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ABSTRACT: The solution structure of the 18-kDa single-stranded DNA binding protein encoded by the
filamentousPseudomonasbacteriophage Pf3 has been refined using 40 ms15N- and13C-edited NOESY
spectra and many homo- and heteronuclearJ-couplings. The structures are highly precise, but some
variation was found in the orientation of theâ-hairpin denoted the DNA binding wing with respect to the
core of the protein. Backbone dynamics of the protein was investigated in the presence and absence of
DNA by measuring theR1 andR2 relaxation rates of the15N nuclei and the15N-1H NOE. It was found
that the DNA binding wing is much more flexible than the rest of the protein, but its mobility is largely
arrested upon binding of the protein to d(A)6. This confirms earlier hypotheses on the role of this hairpin
in the function of the protein, as will be discussed. Furthermore, the complete DNA binding domain of
the protein has been mapped by recording two-dimensional TOCSY spectra of the protein in the presence
and absence of a small amount of spin-labeled oligonucleotide. The roles of specific residues in DNA
binding were assessed by stoichiometric titration of d(A)6, which indicated for instance that Phe43 forms
base stacking interactions with the single-stranded DNA. Finally, all results were combined to form a set
of experimental restraints, which were subsequently used in restrained molecular dynamics calculations
aimed at building a model for the Pf3 nucleoprotein complex. Implying in addition some similarities to
the well-studied M13 complex, a plausible model could be constructed that is in accordance with the
experimental data.

The filamentousPseudomonasphage Pf3 codes for a 78-
residue protein that belongs to the classical family of single-
stranded DNA (ssDNA)1 binding protein (ssDBPs). Proteins
in this class bind nonspecifically and stoichiometrically to
ssDNA (and ssRNA) and are capble of destabilizing dsDNA.
They are presumed to function by binding to transient ssDNA
formed during replication, recombination, and repair. Many
ssDBPs bind with positive cooperativity (Alberts & Frey,
1970), which allows them to saturate a stretch of single-
stranded nucleic acid at relatively low protein concentration.
This ability is thought to be necessary to protect the DNA
from the action of nucleases and to hold the DNA in a
conformation which facilitates the function of other replica-

tion, recombination, or repair enzymes (Alberts & Sternglanz,
1977).

Recently, three-dimensional structures of several ssDBPs
have been reported: the Ff ()M13, fd, f1) gene V protein
(Folkers et al., 1994; Skinner et al., 1994; Prompers et al.,
1995), the T4 gene 32 protein (Shamoo et al., 1995), the
Pf3 ssDBP (Folmer et al., 1995), and the nucleic acid binding
domain of adenovirus (Ad) ssDBP (Tucker et al., 1994). M13
GVP and Pf3 ssDBP both form a five-stranded antiparallel
â-sheet from which protrude twoâ-hairpins and a large loop,
and both proteins occur in solution as homodimers. Not-
withstanding the similar overall folds and the positions of
the loops being strikingly similar, there is very limited
sequence homology between these two proteins. Only when
their secondary structures were elucidated was a reliable
sequence alignment possible. This revealed that they have
16 identical residues, 7 of which are situated in theâ-hairpin
denoted the DNA binding loop (Folmer et al., 1994a). The
M13 GVP is one of the best characterized ssDBPs and is
considered a paradigm for the study of nonspecific protein-
ssDNA interactions. DNA binding studies using fluores-
cence (Alma et al., 1983; Bulsink et al., 1985), CD (Kansy
et al., 1986), neutron scattering (Gray et al., 1982), EM
(Gray, 1989; Olah et al., 1995), NMR (Folkers et al., 1993),
and mass spectrometry (Cheng et al., 1996) have provided
much insight into the binding characteristics and the mac-
roscopical structure of the nucleoprotein complex formed
with phage DNA. So far, however, a high-resolution
structure of the M13 protein-ssDNA complex could not be
determined. Instead, reliable models were constructed that
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are in accordance with all studies mentioned above (Folmer
et al., 1994b; Guan et al., 1994, 1995).
Similarly extensive studies have been performed on the

Ad ssDBP (Tucker et al., 1994, and references therein) and
the T4 gene 32 protein [for a review, see Chase and Williams
(1986)]. In contrast, much less data are available on the
DNA binding properties of Pf3 ssDBP. Some parameters
of the in ViVo precursor complex were assessed by EM
(Casadevall & Day, 1985), and CD studies have been
reported on complexes formed with various polynucleotides
(Powell & Gray, 1993, 1995). The latter indicate that Pf3
ssDBP can use different binding modes in binding to
polynucleotides, as binding ratios ofn ) 2, n ) 3, andn )
4 nucleotides per monomer were observed.
Here, we report the refined 3D solution structure of a Pf3

ssDBP mutant (Phe36f His) as determined from short-
mixing-time NOESYs and several homo- and heteronuclear
J-couplings. This so-called “solubility mutant” was designed
to reduce the tendency to aggregate observed for the wild-
type protein (Folmer et al., 1994a). It was shown earlier
that the wild-type and mutant proteins have identical tertiary
structures (Folmer et al., 1994a). In addition, we describe
the DNA binding domain of the protein, which was mapped
using spin-labeled oligonucleotides. These results will be
related to the dynamics data of the protein, which were
obtained from backbone15N relaxation and heteronuclear
NOE measurements, performed in the absence and presence
of the oligonucleotide d(A)6. Finally, from a combination
of all data presented, and imposing some similarities to the
M13 complex, we were able to build a plausible model for
the Pf3 nucleoprotein complex.

