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ABSTRACT. The repressor protein of bacteriophage Mu establishes and maintains lysogeny by shutting
down transposition functions needed for phage DNA replication. It interacts with several repeated DNA
sequences within the early operator, preventing transcription from two divergent promoters. It also directly
represses transposition by competing with the MuA transposase for an internal activation sequence (IAS)
that is coincident with the operator and required for efficient transposition. The transposase and repressor
proteins compete for the operator/IAS region using homologous DNA-binding domains located at their
amino termini. Here we present the solution structure of the amino-terminal DNA-binding domain from
the repressor protein determined by heteronuclear multidimensional nuclear magnetic resonance
spectroscopy. The structure of the repressor DNA-binding domain provides insights into the molecular
basis of several temperature sensitive mutations and, in combination with complementary experiments
using flourescence anisotropy, surface plasmon resonance, and circular dichroism, defines the structural
and biochemical differences between the transposase and repressor DNA-binding modules. We find that
the repressor and enhancer domains possess similar three-dimensional structures, thermostabilities, and
intrinsic affinities for DNA. This latter result suggests that the higher affinity of the full-length repressor
relative to that of the MUuA transposase protein originates from cooperative interactions between repressor
protomers and not from intrinsic differences in their DNA-binding domains. In addition, we present the
results of nucleotide and amino acid mutagenesis which delimits the minimal repressor DNA-binding
module and coarsely defines the nucleotide dependence of repressor binding.

The Mu bacteriophage is a temperate transducing phage The transcription of early genes required for lytic growth
of Escherichia coli(1) that replicates its 37 Rilinear double- is inhibited by repressor binding to an operator region
stranded genome by multiple rounds of DNA transposition positioned 1 kb from the left end of the phage genome. The
(2—4). The choice between lysogenic or lytic growth is operator is~200 base pairs in length and contains three
governed by the Mu repressor and Ner proteins. During distinct operator sites (3103), which function to modulate
lysogeny, the Mu prophage is maintained in the repressedtranscription from two divergent promoters, called Pe and
state by the Mu repressor protein, which binds to three Pcm (Figure 1A)%, 6). Mu repressor binding to the operator
adjacent operators that control the synthesis of early genesegion is highly cooperative and occurs through several
required for lytic growth. The Ner protein binds to a separate distinct higher-order nucleoprotein complexes. At low con-
operator that controls the synthesis of the Mu repressor andcentrations, the repressor binds to sites O1 and O2 and
initiates the lytic cycle when sufficient quantities of the prevents initiation of transcription at the early promoter Pe.
protein are produced to inhibit the production of the Mu Transcripts from Pe encode several proteins required for lytic
repressor. In addition to this transcription-based regulatory growth, including the negative regulatory protein (ner), the
cycle, the Mu repressor also maintains the lysogenic stateMuA transposase protein, and the MuB protein which
by directly competing with the MuA transposase for DNA  stimulates transposition and directs the transposase to sites
sites required for efficient transposition. of integration {). At higher concentrations, the O3 operator
is occupied by the repressor and transcription from the Pcm
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A Pe —> <«— Pcm TAANNA/T that is repeated nine times within the operator.
o1 02 03 The structure of the MUA-DBD has been determined, and
_;'_@_L_h_,_J—*q_J_ this protein adopts an unusual winged heffurn—helix
1 Ir 1 IV V. VI VIl VI IX motif (18). In this paper, we attempt to gain insights into
: — repressor protein function and the molecular basis of its
TAS competition with the MuA transposase. Here we present (1)
the NMR solution structure of the amino-terminal DNA-
B M}“‘"}j" binding domain of the Mu repressor protein (MUR-DBD),
U 243 574 663 (2) a comparison of the structures, DNA binding affinities,
MuA Transposase QB 1> and thermostabilities of the isolated transposase and repressor
domains, (3) the results of limited nucleotide mutagenesis
MUR-DED of the repressor binding site, and (4) a map of the DNA
196 binding surface on the MUR-DBD as determined by NMR
Mu Repressor ®|:| studies of its complex with DNA.

Ficure 1: Repressor and MuA transposase proteins contain EXPERIMENTAL PROCEDURES
homologous DNA-binding domains that compete for same DNA

site within the Mu bacteriophage genome. (A) Schematic of the  Preparation of the Repressor and MuA Transposase DNA-
Mu repressor early operator. The three distinct regions within the Binding Domains.Plasmids encoding the amino-terminal
operator that interact with the repressor are denoted asG31 DNA-binding domain from the MuA transposase protein

The internal activation sequence (IAS) that interacts with the MuA - . .
transposase protein is drawn below the operator. Promoters thatMUA-DBD) were obtained as previously describetBy

initiate synthesis of the repressor protein and proteins involved in Expression plasmids encoding polypeptides corresponding
lytic growth are denoted by Pcm and Pe, respectively. The nine to the DNA-binding domain from the Mu repressor protein
repressor and transposase binding sites that contain a conserve(MUR_DBDl—BB, residues 388, and MUR-DBDB2-82, resi-

14 bp consensus sequence are depicted as arrows and number ; ;
I—IX. The binding site for the integration host factor protein is Hles 13-81) were generated using standard techniques.

depicted as an oval between sites O1 and 02. (B) Schematic ofBriefly, for each repressor constructNald —BanH| frag-

the structures of the MuUA transposase and repressor proteins. Thanent containing the coding sequence was generated by PCR
conserved amino-terminal DNA-binding domain in both proteins from the full-length gene located on plasmid pMK282 (a
is hatched and labeled. In the MuA transposase protein, 0V&|Sgift from K. Mizuuchi). The fragments were then cloned into

representing domains involved in end site DNA binding, catalysis, ; ;
and interactions with MuB are labelef, 11, and III, respectively. a pET1la expression vector, and used to transirroli

