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Secondary and tertiary structural changes in yd resolvase:
Comparison of the wild-type enzyme, the I110R mutant,
and the C-terminal DNA binding domain in solution
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Abstract

8 Resolvase is a site-specific DNA recombinase (M, 20.5 kDa) in Escherichia coli that shares homology with a family
of bacterial resolvases and invertases. We have characterized the secondary and tertiary structural behavior of the cloned
DNA binding domain (DBD) and a dimerization defective mutant in solution. Low-salt conditions were found to
destabilize the tertiary structure of the DBD dramatically, with concomitant changes in the secondary structure that were
localized near the hinge regions between the helices. The molten tertiary fold appears to contribute significantly to
productive DNA interactions and supports a mechanism of DNA-induced folding of the tertiary structure, a process that
enables the DBD to adapt in conformation for each of the three imperfect palindromic sites. At high salt concentrations,
the monomeric I110R resolvase shows a minimal perturbation to the three helices of the DBD structure and changes in
the linker segment in comparison to the cloned DBD containing the linker. Comparative analysis of the NMR spectra
suggest that the [110R mutant contains a folded catalytic core of ~60 residues and that the segment from residues 100
to 149 are devoid of regular structure in the I110R resolvase. No increase in the helicity of the linker region of I110R
resolvase occurs on binding DNA. These results support a subunit rotation model of strand exchange that involves the

partial unfolding of the catalytic domains.
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8 Resolvase (M, 20.5 kDa) is a site-specific DNA recombinase in
Escherichia coli that shares homology with a family of resolvases
and invertases in a variety of bacteria (Grindley & Reed, 1985).
The structure of resolvase can be divided into three distinct re-
gions, consisting of a catalytic domain (residues 1-120), a DNA
binding domain (residues 149-183), and a linker region between
the two globular domains. Limited proteolysis of y8 resolvase
yields a C-terminal 43-residue fragment (5 kDa) with DNA bind-
ing activity and an N-terminal 140-residue fragment (15.5 kDa)
with oligomerization and catalytic functions. The structure of the
catalytic domain has been determined by X-ray crystallography
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(Sanderson et al., 1990) and displays a mixed antiparallel/parallel
B-sheet surrounded by helices denoted A-E. A pair of parallel
E-helices (residues 100-120) provides the contacts in adjacent
monomers. Although previous structures of resolvase have re-
vealed the overall configuration of the dimerized form, the cata-
lytic mechanism of resolvase is not well understood due to the
distant location of the active site from the DNA cleavage site
(Yang & Steitz, 1995).

The solution structure of the resolvase DBD generated by pro-
teolysis has been determined previously by NMR spectroscopy
(Liu et al., 1994). The proteolytically generated DBD consists of
three helices, with helix-1 and helix-3 crossing in a right-handed
manner. Helix-2 and helix-3 form a helix-turn-helix motif, while
an amino-terminal arm connected to helix-1 is flexible in solution.
It has been suggested, based on a lack of electron density for the
DBD in the intact enzyme and the presence of electron density
while bound to DNA, that DNA binding induces and stabilizes the
fold of the DBD and the linker connecting the catalytic domain
(Yang & Steitz, 1995). Previous NMR results provided evidence
that the hydrophobic core of the DBD was intact in the WT dimer
resolvase (Liu et al., 1994) as do proteolysis experiments. DNA-
induced folding of the resolvase DBD (Yang & Steitz, 1995) is in
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apparent contradiction to our results that showed that the isolated
DBD is a folded and stable structure in solution (Liu et al., 1994).

To investigate the roles of solution structural flexibility in DNA
binding and recombination, the secondary and tertiary structural
behavior of the cloned DBD and a dimerization defective mutant
in solution were characterized. We have investigated the folding
behavior of the DBD in the isolated state, in the I110R monomeric
resolvase, and in the WT resolvase, and relate these properties to
the DNA binding process. The I110R and V114R mutants were
constructed to disrupt helix dimerization of the catalytic domain
and, as expected, were found to behave as monomers at the con-
centrations used in gel mobility shift assays and gel filtration anal-
ysis (Hughes et al., 1993). The monomeric form of resolvase is
likely to represent a functional intermediate in the strand exchange
process according to the subunit rotation model (Stark et al., 1989,
1991). NMR analysis was performed for the domains in the I110R
resolvase and a comparative structural characterization of the mo-
nomeric protein is presented.

