in some relaxases of the
family) and Thr152 (Figure 7(a)).

An attractive hypothesis is that both paths are
used by the enzyme. In this hypothesis, the
initiation and termination reactions will occur as
schematized in Figure 7(b). We propose that, for the
initiation reaction, the DNA follows path A. This
conformation might be the preferred one in the
constrained binding to supercoiled DNA, where
only Tyr18 can cleave the DNA." After the first
cleavage, Tyr18 forms a covalent complex with the
DNA 3’ to the cleavage site. The DNA moiety
containing the 3'-OH leaves the active site and is
extended by rolling-circle replication. Meanwhile,
the relaxase is shot to the recipient cell, where it
tracks on the incoming DNA by means of its 5’ — 3’
DNA helicase activity. When the reformed nic site
DNA enters the recipient cell, it is recognized again
and bound by the relaxase following path B

(Figure 7(b), blue+green strand). It has to be so
because path A is still occupied by the 3’ moiety of
the DNA covalently attached to Tyr18. Besides, it is
known that TrwC recognizes only specific bases 5’
to the cleavage site.!? Since Tyrl8 can swing
(Figure 5(a)), it might well get slightly away from
the active site to leave room for the new DNA
(Figure 7(b), blue + green strand).

Role of the second catalytic tyrosine

The second cleavage reaction could be catalyzed
by Tyr26, located at the tip of the a1-f2 loop as
shown in Figure 2(b). After second cleavage, a new
3'-OH appears at the protein active site and the
religation reaction with the 5" end phosphate could
take place by reversal of the initial cleavage
reaction, thus re-circularizing the transferred DNA
strand, as shown in Figure 7(b). We know from the
different structures that a 3'-free T25 can rotate by
an angle of 180° (Figure 5(b)). This ability could
facilitate the adjustment of the 3'-OH position for
attacking the phospho-tyrosine linkage.

In the different structures loop «1-B2 appears
either fully disordered from residue 20 to 30 and not
modelled (TrwC-DNA25, TrwC*'®*-DNA27), par-
tially ordered and partially modelled (TrwC-Ni**—
DNA25) or fully modelled (TrwC—Cu?*-DNA25).
Still, in this later case, the temperature factors are
rather high indicating a considerable flexibility.
Where Tyr26 could be built in (Figure 2(b)) it
appears to be at 17 A distance from the metal site, its
hydroxyl group pointing out in the opposite
direction and making a hydrogen bond with the
main-chain of Ala%96, a residue of helix a4. A long
movement, with the loop «l1-B2 folding back
towards the active site, must take place if the
Tyr26 has to come in close proximity to the scissile
phosphate. We cannot exclude, though, that this
second cleavage is performed by a second TrwC
molecule. In favor of this hypothesis is the fact that
Tyr26 is located at the surface of the protein.
However, in order to reach the active site of another
relaxase molecule, the loop al-f2 must further
extend and stick out of the protein surface because
the active site of the protein is located in a rather
deep crevice. An example of such trans-attack
mechanism is IS608 transposase. IS608 transposase
belongs to the family of rolling-circle transposases,
which contain catalytic Tyr residues and histidine
triad motifs in their active sites. They are thus
related to the superfamily of rolling-circle replica-
tion initiation proteins and conjugative relaxases.'”
The atomic structure of 15608 transposase'® shows
that the IS608 active Tyr is located in an a-helix that
reaches the scissile bond of the target DNA located
at the histidine triad catalytic site of the adjacent
protein monomer.

Provided one relaxase molecule has been shot to
the recipient, as proposed in the shoot and pump
conjugation model® and recently confirmed
experimentally,' there are two possible locations
for termination reaction, the donor or the recipient
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(a)

(b)

cell. If termination occurs in the donor, it would
have to be catalyzed by a second relaxase molecule,
since the first has been transported to the recipient
cell already. The second molecule can cleave the
trailing nic site, and when the resulting 3’-OH
reaches the recipient, it is recognized by the
transported relaxase which can catalyze the reverse
of the initial cleavage reaction or ligation reaction,
resulting in circularization of the transferred DNA.
Alternatively, if second cleavage occurs in the
recipient, two possibilities remain. Either a second
relaxase molecule produces the second cleavage or
itis performed by the same molecule using a second
catalytic residue. In the first two scenarios no
second catalytic Tyr is needed, since re-circulariza-
tion will occur by reversal of the initial cleavage
reaction, as proposed by Byrd & Matson.?0
Although the two-Tyr flip-flop mechanism is
appealing, and it is backed by biochemical data,"
with the present data it is not possible to rule out
any of the three alternative scenarios.