The putative oligomerization domain in the Mu repressor protein NOSt strain BL21(DE3). All proteins were overexpressed and
is depicted as a rectangle. purified using the following protocol. Eight liters of culture

was grown at 37C and induced with an IPTG concentration

Several host-encoded proteins modulate the activity of the of 1 mM when the absorbance at 600 nm reackh&d6—
repressor protein. Integration host factor (IHF) binds between 0.7 optical density unit. The cells were then harvested,
the O1 and O2 sites and presumably stabilizes a loopedresuspended in 100 mM Tris-HCI (pH 7.2), 5 mM EDTA,
complex in which sites O1 and O2 are occupied by the 2.5 mM dithiothreitol (DTT), and 5 mM benzamidine, and
repressor and transcription from Pe is arres&dl@). A mechanically lysed in a pressure cell. The lysate was
second cellular factor, the H-NS protein, has been shown in centrifuged at 11 000 rpm for 45 min, and again at 30 000
vitro to stabilize repressor binding to the operator, and in rpm for 1 h. The supernatant was applied to a DEAE-
vivo, mutations in the H-NS protein increase the level of Sepharose Fast Flow XK-50 column (Pharmacia) (500 mL
Mu-specific transcription and induce mini-Mu transposition bed volume) and the column eluted with a gradient of 1 M
(13). The repressor protein is selectively degraded by the NaCl (0 to 100%) in 100 mM Tris-HCI (pH 7.2), 5 mM
ClpXP protease. Degradation alleviates inhibition of the Pe EDTA, and 2.5 mM DTT. Pooled fractions were dialyzed
promoter, resulting in lytic growth, and may provide a overnight against low-salt buffer contaigii M urea and
mechanism in which environmental changes in the bacterial applied to a SP-Sepharose Fast Flow XK-50 column (Phar-
cell are propagated to the prophage to induce genomemacia) (250 mL bed volume), and the column was eluted
replication. Determinants for protease sensitivity are located with a gradient 81 M NacCl (0 to 100%) in 100 mM Tris-
at the carboxyl terminus of the repressor protein, and severalHCI (pH 7.2), 5 mM EDTA, and 2.5 mM DTT. The repressor
virulent mutants contain frameshift mutations within this protein-containing fractions were concentrated~b0 mL
region and are rapidly degraded by the ClpXH,(15). and loaded onto a Sephacryl S-100 column run in 50 mM

The full-length Mu repressor protein (21 850 Da, 196 phosphate (pH 6.2), 100 mM NaCl, and 2.5 mM DTT.
amino acids) behaves as an oligomer of varying protomer For structural studies, isotopic labeling of the repressor
concentrations in solution16) and is comprised of two  protein with N, or >N and 3C, was accomplished by
distinct domains: an amino-terminal DNA-binding domain growing the cells in minimal medium that contain®hiH,-
(MUR-DBD) and a carboxyl-terminal region that is presum- Cl and [*Cs]glucose as the sole nitrogen and carbon sources,
ably involved in protein oligomerizatiorb). The sequence  respectively. Samples for the NMR of the DNA free repressor
of MUR-DBD is homologous with the amino-terminal DNA-  protein were~1.0 mM Mu repressor protein, 50 mM
binding domain of the MuA transposase (MUA-DBD), and phosphate (pH 6.2), 100 mM NacCl, and 2.5 mM deuterated
both proteins bind to the same DNA sequence within the DTT. Three samples of the MUR-DBF8 were made: PN]-
operator/IAS element (Figure 1B)Y). Footprinting studies =~ MUR-DBD?®8 in 93:7 H,0/D,0, [**N,'*C]MUR-DBD* 88
indicate that the DNA-binding modules interact with a in93:7 HO/D,0O, and [*N,**CIMUR-DBD* #in 100% DO.
nonsymmetric 14 bp consensus sequence CTTTTYARA/ The protein-DNA complex consisted of a 1:1 complex of
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15N-labeled MUR-DBDB38! with its cognate binding site
(AGCTTTTCAGTAATCTGACAGATTACTGAAAAGC).
The corresponding NMR sample consisted~e1.3 mM
MUR-DBD**"81-DNA complex, 25 mM phosphate (pH
6.0), 5 mM NacCl, and 2aM EDTA dissolved in 93:7 HO/
D0.

NMR SpectroscopiNMR experiments were performed at
300 K on Bruker DRX 500 and 600 MHz spectrometers
equipped withxyzgradient triple-resonance probes. Protein
resonancesd, *N, and'3C) were assigned using three-
dimensional (3D) HNCA, HNCO, and HNCOCAL9);
HNCACB (20); CBCA(CO)NH @1); C(CO)NH @2); HCCH
total correlation spectroscopy (TOCSY3j; HCCH COSY
(24); and *>*N-edited TOCSY 25) experiments3Jyn, and
3Jung coupling constants were measured using two-dimen-
sional and 3D HNHA 26) and HNHB @7) experiments.
3D N- and*3C-edited ROESY experiments aided in stereo-
specific methylene assignmen®8). Distance restraints were
obtained from 30°N- and**C-edited NOESY 25, 29), and
four-dimensional (4D) HCCH NOESY3() experiments
(mixing times of 76-120 ms). One-bond HRDyy residual
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dynamics (5000 integration time steps each lasting 2 fs) at
3000 K with force constants for the NOEs, dihedral angles,
carbon chemical shifts, coupling constants, bonds, angles,
impropers, residual dipolar couplings, conformational data-
base, and van der Waals terms set to 2 kcalfAl2, 10