Results

Native molecular weight determinations

The oligomerization states of the resolvase mutants were deter-
mined by gel filtration HPLC. The retention time for the I110R
mutant yields a molecular weight of 23.6 = 1.4 kDa at all protein
concentrations studied. Thus, the I110R mutant was monomeric at
concentrations =0.925 mM. At a concentration of 1.1 mM, the
retention time for the V114R resolvase mutant yields a molecular
weight of 21 kDa. The V114R mutant was therefore monomeric at
the highest concentration studied and is not expected to change
from this state at lower protein concentrations.

To determine whether the I110R monomer can associate with
the WT resolvase dimer, HPLC studies were performed on a 1:1
mixture of the WT resolvase and the I110R mutant (Fig. 1). At low
concentrations (<0.05 mM), only monomers were present. At higher
concentrations (>0.08 mM), the monomeric and dimeric states
coexisted. These results indicate that the WT resolvase forms di-
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Fig. 1. HPLC-determined molecular weights of an equimolar mixture of

resolvase I110R (O) and WT resolvase (@) as a function of protein mono-
mer concentration.
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mers at higher protein concentrations, whereas the 1110R mutant
remains monomeric. As indicated by the presence of the mono-
meric form at high concentrations, heterodimers can be ruled out
because, at the highest concentration of the mixtures, a constant
concentration of the monomeric species (I110R) was observed.
Heterodimers would have resulted in a shift of the monomeric
species toward the dimeric species, as found for the WT resolvase.
Interactions at a second dimerization interface do not occur under
these conditions.

Sequential assignments of the cloned resolvase DBD

The "H-'SN HSQC spectrum (Fig. 2) of the cloned resolvase DBD
(residues 115-183) displays well-resolved amide peaks. Sequential
resonance assignments for the DBD have been made using stan-
dard procedures (Wiithrich, 1986) by establishing the connectivity
patterns in 3D 'H-'>N TOCSY-HSQC and 3D 'H-!'N NOESY-
HSQC spectra. With the exception of residues 115-117, the amide
proton and '’N resonances have been assigned for all residues.
Triple-resonance HNCA and HN(CO)CA experiments (Grzesiek
& Bax, 1992) were used to verify the backbone assignments. The
amide proton assignments were compared to those made previ-
ously for the proteolytically generated DBD (residues 141-183).
Sequential dyng.i+1y and dyng i+1y connectivities, medium-range
dANnGi+2)» Band i+2)s dang.i+3) connectivities, and the 13C, chem-
ical shift indices (Wishart & Sykes, 1994) within the « helical
segments (D149-Q157, S162-T167, and R172-N183) show that
the a-helices are similarly present in the cloned resolvase DBD
(Fig. 3). A strip plot taken from the 3D 'N-'SN HSQC-NOESY
spectrum illustrates the NOEs for residues D147-Q157 (Fig. 4A).

In contrast to the three helices of the DBD, residues 118-148 of
the linker region do not display connectivities indicative of well-
defined structural elements (Fig. 4B). The random coil nature of
this region is supported by the presence of strong NOEs and/or
exchange cross peaks to water, the lack of strong dnng.+1y OF
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Fig. 2. 'H-'N HSQC spectrum of the resolvase 69-mer in 1 M ammonium
sulfate, 5 mM Tris-d;;, pH 6.9. Amino acid residue assignments are indi-
cated.
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Fig. 3. Summary of NOE connectivities for the '>N-labeled cloned resolv-
ase DBD including short- and medium-range NOEs, '*C, chemical shift
indices, and the elements of secondary structure. NOE intensities are taken
from the 200-ms mixing time 3D 'H-""N NOESY-HSQC.

medium-range connectivities, and the agreement of the '*C,, chem-
ical shifts with the random coil values. NOE/exchange cross peaks
to water are not observed (or only weakly) for residues within the
helices (Figs. 3, 4). An exception to the overall random coil char-
acter of the linker region occurs at residues 138-140, where dyn i+ 1)
and medium-range connectivities occur.

Effects of ammonium sulfate concentration
on the structure of the DBD

8 Resolvase is limited in solubility at low salt concentrations. We
have characterized the folded state of the resolvase DBD by 1D
NMR in solutions ranging from 100 mM to 1 M ammonium sulfate
(Fig. 5). An X-ray structure of the DBD could not be obtained at
~1 M ammonium sulfate due to missing electron density (Rice &
Steitz, 1994). Because of the limited solubility, the protein con-
centration used in these experiments was approximately 0.15 mM.
In solutions containing 1 M ammonium sulfate, sharp methyl pro-
ton resonances are observed at —0.23 and 0.06 ppm, and have
been assigned to the y and 6 methyl protons of 1179. The upfield
chemical shifts result from interaction with the aromatic ring of
W155. At ammonium sulfate concentrations below approximately
400 mM, the resonances were broadened and less intense. As the
ammonium sulfate concentration was increased above 400 mM,
the methyl resonances intensified and were shifted upfield.