Figure 7. (a) Electrostatic poten-
tial surface representation of the
TrwC"'®*_DNA27 complex. The
27-mer DNA oligonucleotide is
shown as a blue ribbon. Three
sulphate ions, labelled Su, So and
Sg, are present in the active site
crevice. Two putative exit paths for
the DNA (A and B) are indicated
with black arrows. (b) Schematic
representation of the molecular
mechanism of the TrwC relaxase.

Materials and Methods

Protein preparation

The N-terminal relaxase domain of TrwC (residues 1 to
293), and mutant Tyr18Phe (named TrwC and TrwCY18F
respectively, here) were expressed and purified as
follows.?! Escherichia coli strain C43-DE3** containing
plasmid pSU1588 was grown in a 21 micro-DCU
fermentation system (B. Biotech International). Plasmid
pSU1588 carries the trwC fragment corresponding to the
protein residues 1 to 293 cloned between the Ndel and
BamHI sites of vector pET3a. Overexpression was
induced with 0.5 mM IPTG for 2 h. Cells were harvested
by centrifugation and resuspended in 50 mM Tris—-HCI
(pH 7.6), 10 mM EDTA and 10% (v/v) sucrose, and stored
at —70 °C. Frozen cells were thawed and incubated with
10 mM benzamidine, 1 mM phenylmethylsulfonyl fluor-
ide and 0.5 mg/ml lysozyme for 45 min at 0 °C. An equal
volume of a solution containing 50 mM Tris-HCI (pH 7.6),
400 mM NaCl, 0.1 mM EDTA, 1 mM DTT and 0.5% (v/v)
Triton-X-100 was added and the mixture incubated for
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another 5 min on ice. The lysate was centrifuged at
145,000g for 30 min at 4 °C. Supernatants were applied to
a P11-phosphocellulose column equilibrated in buffer A
(50 mM Tris-HCl (pH 7.6), 200 mM NaCl, 0.1 mM EDTA)
and eluted at 600 mM NaCl. Fractions containing N293-
TrwC were pooled, diluted to 200 mM NaCl, loaded to a
MonoS column (Amersham), and eluted with a linear
NaCl gradient (200 mM-600 mM NaCl) in buffer
A. Finally, a gel filtration step was carried out in a
Superdex75HR column (Amersham) equilibrated in
50 mM Tris-HCl (pH 7.6), 500 mM NaCl, 0.1 mM EDTA.
TrwC-N293 eluted as a monomer of about 40 kDa. Its
concentration was estimated by UV absorbance at 280 nm
using an extinction coefficient of 31,500 M ™ Yem ™!, which
was calculated as described by Edelhoch et al.*> No loss of
activity was observed after six months storage at —70 °C.

Purification of N293-TrwC labelled with seleno-meth-
ionine (SeMet) was performed using B834(DE3) strain
and New Minimal Medium supplemented with SeMet.**
The purification was performed according to the
described procedure. For subsequent crystallization
trials, both protein variants were concentrated to
2-6 mg/ml and stored at —20°C in 50 mM Hepes/
NaOH (pH 7.6), 450 mM NaCl.

Oligonucleotide cleavage reactions

Reaction mixtures contained 0.5 uM fluorescein-labeled
oligonucleotide R388(12+18) (TGCGTATTGTCT/
ATAGCCCAGATTTAAGGA), 1 uM TrwC-N293 in clea-
vage buffer (10 mM Tris (pH 7.6), 100 mM NaCl, 10 pM
EDTA) plus or minus a variety of divalent metal salts
(MgCl,, MnCl,, NiCl,, ZnCl,, CuCl, and CaCly). Metal
ion concentrations ranged from 1 pM to 10 mM. After
incubation for 30 min at 37 °C, samples were treated
with 0.6 mg/ml proteinase K and 0.05% (w/v) SDS for
20 min at 37 °C. Reaction products were separated and
quantified by capillary electrophoresis, using the CE
Oligonucleotide Analysis Kit (BioRad) in the capillary
system BioFocus®2000 (BioRad). The capillary used
was a BioCAP Oligonucleotide Analysis Capillary
(B0 cm X 75 pm i.d. X375 pm o.d.). Samples were intro-
duced in the capillary by pressure (200 psi/s). Electro-
phoresis was carried out at 12kV at 40°C. A laser-
induced detector was employed for fluorescence
detection. Peak information (migration time, peak area
and height) was obtained using the CE Integrator
Software (BioRad).