kcal mol* rad?, 0.5 kcal mot?! ppm 2, 1 kcal mol Hz2,
1000 kcal mot® A=2, 200 kcal mot? rad™2, 50 kcal mot?
rad-2, 0.01 kcal mot! Hz2, 0.002, and 1 kcal mot A4
(with the van der Waals radius scale factor set to 0.9),
respectively. In the second phase, the system was slowly
cooled (annealed) from 3000 to 100 K over the course of
24 ps. There were 116 cycles of cooling, each lasting 0.206
ps (103 integration times of 2 fs each), with a decrease in
temperature of 25 K per cycle. During this period, the force
constants for the dihedral angle, carbon shift, coupling
constant, and bond terms were held constant at 200 kcal
mol~ rad2, 0.5 kcal mot?* ppn1?, 1 kcal mot! Hz 2, and
1000 kcal mot! A2, respectively, while the other force
constants were increased in each cycle by (final value/initial
value)’116 The force constants for NOEs, angles, impropers,
conformational database, van der Waals terms, and dipolar

dipolar couplings were measured on a sample containing 0.8couplings were increased from 2 to 30 kcal moh 2, 200

mM N-labeled protein weakly aligned in 5% 1,2-dimyris-
toyl-snglycero-3-phosphocholine/1,2-D1hexasolglycero-
3-phosphocholine (3:1 DMPC/DHPC) bicelle81( 32).
Residual dipolar couplings were measured by recording two-
dimensional F1*H-coupled N,'H)-HSQC spectra at 27
(isotropic) and 38C (partially aligned) and calculating the
difference in théJyy couplings. The magnitudes of the axial
and rhombic components of the alignment tensor were
determined by examining the distribution of dipolar couplings
(33). This analysis yielded values f@,\" of 3.7 Hz and

for Rof 0.4, whereD,\" is the axial component of the tensor
andR is the rhombicity defined as the ratio of the rhombic

and axial components of the tensor. Where appropriate,

to 500 kcal mot? rad™2, 50 to 500 kcal moi* rad™2, 0.002

to 1, 0.01 to 2 kcal mott Hz 2, and 0.004 to 4 kcal mot

A4 respectively; the van der Waals radius scale factor was
decreased from 0.9 to 0.8. Finally, 250 cycles of Powell
minimization were performed using the final values for the
various force constants. The figures were prepared using the
program MOLMOL @2).

Fluorescence Anisotropy MeasuremenEuorescence
anisotropy titration measurements were performed using a
Beacon 2000 fluorescence polarization system (PanVera
Corp., Madison, WI). ProteinDNA binding was monitored
by observing changes in fluorescence polarization of a
fluorescein-tagged DNA duplex (reviewed in 438). The

solvent suppression was achieved using pulse-field gradientsamount of fluorescence polarization was measured directly

(34). Spectra were processed using NMRPIi[3®) (and
analyzed using the programs PIPP, CAPP, and STARBP (
Structure Calculations.Structures of the free MUR-
DBD'% were determined using the program XPLOB)(
modified to include terms foiJyn, couplings 88), 13Co and
13CS chemical shifts 89), conformational database refine-
ment @0), and residual dipolar couplings in the target
function (a gift from G. M. Clore). Distance restraints were
grouped into four distance ranges: 87 A (1.8-2.9 A
for distances involving®N-bound protons), 1:83.3 A (1.8
3.5 A for distances involving®N-bound protons), 1:85.0
A, and 1.8-6.0 A. A total of 0.5 A was added to the upper
distance limits of NOE distances involving methyl protons
to account for the increased apparent intensities of methyl

as a function of the amount of protein added using the
appropriate fixed excitation (490 nm) and emission (530 nm)
wavelengths. The DNA molecule used in the binding assay
was constructed from two oligonucleotides synthesized by
standard phosphoramidite chemistry and contained a single
fluorescein molecule (label) attached to tHeeBd of one
strand (5F—CGCCTTTTCAGTAAGCTGGGG-3and 53-
CCCCAGCTTACTGAAAAGGCG-3 where F is the fluo-
rescein molecule). The 21 bp double-stranded duplex was
then annealed in buffer contaigii M NaCl, 50 mM PQ,

and 0.1 mM EDTA (pH 7.6). Mu repressor protein dissolved
in binding buffer [50 mM PQand 0.1 mM EDTA (pH 7.6)]
was serially diluted from 15@M to 10 nM in disposable
borosilicate glass tubes. Twenty-five microliters of the Mu

resonances. Distances involving methyl protons, aromatic DNA at a concentration of 50 nM was then added to each
ring protons, and non-stereospecifically assigned methylenetube and the total volume adjusted to 280by addition of

protons were represented asa®j~6 sum. Hydrogen bond

binding buffer. Five polarization measurements were made

restraints were employed in areas of regular secondaryfor each point in the assay, and the average was used for
structure and were introduced at the final stages of refine- subsequent analysis. The average fluorescence polarization
ment. Two distance restraints were used for each hydrogen(P) obtained for each sample was converted to fluorescence
bond ¢np--o < 2.5 A andry..o < 3.5 A). anisotropy ) using eq 1.