To further investigate the cause of structural perturbation at low
salt concentrations, we measured 'H-'’N HSQC spectra of the
resolvase DBD at 400 and 300 mM ammonium sulfate (Fig. 6). In
1 M ammonium sulfate, 'H-'>N cross peaks for all amides within
residues 147-183 have been assigned. In 400 mM ammonium
sulfate, cross peaks for the following backbone amides were weak
or missing: 155-159, 161-163, 168—170, 172, 173, 176, 179, and
182. At 300 mM, additional cross peaks corresponding to the fol-
lowing residues were missing: 164, 166, 174, 177, 178, 180, and
181. At 400 mM ammonium sulfate, the structural perturbations
are located at the C-terminal residues of helix-1, at both ends of
helix-2, and at several residues throughout helix-3 (Fig. 7A). Two
of these perturbed regions near the amino ends of helix-2 and
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helix-3 also correspond to regions displaying NOE cross peaks to
water (Fig. 7B). Another group of the perturbed peaks correspond
to residues that contribute to hydrophobic packing. At 300 mM
ammonium sulfate, perturbations occur throughout the C-terminal
portion of the DBD after residue 155.

CD spectra of the cloned resolvase DBD shows that the sec-
ondary structure is largely similar at low and high ammonium
sulfate concentrations (Fig. 8A). A difference in the helicity, cor-
responding to approximately 26% or six helical residues, was ob-
served between samples of the cloned DBD at | M and 100 mM
ammonium sulfate. Thus, there was some degree of secondary
structure loss at low-salt conditions, but the general secondary
structure was retained. A similar difference in the helicity of I110R
compared with the cloned DBD was observed between samples
containing 1 M and 100 mM ammonium sulfate (Fig. 8A). A
cooperative increase in helicity of the DBD as detected by the
molar ellipticity at 220 nm (Fig. 8B) was observed as the ammo-
nium sulfate concentration was titrated from 100 mM to 1 M. The
increase in the molar ellipticity displays hysteresis due to the in-
complete reformation of the helical structure upon increasing the
salt concentration after the solution is diluted to 100 mM ammo-
nium sulfate. Upon binding the cloned DBD to the 14-mer dsDNA
half site, a slight increase in the helical content was observed and
corresponded to a helicity of the DBD alone in approximately
400 mM ammonium sulfate (not shown). No significant increase in
the helicity of the I110R was observed upon binding to the 14-mer
dsDNA half site (not shown).

Folded states of the DBD and the catalytic domain
in the resolvase I110R

A comparison of the folded state of the cloned resolvase DBD and
the comparable polypeptide chain of the I110R was performed
using 2D 'H-'SN HSQC, 3D 'H-!'’N TOCSY-HSQC, and 3D 'H-
SN NOESY-HSQC spectra. The folded state of the catalytic do-
main was assessed from these spectra. As expected, the 'H-'°N
HSQC spectrum of resolvase I110R (Fig. 9A) contains a greater
number of peaks than that of the isolated DBD and linker segment
polypeptide. The assigned peaks from the resclvase DBD in | M
ammonium sulfate 'H-'"N HSQC were mapped on the resolvase
I110R 'H-"3N HSQC spectrum to determine any differences in the
chemical shifts. Only small differences between the resolvase DBD
and the resolvase I1110R chemical shifts were observed in the three
helices of the DBD. It is evident from the weak intensity and lack
of dispersion of peaks in the 'H-'>N HSQC spectra that some
regions in [110R exist in a disordered state in solution. A 'H-"’N
HSQC spectrum of I110R in 2 M NaCl at pH 7.6 shows a signif-
icant transition in the intensities and dispersion of the peaks. At
pH 7.6, a significant portion of the DBD peaks, particularly those
corresponding to the linker region, disappear as a result of an
apparent proteolytic cleavage within the linker, as determined by
SDS-PAGE, and increased amide proton exchange rates (Fig. 9B).
However, ~60 of the remaining catalytic domain peaks become
more intense with better resolved line widths. The increase in the
resolution of the remaining peaks indicates that a core structure of
the catalytic domain forms a stable fold.