Crystallization and structure determination
of TrwCY'8F_DNA27 complex

In order to prepare the protein-DNA complex, a
solution 0.23 mM SeMet TrwCY'®F 450 mM NaCl,
50 mM Hepes (pH 7.6) was mixed with a solution of
0.23 mM of annealed DNA oligonucleotide, encompass-
ing the nic sequence 25 nucleotides upstream
and two nucleotides downstream from the cleavage
site (DNA27=5"-GCGCACCGAAAGGTGCGTAT
TGTCT-3'), dissolved in the same buffer and salt. The
resulting TrwC"'®*-DNA27 complex was purified by
size-exclusion chromatography and concentrated to
6.9 mg/ml of protein. Crystals were obtained by vapor
diffusion, at 4 °C, from hanging drops prepared by mixing
2 ul of the concentrated TrwC solution and 1 pl of the
precipitant solution containing 32% (w/v) PEG MME
2000, 0.3 M ammonium sulphate, 0.1 M sodium acetate
(pH 4.6). Crystals appeared after seven days and

continued to grow to a maximum size after 27 days.
A complete dataset was measured at beamline ID14-4, at
ESRF (Grenoble). Data collection is summarized in
Table 1. The TrwC-DNA25 (see below for definition of
DNA25) metal-free structure previously published'?
(PDB code 10SB), modified to correctly represent the
Tyr18Phe mutation, was used as a starting model for
molecular replacement. Refinement was carried out with
REFMACS5.2, part of the CCP4 program suite.” Initial
refinement indicated a change in the position of the base
T25 of the DNA strand. Subsequently, this residue and
water molecules in and around the active site were
removed, after which refinement was restarted. The DNA
residue T25 could be correctly placed upon inspection of
the 2F,—F. and F,—F. Fourier maps. Another cycle of
restrained refinement and map inspection revealed the
position of DNA residue A26, which was subsequently
added. Residue 27, however, could not be unambiguously
located and was not modelled. Final refinement statistics
are shown in Table 1.

Crystallization and structure determination
of TrwC-DNA25 metal ion complexes

In order to prepare TrwC-DNA binary complexes, a
solution of 0.179 mM TrwC in 450 mM NaCl, 50 mM
Hepes (pH 7.6), was mixed with a solution of 0.179 mM of
annealed DNA oligonucleotide, encompassing the OriT
sequence 25 nucleotides upstream from the nic site
(DNA25=5-GCGCACCGAAAGGTGCGTATTGTCT-3')
dissolved with similar buffer and salt. The resulting
TrwC-DNA25 complex was purified by size-exclusion
chromatography and concentrated to 6.8 mg/ml
of protein. Crystals were grown as described.'” These
crystals were used to prepare different metal ion
complexes by soaking them in metal ion solutions and
X-ray diffraction data were collected at the ESRF
(Grenoble), as follows: (1) crystals soaked in 5mM
ZnSO,4 and 10 mM MgCl, for 24 h were measured at the
K absorption edge of Zn (data set 25ZNpkMG) and 24 eV
below this edge (data set 25ZNrmMG), on beamline ID14-
4; (2) crystals soaked in 5 mM ZnSO,, 10 mM MnCl, for
24 h were measured at both the K absorption edges of Zn
(data set 25ZNpkMN) and Mn (data set 25ZNMNpk), on
beamline BM16; (3) crystals soaked in 5 mM MnCl, for
24 h (data set 25MN) were measured at the K absorption
edge of Mn, on beamline BM16; (4) crystals soaked in
5mM CuCl, for 24 h (data set 25CU) were measured
below the K absorption edge of Cu (0.97855A), at
beamline ID23EH1; and (5) crystals soaked in 5mM
NiCl, for 24 h (25NI) were measured below the K
absorption edge of Ni, at beamline BM14. Data collection
statistics are summarized in Table 1.

Refinement against datasets 25ZNpkMG and
25ZNpkMN was performed with REFMACS5.2 program
in the CCP4 program suite,” starting from a rigid body
refinement using the previously deposited Zn*"-bound
structure of TrwC complexed with the same DNA25
fragment'? (PDB code 1QX0), followed by a restrained
refinement. For the 25MN structure a similar protocol was
used, starting from the deposited metal-free structure'?
(PDB code 10MH). Anomalous maps were calculated
from a combination of the corresponding phases and the
anomalous differences associated with each dataset. The
metal-free protein structure (PDB code 10MH) was also
used as initial model for refinement against data of the
Cu’" and Ni*"-soaked crystals. Initial inspection of the
density maps clearly indicated the presence of metal ions
at the active site. Subsequent simulated annealing and