The structures were calculated by a hybrid distance
geometry-simulated annealing (DGSA) protocél) fol- Q)
lowed by an additional simulated annealing step on each of
the initial DGSA structures. The simulated annealing protocol  Dissociation constants were calculated by nonlinear least-
was as follows. The initial phase comprised 10 ps of squares fitting of the fluorescence anisotropy values to a

A= (2P)/(3— P)
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binding model that assumes 1:1 stoichiometry (eq 2).
A= (A + (A, = AILD/(Kp + [L])] )

whereA is the measured anisotropy in a mixture of free and
bound fluorescent molecules with anisotropie®\oand Ay,
respectivelyKp is the equilibrium dissociation constant, and
[L] is the concentration of the protein. All proteins were
assayed in an identical manner, except that in the MuA
transposase studies the protein was serially diluted from 150
uM to 100 nM. The reported dissociation constants are the
average of at least two independent titration experiments,
and the errors are the maximum observed deviation from
this average. The binding data were fit using the program Protein (nM)
DeltaGraph (version 4.0.1, Deltapoint Inc., Monterey, CA). Ficure 2: Representative fluorescence anisotropy measurements
Surface Plasmon Resonandginding of the repressor  of the MuA transposase and repressor proteins. The figure shows
protein to wild-type and mutated DNA binding sites was & plot of the changes in fluorescence anisotropy of a fluorescein-

monitored in real time by surface plasmon resonance (SPR)E:?ggggs%Neﬁic?ugﬁg %Sr ?h ée,f/lullJtA?fDE’gﬂeyng'mbngb%gl_%g and

experiments performed on a BlAcore instrument (Pharmacia respectively. The best fit of the data to the binding model assuming
Biosensor, Uppsala, Sweden). For the SPR measurementsl:1 stoichiometry is shown as solid and dashed lines for the MUA-
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the following oligonucleotides were synthesized: X&G-
GGCCTTTTCAGTAAGCTGGGGG-33-CCCCGGAAAA-
GTCATTCGACCCCC-5 5-XGGGGCCGCGTCAGTAAG-
CTGGGGG-3 3-CCCCGGCGCAGTCATTCGACCCCC-
5, 5-XGGGGCCTTTTCAGGCGGCTGGGGG-B-CCC-
CGGAAAAGTCCGCCGACCCCC-5 where X is biotin.
After annealing of the appropriate oligonucleotides, the
biotinylated DNA duplex was immobilized on the strepta-
vidin-derivatized dextran matrix of the sensor chip according
to the manufacturer's recommendations. DNA immobiliza-
tion was monitored by observing the SPR response and
continued until the DNA gave a response €600 RU
(resonance units).

and MUR-DBDs, respectively.

determined rate constants. The reported dissociation constants
are the average of at least two independent titration experi-
ments, and the errors are the maximum observed deviation
from the average.

RESULTS

Binding Studies of the Isolated Repressor and Transposase
DNA-Binding DomainsThe repressor and MuA transposase
proteins contain homologous amino-terminal DNA-binding
domains that compete for the same DNA site binding within
the early operator of the Mu bacteriophage. DNase |

The SPR response was measured in RU as the protein, o cion studies of the full-length repressor and MuA

associated and dissociated from the duplex. The flow rate
in the assay was sL/min, and the binding buffer consisted
of 0.01 M HEPES [N-(2-hydroxyethyl)piperazing¥'-2-
ethanesulfonic acid] (pH 7.4), 0.15 M NaCl, 3.0 mM EDTA,
and 0.005% v/v surfactant P20. The response data wer
recorded as sensograms and analyzed using the BlAevalu
ation 3.0 software program. First, the dissociation ragg (

of the complex was determined using eq 3:

In(dR/d) = In(—kR) — ket — t) €)

whereR is the response at timeandR, is the response at
an arbitrary starting time, (not necessarily the beginning

transposase proteins indicate that these domains exhibit
substantially different affinities for the operator; the intact
MUuA transposase binds with a low affinityK§ ~ 1—100

M) (10, 11), while the full-length repressor protein binds

ith a high affinity Kp ~ 3—5 nM) (5). To determine
whether the affinity difference between the repressor and
MuA transposase proteins is an intrinsic property of each
DNA-binding domain or a result of positive cooperativity
between repressor protomers, we subcloned, overexpressed,
and purified two polypeptide fragments that comprise the
amino-terminal DNA-binding domains of the MuA trans-
posase (MUA-DBD 74 residues +74) and repressor (MUR-

. .. . .. —88 i i i
of the dissociation phase). The dissociation rate was extracted®BD**, residues 1-88) proteins. Fluorescence anisotropy

by plotting the value of In(B/dt) versust — t,, which yields

a straight line with the slople;. The next step in the analysis
determined the association rakg) (of the complex using eq
4.