The connectivities for the cloned DBD and 1110R are similar for
helices 1, 2, and 3, as illustrated for helix 1 (Fig. 10). The DBD
displays the same structural features in the resolvase I110R as in
the cloned and proteolytically generated resolvase DBD. However,
there appears to be significant differences for several residues of
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Fig. 4. Composite strips from the 200-ms 3D 'H-'*N NOESY-HSQC spectrum of the 'SN-labeled cloned DBD showing sequential
connectivities within residues 147-157 encompassing helix-1 (A) and within the random coil region of residues 125-135 (B). Each
panel is taken from an '*N plane in the 3D spectrum at the assigned >N and NH chemical shifts for the designated residue. Lines

indicate sequential and medium-range connectivities.

the linker region. In particular, the segment from residues E118 to
E128 shows several missing peaks in the resolvase I110R 'H-1°N
HSQC spectrum.

The lack of NOE connectivities and the presence of NOE or
exchange cross peaks to water indicate that residues 118-147 are

disordered in the linker attached to the DBD. In the 11 10R mutant,
the segment from residues 118 to 128 does not appear to exist in
the same microenvironment as in the cloned resolvase DBD, as
seen by the different 'H-'>N spectral fingerprint for resolvase
I110R compared with the linker segment of the cloned DBD. The
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Fig. 6. 'H-'>N HSQC spectrum of the cloned DBD in 400 mM ammonium
sulfate. Residues that are missing from the cloned resolvase DBD at this
salt concentration are indicated with (+) and the residue numbers.

changes in the 'H-'>N HSQC spectra of the linker segment may
result from interactions or electrostatic effects of the neighboring
catalytic domain, or may be associated with more ordered structure
in the IT10R resolvase. Smaller chemical shift differences for res-
idues 129-146 indicate that these residues are similarly disordered
in both the I110R resolvase and the cloned resolvase DBD. The
CD results show no dramatic increase in helicity for I110R resolv-
ase on binding DNA, as seen similarly for the cloned resolvase
DBD containing the linker segment. Together with the results ob-
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tained by 'H-'*N HSQC, the CD results indicate that the linker
segment (residues 118—128) in I110R resolvase remains nonhelical
in the presence of DNA.

NMR comparison of the 1110R mutant
and the WT resolvase

Comparison of the aromatic region of the 2D NOESY spectra of
the I110R and WT resolvase (Fig. 11) shows that many of the
aromatic cross peaks display nearly identical chemical shifts, in-
cluding those of Y176 and W155 in the DBD. The line widths are
narrower for the I110R, consistent with the monomeric state and
the decreased correlation time. Many of the aromatic cross peaks
for the catalytic domain in the I110R spectrum are found similarly
in the WT spectrum. However, at least five cross peaks are present
in the WT spectrum, but are missing from or shifted significantly in
the 1110R spectrum. There is also one strong upfield aromatic cross
peak that is present in the I110R spectrum that is not seen in the WT
spectrum. Several weaker cross peaks are present in the WT spec-
trum that are not observed in the I110R spectrum at the 100-ms mix-
ing time.

Differences between I110R and the WT resolvase for the aro-
matic resonances appear to result from changes in the packing
interactions with the affected dimerization helix, because no aro-
matic residues are in the dimerization helix and the closest aro-
matics that could be affected are F92 and F140. The less than
predicted number of cross peaks (~60 of 120) in the 'H-'>N
fingerprint for 1110R resolvase catalytic domain indicate a sub-
stantial number of residues that are unfolded or disordered.

Discussion

Flexibility of the DNA binding and catalytic domains
of resolvase in solution

The most important conclusion that can be drawn from this work
is that both domains in 8 resolvase are highly flexible in solution
and that multiple folding/unfolding events play significant roles in
DNA binding and crossover during recombination. Under physio-
logical salt concentrations, y8 resolvase exhibits partially folded
tertiary structure within the DBD, whereas the catalytic domain of
the monomeric resolvase appears to retain a folded core structure
consisting of approximately 60 residues. As a monomer, the I110R
resolvase is likely to mimic the physiological state of the enzyme
and a subunit rotation intermediate during recombination. In the
unbound and monomeric state, y8 resolvase displays a molten
tertiary structure within the DBD, an apparent absence of the di-
merization helix-E and the associated D-helices, an unfolded linker
segment connecting the domains (residues 121-140) and little in-
crease in the helicity on binding DNA. Because WT resolvase is a
monomer at physiological concentrations, the results also indicate
that the dimerization helix is formed after binding of two mono-
mers to the res sites. The results for I110R suggest that the dimer-
ization helices and associated linker region (residues 121-140)
connecting the catalytic domain to the DBD become unfolded
during recombinational crossover between adjoining dimers at the
two res recombination sites.