MATERIALS AND METHODS

NMR Measurements. The15N-labeled and13C/15N doubly
labeled Pf3 ssDBP F36H were isolated as described previ-
ously (Folmer et al., 1994a, 1995). The concentration of
the NMR samples was about 1.8 mM for the15N-labeled
and 1.4 mM for the doubly labeled protein. Samples were
unbuffered and contained only a few milimolar salt.
NMR experiments were performed at 500 and 600 MHz

on a Varian Unity+ and Bruker AMX spectrometer, respec-
tively, and were carried out at 300 K. Homonuclear NMR
experiments and15N, 13C, and1H resonance assignments have
been described earlier (Folmer et al., 1994a, 1995). Back-
bone carbonyl resonances were assigned from 3D COCAH
and CT-HNCO experiments (Dijkstra et al., 1994; Grzesiek
& Bax, 1992), while shifts of the carbonyl carbons in the
side chains of Asx and Glx were found in a 2D LRCC
spectrum (Bax et al., 1992). All three experiments were
performed at 500 MHz. Quantitative distance constraints
were obtained from a 3D gradient-enhanced15N NOESY-
HSQC spectrum, recorded at 600 MHz with a mixing time
of 40 ms. In addition, a 40 ms 3D13C NOESY-HMQC
(Ikura et al., 1990) was acquired at 600 MHz. Details on
these spectra were reported earlier (Folmer et al., 1997).
The following homo- and heteronuclearJ-couplings were

measured at 500 MHz:3JHNHR in both an HMQC-J (Kay &
Bax, 1990) and 3D HNHA (Vuister & Bax, 1993), [see
Folmer et al. (1995)],3JHRHâ in a 3D HACAHB-COSY
(Grzesiek et al., 1995),3JNHâ in a 3D CT-HNHB (Archer et
al., 1991),3JCγN in a 2D{15N} spin-echo difference HSQC
(Vuister et al., 1993), and3JCγC′ in both a 2D{13CO} spin-
echo difference HSQC (Grzesiek et al., 1993) and a 2D

LRCC (Bax et al., 1992). The latter experiment also allowed
measurement of the3JCRCδ couplings in (iso)leucines. Peak
volumes in the two subspectra of the spin-echo experiments
were integrated and divided to obtain values for the
couplings, as described by Vuister et al. (1993). To
compensate for systematic errors reducing the apparent
coupling as outlined by these authors, calculated values were
multiplied with 1.05 and 1.075, for3JCC and 3JCN, respec-
tively, to obtain the finalJ-couplings. The LRCC experiment
was recorded with 64 transients and evolution times of 22.0
(t1, 13C) × 77.6 (t2) ms. Details on the otherJ-coupling
experiments are reported elsewhere (Folmer et al., 1997).
Backbone15N relaxation experiments were carried out at

500 MHz and 25°C, to measure theR1 andR2 rates and the
heteronuclear NOE (XNOE). The pulse sequences are based
on those described by Davie and Wagner (1994), but we
implemented the following improvements: instead of dephas-
ing the solvent resonance, it is returned to the+z-axis prior
to acquisition (Stonehouse et al., 1994). During the relax-
ation delay of theR2 experiment a 3.7 kHz CPMG-type
sequence was used (Kay et al., 1992; Palmer et al., 1992).
In particular, we used{[∆-180°φ(15N)-∆]3-180°x(1H)-
[∆-180°φ(15N)-∆]6-180°-x(1H)-[∆-180°φ(15N)-∆]3}N,
where∆ ) 500 µs andφ ) x, -x. In our experience, it
was necessary to apply two proton pulses with opposite phase
in each CPMG cycle to prevent saturation of the H2O
resonance, which otherwise is quite efficient at longer
relaxation delays (>200 ms). Similarly, we used{δ-
180°x(1H)-2δ-180°-x(1H)-δ}N in theR1 experiments (δ )
2 ms). Here, the phase of the 90° pulse prior to the relaxation
delay is alternated betweeny and-y to ensure that theNz

magnetization properly relaxes as exp(-R1T) (Kay et al.,
1989). Furthermore, a constant duty cycle (i.e., sample
temperature) was enforced in the series ofR2 experiments
by applying an appropriate number of15N pulses during the
recycle delay.
Recycle delays in theR1,R2, and XNOE experiments were