In(dR/dt) = In(k,CR,..) — (k.C + Kkt 4)

where C is the concentration of the proteilRRy.x is the
maximum protein binding capacity in RU, aiRds the SPR
signal in RU at time. A plot of In(dR/dt) versust yields a
straight line with a slope equal to(k.C + ky). Because the
concentration of the protein is known ang has been
previously determined using eq 3, the valuekptould be
calculated directly. Finally, the equilibrium dissociation
constant was then calculated from the ratios of the previously

measurements were then used to measure the binding
affinities of the individual MUA- and MUR-DBDs for their
cognate DNA site. The assay was performed using a
fluorescein-labeled DNA molecule that contained the nucle-
otide sequence CTTTTCAGTAAGCT, which completely
matches the consensus sequence (CTTTTYARA/TAANNA/
T) found in all nine binding sites (Figure 1A). The
fluorescence anisotropy of the DNA duplex was measured
as a function of varying MUR- or MUA-DBD concentrations
and was used to extract the dissociation constant for protein
binding. The results of this assay are displayed in Figure
2A. At saturating concentrations, both proteins form com-
plexes with similar total fluorescence anisotropy values
(~250 mA), indicating that the final sizes (molecular
correlation times) of the respective complexes are nearly
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Ficure 3: Summary of NMR data used to compute the solution
structure of the Mu repressor DNA-binding domain. (AN—H
heteronuclear NOE data recorded on a unifortiiytlabeled sample

of MUR-DBD*~8. The figure has been truncated for clarity, and
the measured NOEs for residues GIn87 and Ala88-&te® and
—3.4, respectively. (B) NMR data indicative of secondary structure.
The amino acid sequence of the structured portion of the MUR-
DBD!88 js shown (residues Lys13Thr81). Lines are used to
connect residues that exhibit medium-range NQEg(i,i+2), dun-
(1,i+3), anddun(i,i+4) represent NOEs between theproton of
residuei and the amide proton of residue- 2,i + 3, andi + 4,
respectively d.s(i,i+3) represents an NOE between ihegroton

of residue and thes proton of residué + 3. The black and white
circles correspond t&yng coupling constants that are8 and<5.5

Hz, respectively. The row marked CSl indicates the chemical shift

index of the repressor and is a composite of the secondary chemicaﬁ/I

shifts of theo. and carbons in the proteir@). Values above and
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A

FiIGUrRe 4: NMR solution structure of the amino-terminal domain
of the Mu repressor protein. (A) Ensemble of 25 structures of the
Mu repressor DNA-binding domain. The backbone atoms (&, C
and N) of residues Lys}3Leu79 are shown: gold, wing structure;
magenta, helixturn—helix (H1-T—H2); and blue, the remainder
of the polypeptide. (B) Comparison of the structures of the Mu
repressor and MuA transposase DNA-binding domains. The energy-
minimized average coordinates of the MUA-DBD (residues Metl
Glu67, Protein Data Bank file name 1tns) and the MUR-DBD
(residues Lys13Thr81) are colored blue and red, respectively.
Residues Leu3Ala38 and Ala45-Gly66 of the MUA-DBD were
uperimposed with residues llet&lu50 and Ala57Gly78 of the
UR-DBD.

below the line correspond to secondary chemical shifts that are the repressor and transposase have similar intrinsic affinities

consistent with3-sheet andx-helical conformations, respectively.

The CSl values were calculated using the program CSI (Department

of Biochemistry, University of Alberta, Edmonton, AB).

equal. Since the polypeptides are of similar length, this
suggests that the stoichiometries of the respective protein
DNA complexes are identical. A nonlinear least-squares
analysis of the experimental data using a 1:1 prot@&NA
binding model yielded reliable values for the equilibrium
dissociation constants. The MUA- and MUR-DBDs were
found to bind to the operator with dissociation constaldts (

of 5.5+ 0.3 and 17.8t 1.1uM, respectively. These results
suggest that contrary to the full-length proteins, the MUA-
and MUR-DBDs have approximately the same intrinsic
affinity for the consensus binding site within the operator.
It thus appears that the higher affinity of the full-length

for the operator/IAS site, we next determined the structure
of the repressor domain to enable a detailed comparison of
their structures. Double- and triple-resonance 3D and 4D
NMR spectroscopy was used to determine the structure of
the amino-terminal DNA-binding domain from the Mu
repressor protein. NMR experiments were performed on a
polypeptide fragment corresponding to residue88 of the

Mu repressor protein (MUR-DBD?®®) that was uniformly
labeled with either'®>N or N and 3C. Nearly complete
assignments of theH, 1°C, and**N nuclei and an analysis

of the NMR data suggested that only residues Lys3%8r80

in the MUR-DBD' 8 were structured in solution. Figure 3A
shows a plot of théH—N heteronuclear NOE values for
the full fragment 44). Residues Lys2Asn10 at the amino
terminus and residues Thr8Ala88 at the carboxyl terminus

repressor relative to that of the MuA transposase protein exhibit negative heteronuclear NOE values, suggesting that
arises from cooperative interactions between repressor prothey are disordered in solution. Extensive analysis of the

tomers.
Structure of the Mu Repressor DNA-Binding Domain
Having established that the DNA-binding modules within

NMR data supports this conclusion, since only residues
Lys13—Ser80 exhibited features characteristic of a folded
domain. Figure 3B summarizes this analysis and displays
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Table 1: Structural Statisties