Importance of flexibility in the DBD

We have concentrated part of this study on the structural flexibility
of the DBD and whether observations of missing electron density
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Fig. 7. Secondary and tertiary structural perturbations in the resolvase DBD under low-salt conditions and water NOE /exchange cross
peaks shown for the average NMR solution structure (1RES). A: Residues that are perturbed at 400 mM ammonium sulfate are marked
in red on the ribbon structure. Residues responsible for the hydrophobic packing of residue 1179 are shown in yellow. Alpha helices 1,
2, and 3 are indicated by «1, @2, and a3. B: Amide protons of the resolvase DBD displaying NOE cross peaks to water are shown

in magenta.

by X-ray could be verified in solution. What physiological signif-
icance could such flexible structure have? We find that the tertiary
structure is molten in the DBD at physiological salt concentrations,
but the secondary structure is intact. DNA-induced folding of ter-
tiary structure within the DBD on interaction at the imperfect
palindromic sequences within sites I, II, and III likely results in the
most effective means of binding more than one sequence. The
differences in the "H-'>N correlations for the DBD under low-salt
conditions are indicative of unfolded tertiary structure resulting
from decreased hydrophobic interactions.

The predominant changes in tertiary structure observed in the
resolvase DBD (Fig. 7) lead to a localized secondary structure
disruption near the amino ends of helix-2 and helix-3. Direct ev-
idence for loss of the hydrophobic interaction between the y and
methyl groups of 1179 in helix-3 and the aromatic ring of W155 in
helix-1 was found by observation of broadened and downfield-
shifted methyl resonances of 1179 in the 1D spectra at decreasing
ammonium sulfate concentrations. Essentially all DNA binding
affinity determined previously for resolvase results from the DNA
interaction of the DBD (Abdel-Meguid et al., 1984) and helix-2-
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nium sulfate. B: Increase in alpha helical content of the cloned resolvase
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turn-helix-3 forms the helix—turn-helix DNA binding motif in
resolvase. Y176 in helix-3 closes off the hydrophobic core (Fig. 7)
and makes a phosphate contact in the DNA complex and a hydro-
phobic contact at a thymine-methyl group. These interactions would
stabilize the hydrophobic core of the DBD and allow helix-3 to
adjust in the structure in a manner that is dependent on the DNA
binding site.

The DNA-induced folding of the resolvase DBD appears to
indicate conformational adaptability upon DNA binding and pro-
vides a mechanism for the range of specific functions that resolv-
ase must assume. Resolvase first forms an ordered synaptic complex
involving sites II and III that is distinguishable from the configu-
ration occurring at site I (Watson et al., 1996). To accomplish this,
specific interactions must be formed at the three different se-
quences of varying lengths. Recent investigations have shown that
the deviations from perfect inverted-repeat symmetry in the re-
solvase binding sites lead to the ordered binding of subunits and
induces structural asymmetry (Blake et al., 1995). This structural
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Fig. 9. A: One region of the 'H-'*>N HSQC spectrum of the resolvase
I110R in 1 M ammonium sulfate, 5 mM Tris-d;, pH 6.9. B: Central region
of the "H-"*N HSQC spectrum of the resolvase 11 10R mutant in 2 M NaCl,
5 mM Tris-d,; at pH 7.6 after cleavage in the linker. Positions of the cloned
DBD cross peaks are indicated (+).

plasticity appears to tailor the structure of the resolvase complex at
each site for a particular function during synapsis and recombina-
tion. A similar situation is observed in the trp repressor, where the
coupling of protein folding to DNA binding apparently optimizes
the specificity of binding to various sites (Gryk et al., 1996). The
disordered tertiary structure seen in the resolvase DBD thereby
allows specific binding configurations at each DNA binding site.