Table 1. Data collection and refinement statistics

Data set® 27NAT 25ZNpkMG 25ZNrmMG 25ZNpkMN 25ZNMNpk 25MN 25CU 25N1
A. Data collection
Unit cell (A) a=b=14842, a=b=90.70, a=b=90.75, a=b=90.69, a=b=90.53, a=b=90.24, a=b=91.088, a=b=92.7312,
c=75.52 c=204.22 c=204.36 c=204.22 c=203.77 ¢=202.08 ¢=205.55 ¢=208.8551
Space group P65 P6,22 P6,22 P6,22 P6,22 P6,22 P6,22 P6,22
Wavelength A) 0.97930 1.2820 1.2852 1.2823 1.89223 1.8924 0.97855 1.00100
Resolution range (AP 25.0-2.7 19.8-2.7 19.8-2.7 51.4-3.16 45.3-2.90 43.9-2.6 24.7-2.5 43.9-23
(29-2.7) (2.9-2.7) (2.9-2.7) (3.2-3.0) (3.1-2.9) (2.7-2.6) (2.6-2.5) (24-2.3)
No. of observed reflections® 165,382 (22,961) 169,473 (24,851) 146,870 (21,542) 120,010 (17,326) 130,924 (18,815) 171,348 (25,127) 386,179 114,701 (13,061)
(56,283)
No. of unique reflections” 27,451 (3996) 143,70 (2037) 14,393 (2039) 10,633 (1496) 11,442 (1598) 15,710 (2226) 18,252 (2592) 28,857 (3506)
Completeness 99.7 (100) 99.9 (100) 99.8 (100) 100 (100) 98.9 (98.0) 99.9 (99.8) 99.9 (100) 98.8 (98.8)
mereg, 10.9 (41.3) 9.0 (22.4) 5.9 (15.6) 14 1 (42 7) 9.9 (36.1) 12 7 (45 5) 10.4 (51.6) 4.9 (14.6)
I/o( 54 (1.5) 5.7 (3.2) 9.1 (4.6) 8 (1.7 7.1 (2.0) 6 (1.5 5.6 (1.4) 10.2 (4.8)
Multiplicity® 6.0 (5.7) 11.8 (12.2) 10.2 (10.6) 11 3 (11. 6) 114 (11.8) 10 9 (11. 3) 212 (21.7) 47 (4.1)
Anomalous completenessb 99.0 (99.9) 99.9 (100) 99.9 (100) 100 (100) 99.4 (98.6) 100 (100) 100(100) 98.3 (88.9)
Anomalous multiplicity” 3.1(29) 6.5 (6.6) 5.6 (5.6) 6.4 (6.3) 6.4 (6.4) 5.9 (6.0) 11.7(11) 25(22)
B. Refinement
Protein atoms 2213+2213 2288 Not refined*® 2288 Not refined® 2226 2314 2275
DNA atoms? 4924475 512 512 512 512 512
Metal atom* - Zn** Zn*t - Cu®* Ni?*
Water O atoms' 239 178 178 256 207 162
No. of reflections used in refinement’ 26,050 13,597 Not refined® 10,055 Not refined® 10,614 18,200 24,598
R factor r(% f 20.5 21.8 19.9 20.4 233 20.6
Rfree (%) 247 26.0 24.0 25.0 27.6 24.5
rmsd from target values
Bonds (A) 0.009 0.009 0.011 0.010 0.005 0.013
Angles (deg.) 1.37 1.31 1.44 1.35 1.52 1.35
Chiral (A) 0.10 0.075 0.079 0.074 0.080 0.086
Mean B factor (A% 49.2 34.0 32.4 31.6 37.1 38.2

? See Materials and Methods for an explanation.
Outermost resolution shell values are in parenthesis.

c
Rmerge
Per asymmetric unit.

¢ Structures were not refined against data sets 25ZNrmMG and 25 NMNpk.
[/ Fops| — KIFcate |1/ Zit | Fops |1 X 100; Reree, same as for a test set of reflections not used during refinement.

Rfactor

(S Zi| L (hkl) — <I(hkl) > |/ Sy ;1:(hkD)] X 100.
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positional and overall B-factor refinement were per-
formed using CNS.*® The correction of the model,
through visual inspection of the electron density maps
using TURBO-FRODO,” was alternated with solvent
molecule addition and refinement, including atomic
B-factor refinement, using CNS. Final refinement statistics
are shown in Table 1. Anomalous difference Fourier maps
(Bijvoet maps) were calculated from various datasets as
indicated in the legend to Figure 4. All pictures were
prepared using PyMolf, Bobscri}znt extention of Mol-
script® and the Raster3D package.”’

Protein Data Bank accession codes

Atomic coordinates have been deposited with the RCSB
PDB under accession codes 2CDM (TrwCY'¥F-DNA27),
186M (TrwC-Ni?T-DNA25) and 1ZM5 (TrwC-Cu?*—
DNAZ25).
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