[SAD (SA.
rms deviations from NOE interproton distance restraints (A)
all (648) 0.028+ 0.004 0.032
interresidue sequentiai (— j| = 1) (186) 0.020+ 0.005 0.035
interresidue short-range @ |i — j| < 5) (96) 0.031+ 0.007 0.050
interresidue long-rangéi(— j| > 5) (183) 0.035+ 0.005 0.031
intraresidue (183) 0.02¢ 0.012 0.017
rms deviations from hydrogen bonding restraints (A) (46) 0441013 0.013
rms deviations from experimental dihedral angle restraints (deg){109) 0.078+ 0.085 0.001
rms deviations from experimentély, coupling constants (Hz) (43) 0.6180.038 0.704
rms deviations from experimentdy residual dipolar coupling constants (Hz) (43) 0.669.033 0.698
rms deviations from experiment&C shifts
BCa (ppm) (47) 1.115+ 0.053 1.170
135 (ppm) (47) 1.154+ 0.046 1.279
deviations from idealized covalent geometry
bonds (A) 0.003+ 0.0002 0.005
angles (deg) 0.431+ 0.031 0.666
impropers (deg) 0.451+ 0.053 0.536
coordinate precision (&)
protein backbone 0.6t 0.16
heavy atoms 1.10+0.15

aThe notation of the NMR structures is as follovi@ATare the final 25 simulated annealing structur&#(is the restrained regularized mean
structure obtained by averaging the coordinates of the individual SA structures best fitted to one another with respect to resic@es5Dya6d
Lys56—Leu79, and restrained regularization of this mean structure. The number of terms for each restraint is given in parentheses. Residues Metl
Glul2 and Pro82Ala88 exhibited no long-range NOE cross-peaks in the data and were omitted from the final simulated annealing calculations.
b None of the structures exhibited distance violations>@5 A, dihedral angle violations of5°, or 3Jyn, scalar coupling andDyy residual
dipolar coupling violations of>2 Hz. ¢ The experimental dihedral angle restraints comprise,438 v, 16 x1, and 6y, angle restraints! The
coordinate precision is defined as the average atomic rms deviation between the 25 individual SA structures and the mean coordinates. The reported
values are for residues +%0 and 56-79. The backbone value refers to the N, C, and CO atoms.

the observed medium-range NOEs, the magnitudéd i,
couplings, and the consensus second&ychemical shifts NOEs range from 0.15 to 0.42) (Figure 3A).
of the o and carbon atoms. Analysis of the data in terms  The structure of the MUR-DBD consists of a three-
of secondary structure indicates that all of these parametersstranded antiparallgd-sheet packed against threehelices
are in good agreement in predicting the types of secondarywith its secondary structural elements arranged in a B1
structure expected for a particular amino acid. For instance,H1-T—H2—B2—W-—B3—H3 topology (B, strand; H, helix;
regions of the polypeptide that adopt @shelical conforma- T, turn; and W, wing) (Figure 4A). At the amino terminus,
tion (Prol9-Met23, Val32-Val4l, and Thr6#Gly78) the first strand of the sheet (B1, residues Trp16 and Cys17)
exhibit medium-range NOEs, smalli, coupling constants,  pairs with strand B3 (Ala5#Tyr60). The chain then rises
and the appropriate secondary carbon chemical shifts. above the sheet, forming helix H1 (Proi®let23), which
The solution structure of MUR-DBD?® was calculated is followed by a seven-residue turn (Ala2&ly30) that
using hybrid distance geometry and simulated annealing connects helix H1 to helix H2 (Ser3¥al41). The final two
methods for residues Lysi3hr81 and employed 983 strands of the sheet follow helix H2 and are formed by
experimental restraints: 648 NOE distance restraints, 46strands B2 (Lys46Lys49) and B3 (Ala57Tyr60) which
hydrogen bond restraints for 23 hydrogen bonds (which were are connected by a flexible loop structure we describe as a
introduced in the final stages of the refinement), 109 dihedral “wing” (residues Glu56-Lys56). Strand B3 is the central
angle restraints, 43J4n, coupling constant restraints, 106 strand in the sheet and is followed by helix H3 (residues
carbon chemical shift restraints, and 3@y one-bond Thr67—Gly78) which packs against helix H2 and strand B1.
residual dipolar couplings. The latter values were measuredThe hydrophobic core of the protein is comprised of the side
from weakly aligned uniformly*N-enriched MUR-DBD 88 chains of residues Cys17 from B1, Prol9 and lle24 from
samples in DMPC/DHPC bicelles and ranged frem.2 to H1, Ala25 and Met28 from the turn between H1 and H2,
5.7 Hz. Stereospecific assignments were obtained for 10Val32, Val35, His36, and Ala39 from H2, Trp44 from the
p-methylene groups and the methyl groups of four of the turn connecting H2 and B2, Val58 and Tyr60 from B3, Val62
seven valine residues. Figure 4A shows the ensemble of 25and Met65 from the turn connecting B3 and H3, and Glu69
solution structures calculated from these data, and theand Val73 from H3. The side chain of Glu69 is positioned
complete structural and restraint statistics are presented inat the edge of the hydrophobic core and in the majority of
Table 1. All structures exhibit good covalent geometry and structures in the ensemble forms a salt bridge with the
have no NOE, dihedral angle, or coupling (residual one-bond guanidino group of Arg38. The solution structures of the
dipolar or three-bond scalar) violations of greater than 0.5 MUR- and MUA-DBDs adopt a conserved protein fold, and
A, 5°, or 2 Hz, respectively. The MUR-DBD®8 is structured a detailed comparison will be presented in the Discussion.
from residues Lys13GIlu50 and Lys56-Leu79, and the MUR-DBD Complex and Its krestigation by NMR and
root-mean-square (rms) deviation between the atomic coor-Surface Plasmon Resonande next set out to study the
dinates of the backbone atoms of these residues and thesolution properties of the MUR-DBBDNA complex. First,
average coordinates is 0.6% 0.16 A. Residues Gly51 we used NMR spectroscopy to map the DNA binding surface
Gly55 are largely unstructured and flexible as judged by the on the MUR-DBD protein. The 3D solution structure of the

small magnitude of theitH—N heteronuclear NOEs (the
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of the free protein. In contrast to the NMR spectra of the
transposase domain which exhibited severe line broadening
(18), the spectrum of the MUR-DBBDNA complex is well-
dispersed and exhibits sharp resonance lines. The difference
in the spectral properties of the MUR-DBIDNA and
MUA-DBD —DNA complexes most likely results from the
different solution conditions used in the respective NMR
studies. Previous studies of the MUA-DBIDNA complex
were performed using high concentrations of salt (250 mM
NacCl), while the NMR spectra of the MUR-DBEDNA
complex were recorded at low salt concentrations. In the
presence of high concentrations of NaCl, the MUA-DBD

4 ve2[0] e : - . .
125 exhibits a substantially reduced affinity for its cognate site.