Importance of flexibility in the catalytic domain

The catalytic domain of the I110R mutant appears to consist of a
relatively stable catalytic core along with regions of severe struc-
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tural disorder. The results are consistent with chymotrypsin diges-
tion of the WT dimeric resolvase in which fragments of 15 kDa
and 5 kDa have been isolated (corresponding to cleavage at F140).
On further digestion of the catalytic domain with trypsin, a 10-kDa
fragment has been isolated that apparently corresponds to cleavage
at a lysine near F92 (Abdel-Meguid et al., 1984). Thus, the cata-
lytic core structure likely resides within residues 1-92. Changes in
the aromatic 2D NOESY spectrum between 1110R and WT resolv-
ase are in part due to structural differences at F92 and F140.
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Fig. 10. Compositc strips from the 70-ms 3D '"H-"N NOESY-HSQC spectrum of the '*N-labeled 1110R resolvasc in | M ammonium
sulfate, 5 mM Tris-d;, pH 6.9, showing sequential conncctivities within residues 147157 that form helix-1.

The subunit rotation model for strand exchange (Stark et al.,
1989) is the most direct interpretation accounting for the topolog-
ical changes occurring during recombination. In this model, a pair
of subunits on the left side of a covalently linked tetramer makes
a 180° right-handed rotation relative to the subunits on the right
side. Because the available crystal structures of the catalytic do-
main do not suggest a mechanism whereby this rotation could
occur without permanent dissociation, an alternative model was
proposed where crossover was achieved through relatively small

6-0 Resolvase [TT0R }%?Vvﬁd Type i 6.50
0 &
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Fig. 11. Aromatic region of thc 2D NOESY spectrum of the resolvase 1110R and WT resolvase showing positions of cross peaks
present in the [110R spectrum (+) and additional peaks present in the WT resolvase (O). The W 1535 spin system is shown.
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localized changes in the conformation of the DNA (Rice & Steitz,
1994). However, recent crosslinking experiments have demon-
strated that recombination is effective with the DBD covalently
bound to the ends of the DNA half-site (Mcllwraith et al., 1996).
Because the center of the crossover site is attached covalently to
the catalytic Ser-10 in the intermediate (Boocock et al., 1995),
each subunit and its associated half-site apparently exchange to-
gether.

The results presented here suggest a mechanism for the subunit
rotation model that reconciles these contradictory observations.
The disordered structure present in the I110R resolvase domain
demonstrates that a high degree of conformational disorder exists
in the catalytic domain and that this conformational flexibility is
coupled to the dissociation of the dimer interface. The structural
disorder present in the catalytic domain suggests that, in these
regions, novel contacts could occur that are able to facilitate a
concerted subunit exchange. A model for DNA crossover based on
these results entails an unfolding of the catalytic domains upon
phosphodiester bond cleavage. This process could coincide with
the dissociation of the initial dimer pair and concomitant reasso-
ciation with the adjoining subunits mediated through novel inter-
actions in the unfolded regions. The partially unfolded tetrameric
species could then re-fold to form new complementary dimer in-
terfaces. During this process, resolvase dimers bound at res sites II
and IIT of the synaptosome presumably functions in abutting re-
solvase dimers bound at each res site I. The remarkable flexibility
in resolvase appears to function not only in adapting the molecule
to specific functions at particular DNA binding sites, but also in
dynamically mediating the catalytic strand exchange process.

Materials and methods

Plasmids

The WT resolvase protein was overexpressed in the AR120 E. coli
strain from the plasmid pGH286 (Hatfull et al., 1989). The I110R
and V114R mutants of v resolvase were overexpressed in the
AR120 E. coli strain from pRH57 and pNG264 (Hughes et al.,
1993). The yé resolvase and mutant proteins were purified as
described previously (Hatfull et al., 1989). For '3N-labeling of the
I110R resolvase, the mutant gene was subcloned into a T7 over-
expression vector pET23 (Novagen) at the Nde 1 site within the
ATG start codon. An Nde 1-Nde 1 fragment (790 bp) containing
the mutant tnpR gene was isolated after Nde I restriction digestion
of pRH57 and inserted into the Nde I digested pET23 vector. The
direction of the insert was determined by Pvu I digestion of the
resulting plasmid pDJ1, which contains Pvu I sites near the 5’ end
of the gene and in the pET23 vector. Expression of the 21-kDa
polypeptide corresponding to I110R resolvase was confirmed by
SDS-PAGE analysis after IPTG induction in the BL21/DES3 strain.
The C-terminal DBD containing the linker segment (69 residues)
was overexpressed in the BL21/DE3 E. coli strain from the plas-
mid pNG380 (a gift from Prof. Nigel Grindley).

Protein purification

The WT and mutant resolvase proteins were purified as described
previously (Hatfull et al., 1989). Attempts at using the AR120 cell
line for overproduction of '*N-labeled resolvase in minimal media
were unsuccessful. pDJ1 was used for IPTG-induced overexpres-
sion of the II110R resolvase in a minimal media supplemented
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with vitamins and '"NH,CI (Weber et al., 1992) in the BL21/DE3
strain containing the accessory plasmid pLysS (Novagen). The cell
culture was grown at 37 °C and IPTG was added after the optical
density at 600 nm reached 0.9-1.0. Further growth continued for
an additional 3-4 h. The purification protocol was essentially as
described previously, except for the following modifications. After
sonication of the cells in buffer containing 20 mM Tris, pH 8.0,
10 mM MgCl,, and 5 mM B-mercapto ethanol (TMB), the insol-
uble fraction was extracted into 8 M urea. This extract was dia-
lyzed against 2 M NaCl TMB, followed by dialysis against TMB.
The precipitated resolvase was collected, extracted into 6 M urea
TMB, and fractionated on a fast-flow CM-sepharose (Pharmacia)
column (42 X 1.5 cm). Approximately 50 mg of purified 'SN-
labeled 1110R resolvase was obtained from 1 L of cell culture.
Minimal media growth and induction of the BL21/DE3 cells
harboring the plasmids pLysS and pNG380 for overproduction of
the cloned C-terminal resolvase DBD (residues 115-183) followed
the procedure described above for the I110R resolvase. Purifica-
tion of the resolvase DBD was essentially the following modifi-
cation of an unpublished procedure (Prof. N. Grindley, pers. comm.).
After induction by IPTG (0.4 mM) for 3-4 h, the cells were
harvested by centrifugation. The cell pellet was suspended in
10 mM Tiis, pH 7.2, 100 mM NaCl, and 5 mM EDTA (TNE) and,
after centrifugation, ammonium sulfate was added to bring the
supernatant to 65% saturation. All purification procedures were
performed at 0-5 °C. The pellet obtained after centrifugation was
suspended with dissolution in TNE and the solution was dialyzed
against 100-fold excess TNE for 4 h. The dialyzed solution was
loaded immediately onto a fast-flow CM-sepharose column and
was eluted with a linear gradient of 100 mM to 1 M NaCl in
10 mM Tris, pH 7.2. The resolvase DBD eluted at approximately
300 mM NaCl. Fractions containing >90% purity of the DBD
were pooled to yield approximately 50 mg from a 1-L culture.

Size-exclusion HPLC

Native molecular weight determination of the WT -y8 resolvase,
the I1110R and V114R mutants was performed in 10 mM Tris,
pH 7.5, 500 mM NaCl by size-exclusion HPLC on an ABI 151A
system using a Bio-Sil SEC125 size-exclusion column (Bio Rad).
Protein absorbance was detected at 280 nm. Molecular weight
standards from Bio Rad (thyroglobulin, bovine gamma globulin,
chicken ovalbumin, myoglobin, and vitamin B;;) were used to
construct a plot of log (molecular weight) versus K.

CD measurements

CD measurements were performed on a JASCO 715 spectropolar-
imeter using a 0.1-cm cuvette. Samples of the resolvase DBD and
I110R were prepared at protein concentrations of 24 uM and
15 uM, respectively, in 100 mM and 1,000 mM ammonium sulfate
and 0.5 mM Tris, pH 7.0. The resolvase DBD in 100 mM ammo-
nium sulfate, 0.5 mM Tris, pH 7.0 was titrated by the addition of
aliquots of 3 M ammonium sulfate. The initial volume was 200 uL
and the final volume after titration was 290 uL.. Concentrations of
ammonium sulfate in the sample were 100, 200, 300, 400, 500,
600, 700, 800, and 1,000 mM. The mean residue molar ellipticity
was calculated by taking into account the dilution of the protein.
The alpha helical content of the protein sample was estimated from
the molar ellipticity at 220 nm and was fit as a function of the
ammonium sulfate concentration to the equation:
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y = {1+ (1/K HI(NH,),804]"}, O

where y is the fraction of helix content between the maximum and
minimum, K., is an equilibrium constant for secondary structure
folding, and # is a cooperativity number. A 14-mer site I oligonu-
cleotide (5'-TGTGCGATAATTTA-3’) sequence was added to the
resolvase DBD and I110R in 100 mM ammonium sulfate. The
final concentration of dsDNA used in the sample was 30 uM.
Difference CD spectra of samples with and without DNA were
used for comparison to spectra of samples containing only protein.