The reduced affinity presumably results from the masking
of important electrostatic interactions and would be expected
to decrease the lifetime of the specific proteDNA
complex, resulting in line broadening. A comparison of the
N and'H shifts of the MUR-DBDB88 in the absence of
R e e S — DNA to the those of the bound MUR-DB® 8! protein is
displayed in Figure 5B. The largest deviations in tHeand

15N shifts occur in the helixturn—helix unit (H1-T—H2)

and the flexible loop between strands B2 and B3. The most
drastic*H and*>N chemical shift changes occur in the amide
proton of Gly30 (from turn T) and the amide nitrogen of
Ala57 (from the wing connecting strands B2 and B3),
respectively.

The binding of the MUR-DBD to wild-type and
mutated forms of its DNA binding site was studied by surface
2.0- plasmon resonance (SPR) to probe the nucleotide specificity
of the interaction. In this experiment, a DNA duplex
containing the protein binding site was immobilized on a
surface via a streptavidirbiotin linker and binding of protein
was then monitored directly as changes in surface plasmon
resonance (a representative sensogram is shown in Figure
6A). The MUR-DBD' 8 was found to bind to the tethered
of the backbone amide and side chain amine resonances are denote®NA molecule with an affinity slightly higher than that

In general, the 17.2 kDa proteiDNA complex exhibits excellent ~ measured by fluorescence anisotrops (= 0.58 + 0.05
Spegtfal reSOlUti}?“ and narrgvxglin; ;Vi;itgzdgﬁgyje\ﬁgstgeg%cggogn M), and the lifetime of the MUR-DBB#—DNA complex
amige groups of some residues are br as calculated to be approximately 2 s. As described above,
DIaST X modetale broadening. and /%% G, WSS & chemical shift perurbation data and modeling stucies of the
amideH and!*N chemical shifts in the DNA free MUR-DBD?88 MUR- and MUA-DBDs predicted that binding specificity
and the MUR-DBD3-81—DNA complex. The observed secondary would be mediated by insertion of helix H2 (the putative
structural elements in the structure of the MUR-DBE are recognition helix) into the major groove. Reasoning that these
displayed above the figure. The large magnitude changes in thecontacts would occur over at most three or four nucleotides
?rr;;;t;gfm'gh(rilsIrdeusglsltﬂffrs%n:/;hlesc_igff)rent lengths of the polypeptide a_nd _be to_the most highly conserveql nucleot|d_es Wlt_hln the
binding site, we attempted to define the orientation of
MUR-DBD in the DNA free state revealed that residues repressor binding by nucleotide mutagenesis. Two oligo-
Metl—Glul2 and Pro82Ala88 were unstructured in solu- nucleotides containing mutations in the binding site were
tion. To simplify and improve the NMR spectra of the assayed by SPR for binding to the MUR-DB®?. The first
complex, we generated a truncated repressor polypeptidemutant duplex altered three nucleotides at positiond &ee
which consisted of residues Lyst¥hr81 (MUR-DBD!38Y), Figure 6B for sequences and numbering). These nucleotides
The MUR-DBD!81 polypeptide retains affinity for the Mu  are completely conserved in all nine sites and are expected
operator DNA as judged by the fluorescence anisotropy DNA to be important determinants of binding affinity. A second
binding assayKp = 57.1 4+ 9.7 uM). A 1:1 complex of mutant oligonucleotide altered the identity of base pairs 10
15N-labeled MUR-DBDB®8 with duplex DNA containing 12, which are poorly conserved and presumably not recog-
the sequence' BI(GCTTTTCAGTAATCTG)5-d(CAGAT- nized by helix H2 in a sequence-specific manner. Surpris-
TACTGAAAAGC) was studied by NMR. Figure 5A shows ingly, both mutant binding sites exhibited an approximately
the quality of the™N—'H HSQC spectrum of the MUR-  10-fold reduction in binding affinity for the MUR-DBD®8
DBD?*38—-DNA complex. The amidéH and*®*N chemical relative to the wild-type sequence. Although the orientation
shifts of MUR-DBD'*8% in the complex were assigned by of binding cannot be deduced from these results, they do
analysis of the 30H, "N NOESY— and TOCSY-HSQC coarsely define the nucleotide dependence of repressor
spectra of the complex and by reference to the assignmentdinding. This result suggests that important base-specific