NMR experiments

The 2D 'H-'N HSQC spectra and the 3D 'H-'>N TOCSY-HSQC
and 'H-'>N NOESY-HSQC spectra were collected using samples
containing ~1 mM resolvase I110R or resolvase DBD in 90%
H,0/10% D,0, 1 M ammonium sulfate at pH 6.9. The 2D NOESY
spectra were acquired on samples containing ~1 mM resolvase
I110R or WT ¥4 resolvase in 99.8% D,0, 1 M ammonium sulfate
at pD 6.9. For studying the effects of ammonium sulfate concen-
tration on the resolvase DBD (115-183), the NMR samples con-
tained 0.15 mM DBD in 90% H,0/10% D,O, pH 6.9, and
ammonium sulfate concentrations of 100, 200, 300, 400, 500, 600,
800, and 1,000 mM.

2D and 3D NMR spectra were acquired at 500 and 600 MHz on
Varian Unity-plus spectrometers. Proton pulses were generated
with the observe transmitter and proton amplifiers using channel 1,
and high-power and low-power N pulses were generated using
channel 3. Water suppression was achieved using an on-resonance
low-power presaturation for 1D and 2D NOESY and by gradient
methods for the 2D 'H->N HSQC (Kay et al., 1992) and the 3D
'H-'*N NOESY-HSQC and 3D 'H-'N TOCSY-HSQC sequences
(Zhang et al., 1994). 'H sweep widths were set to 8,000 Hz and
5N sweep widths were set from 1,800 to 2,500 Hz.

For the 2D experiments, 2,048 complex points were collected in
the ¢, dimension and 512 complex #, increments were collected
using the States-TPPI method for phase-sensitive detection (Marion
et al.,, 1989). The 2D NOESY (Kumar et al.,, 1980) experiments
used a 100-ms mixing time with a 5-ms homospoil at the start and
a 5-ms homospoil after a composite 180° pulse in the center of the
mixing period. Sensitivity enhanced 2D 'H-!N HSQC (Kay et al.,
1992) spectra using z-gradients for coherence selection were ac-
quired with 256 complex ¢, increments.

Sensitivity-enhanced 3D 'H-!'N NOESY-HSQC and 3D 'H-
SN TOCSY-HSQC were acquired using z-gradients for 'H-'>N
coherence selection (Zhang et al., 1994). For 3D experiments, 512
complex points were collected in f3, 128 complex points were
collected in #;, and 32 complex points were collected in £,. The 3D
'H-'5N NOESY-HSQC spectra used mixing times of 200 ms for
the resolvase 69-mer and 70 ms for the resolvase I1110R. The 3D
'H-'N TOCSY-HSQC was a modification of the 3D 'H-!°N
NOESY-HSQC, which used the DIPSI spin lock as described in
the TOCSY-HMQC sequence (Clore & Gronenborn, 1991). The
'H-'>N TOCSY-HSQC sequence included a 90° pulse before the
mixing period to rotate transverse magnetization to the Z-axis and
a delay of 8 ms to remove rotating frame NOEs. 1°N decoupling in
t, and ¢, for 2D and 3D spectra, respectively, used GARP. '*N
decoupling in #; for 3D spectra was performed by application of a
180° SN pulse in the center of the evolution period. 'H-’N TOCSY-
HSQC spectra were acquired at mixing times of 50 and 70 ms. For
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the HN(CO)CA experiment (Grzesiek & Bax, 1992), 512 complex
points were collected in 73, 64 complex points were collected in #,
and 32 complex points were collected in #,. For the HNCA exper-
iment (Grzesiek & Bax, 1992), 512 complex points were collected
in t3, 32 complex points were collected in f;, and 32 complex
points were collected in .

Multidimensional NMR data were processed with Felix 95.0
(Biosym Technologies) on a Silicon Graphics Indigo 2 worksta-
tion. Squared sine bell window functions with shifts of 90° and, in
alternate processing, squared sine bell window functions with shifts
of 90° and exponential muitiplication of 2 Hz, were used in pro-
cessing the data. A sine bell window function shifted by 60° or 90°
was used for the ¢, dimension in 3D spectra. Linear prediction of
the first point and twofold zero filling were used for the evolution
time-dependent dimensions. Processed NMR spectra were ana-
lyzed within the program XEASY (Bartels et al., 1995).
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