20 30 40 50 60 70 80
Residue Number
FIGURE 5: NMR spectra of the MUR-DBE81-DNA complex

and a comparison with the free MUR-DBD. (A) 15N—1H HSQC
spectrum of the 1:1 MUR-DBB#—DNA complex. The identities
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1100 cognate site, while previous studies have shown that in the

context of the full-length proteins, these domains bind to
the operator/IAS with substantially different affinities; the
transposase binds with a much lower affinity than the
repressor [MuUA transposadé, ~ 1—100uM (10, 11); Mu
repressor proteinkp ~ 3—5 nM (5)]. The most plausible
explanation for this difference is that cooperative interactions
between repressor protomers increase binding affinity, a
conclusion consistent with the multimeric structure of the
full-length repressor and previous footprinting studi&s) (
The solution structure of the repressor DNA-binding
domain was determined by NMR, enabling a structural
comparison with its competitor domain from the MuA
transposase. As expected, the overall protein folds of the
MUR- and MUA-DBDs are similar. Both proteins define a
distinct structural class of the winged hetiturn—helix
family in which the secondary structural elements are
08 07 permuted 45, 46). This class consists of at least six members
RO that share sequence homology, the transposase and repressor
62 t06 proteins from bacteriophage Mu and the corresponding
FiGURe 6: Surface plasmon resonance measurements of Mu proteins from the related bacteriophages D108 and D3112.
repressor binding to wild-type and mutant DNA oligonucleotides. Figure 4B shows a comparison of the 3D structures of the
(A) Representative sensogram used to calculate the dissociationy; jr- and MUA-DBDs. The structured regions of the two

constants and kinetic parameters of the represB&A complex. . . d with deviati £18 A
The curve shows the association and dissociation of the MUR- PrOtéIns can superimposed with a rms deviation of 1.

DBD!-88 with a DNA fragment containing its consensus binding for the backbone atoms. The largest structural differences
site. A plot of response vs time is shown for the MUR-DBE  occur in the turn (T) within the helixturn—helix unit and
binding to a DNA duplex immobilized on the surface of a chip. jn the region connecting strand B3 and helix H3. In both of

The DNA duplex contained a single biotin molecule and was : ; ; ;
tethered to a chip containing conjugated streptavidin. (B) The three these regions, residues that pack into the core of the protein

oligonucleotides that were studied by surface plasmon resonancer® different, causing slight changes in the path of the
and their measured affinity for MUR-DBD®. The 14 bp consensus ~ polypeptide backbone. The carboxyl-terminal helix in the
sequence for the repressor and transposase proteins is enclose@gpressor domain is also slightly longer. This structural
within a box and numbered. The dashed lines correspond to gifference occurs because several hydrophilic amino acids
nucleotides that are conserved between the three ollgonucleotldesat the end of helix H3 in the transposase (Arg64 and GIn65)
are replaced by more nonpolar amino acids in the repressor
ﬁ—iis?G—Leu?g). In particular, the side chains of His76 and
Leu77 from H3 of the repressor exhibit van der Waals
contacts to residues in turn T, stabilizing the end of the helix.
Although there are clear differences in both the compositions
The repressor and MuA transposase proteins compete forand packing arrangements of residues involved in the
the same DNA binding site within the early operator of the hydrophobic cores of each protein, these differences do not
Mu bacteriophage. This competition may provide an added significantly affect thermostability. Temperature denaturation
level of control over the lytielysogenic growth choice, studies using circular dichroism indicate that the midpoint
enabling the repressor to inhibit both transcription and of unfolding in the MUR- and MUA-DBDs is 52.4 0.7°
transposition reactions. At a molecular level, the transposaseand 51.2+ 1.1° C, respectively (data not shown).
versus repressor competition is mediated by homologous Chemical shift mapping experiments and structural homol-
DNA-binding domains (42% sequence identity over 64 ogy to other winged helixturn—helix proteins suggest a
residues). The results of fluorescence anisotropy measureplausible mode of DNA binding. In this model, helix H2
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contacts are made between the repressor and one or mor
bases in the triplets formed by base pairs42and 16-12.

DISCUSSION

ments with the isolated MUA- and MUR-DBDs indicate that
they bind to the operator with weak affinity. In this assay,
the total anisotropy is the sum of contributions from both

would be inserted into the major groove for base-specific
contacts and the adjacent phosphodiester backbone would
be contacted by the wing structure which rests in the minor

specifically and nonspecifically bound proteiDNA com- groove. Eleven positions within the MUR- or MUA-DBD
plexes. For high-affinity protetaDNA interactions, non- fold may interact with DNA according to this model. Given
specific binding at higher protein concentrations results in a their similar affinities for DNA, it is tempting to speculate
biphasic binding curve and the two modes of interaction can that conserved residues at the proteldNA interface will
readily be separated. In this case, the specific binding is weak,be important for binding. Three of the 11 residues are
and it is not possible to distinguish between the two effects. completely conserved and include Ala21 and Tyr37 (repres-
A direct comparison of the magnitudes of the binding sor numbering) within the putative recognition helix H2 and
constants measured for the isolated domains and the full-Lys56 within the wing structure. Six of the remaining eight
length proteins is not appropriate, since they were determinedpotential contact residues are chemically conserved and
using different techniques in different research laboratories. include GIn20R and Lys8T, Ser31R and Thr19T, Asn40R
The results presented here clearly indicate that the MUR- and Lys28T, and Val58R and 1le46T, where “R” and “T”
and MUA-DBDs exhibit similar weak binding for their  represent repressor and transposase amino acids, respectively.
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The side chains of three residues are apparently not importaniXPLOR, Dr. K. Mizuuchi for providing the plasmid encoding
for binding affinity; Lys18, lle24, and Lys29 in the MUA-  the Mu repressor protein, and Dr. A. Berk for the use of his
DBD are replaced in the MUR-DBD by Gly30, His36, and flourescence spectrophotometer.
Val41l, respectively. Limited mutagenesis of the enhancer
domain is consistent with the apparent functional conserva- REFERENCES
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