1.7, 1.8, and 6.0 s, respectively, and they were all acquired
with evolution times of 177 (t1,15N) × 117 (t2) ms. To
sampleR1, ten relaxation delays were recorded,T ) 16, 48,
97, 202, 403, 702, 1000, 1403, 2000, and 2597 ms. An equal
number ofR2 delays was sampled: 14, 27, 41, 68, 95, 123,
163, 231, 313, and 408 ms. All experiments were performed
twice, under identical conditions: once for the Pf3 protein
free in solution and once for a stoichiometer mixture of
protein and the olignonucleotide d(A)6.
Spectra were processed using the MNMR program (PR-

ONTO Software Development and Distribution, Copenhagen,
Denmark) and analyzed with the XEASY pacakge (Bartels
et al., 1995), both running on a Silicon Graphics Indigo
workstation.
Structure Generation and Restraints. Distance constraints

were obtained from the 3D15N- and 13C-edited NOESY
spectra, recorded with 40 ms mixing times. Peak volumes
were corrected for the HMQC building block in the 3D pulse
sequences as described earlier (Folmer et al., 1995). Integrals
were converted into distances by a plainR-6 relation, using
the prerefined average structure for calibration. Upper
distance restraint limits were set by lengthening all deter-
mined distancesr by r ×max [0.15, (0.15+ (r - 2.6)0.08)],
and lower limits were put at 0.85r.
Stereospecific assignments and angle restraints were

obtained from a qualitative analysis of the variousJ-coupling
spectra. Theø1 angles of most residues were accessible
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through two or more experiments so that the extraction of
angle restraints was rather straightforward. Theø2 angles
of isoleucines were measured in the LRCC experiment (Bax
et al., 1992). If theJ-couplings were diagnostic of near
purely staggered rotamer conformations, the angles were
restrained with 30° upper and lower limits. Otherwise, 40°
or 50° limits were used, depending on the apparent degree
of rotamer averaging.
Structures were calculated using simulated annealing

starting from conformations with random backbone torsion
angles. Calculations were performed with the program
X-PLOR, version 3.1 (Bru¨nger, 1992), with an extension for
floating chirality and with a modified version of the
“parallhdg” geometric force field which now more closely
matches the geometric parameters reported by Engh and
Huber (1991). The protocol used contains several modifica-
tions with respect to the basic ideas published previously
(Nilges et al., 1988, 1991). In particular, we used a reduced
atom representation for nonbonded interactions during the
high-temperature phase to improve efficiency. Furthermore,
all prochiral centers for which no stereospecific assignments
were available were treated with a floating chirality procedure
(Weber et al., 1988; Holak et al., 1989). The entire protocol
has been amply described elsewhere (Folmer et al., 1997).
The ensemble of structures calculated with this protocol

will be noted 〈SA〉, and they were used for most of the
analyses mentioned in the present paper. However, the force
field used does not include electrostatic interactions, which
are needed, e.g., for a proper evaluation of hydrogen bonds.
Therefore, the SA structures were subjected to an additional
RMD calculation: they were immersed in a 7 Å shell of
TIP3P water molecules (Jorgensen et al., 1983), the elec-
trostatic interactions were switched on, and the purely
repulsive nonbonded interaction was replaced by the OPLS
Lennard-Jones potential (Jorgensen & Tirado-Rives, 1988;
LeMaster et al., 1988). This refinement step consisted of
14 ps of dynamics at 500 K, using 5 fs time steps and
uniform masses of 100 amu, followed by a cooling phase of
8 ps during which time the temperature was brought to 100
K. The resulting “water-refined” structures are denoted
〈WR〉.
Analysis of Relaxation Data. TheR1, R2, and XNOE data

sets were processed using Lorentzian-to-Gaussian apodization
in the acquisition dimension and a squared cosine in the
indirect dimension. After zero filling, digital resolutions of
1.46 and 0.68 Hz/point were obtained inF1 and F2,
respectively. We used peak volumes rather than intensities
to determine the relaxation rates, which was possible as
nearly all resonances are well separated in the [15N,1H]
correlation spectrum. For partly overlapping peaks, the
integration region was set to comprise only the nonoverlap-
ping part. This does not influence the measured rates as
the line shapes of the individual resonances are independent
of the relaxation delayT. Uncertainties in the peak volumes
due to (thermal) noise were assessed by integrating noise
areas similar in size to the cross peaks. TheR1 andR2 rates
were obtained by nonlinear least squares fitting the experi-
mental data to a two-parameter single-exponential function
using the MATLAB package (MathWorks, Inc.) (Leven-
burg-Marquardt algorithm). Uncertainties in the rate con-
stants were determined via Monte Carlo simulations using
Modelfree 3.1 (Palmer et al., 1991). The XNOE was
determined by dividing the peak volumes of the spectra
recorded with and without saturation of the1H reservoir.

The experimental relaxation parameters were interpreted
in terms of the reduced spectral density mapping method
first described by Farrow et al. (1995) and Ishima and
Nagayama (1995a,b).
DNA Binding Studies. The spin-labeled trinucleotide, three

adenyl residues to which a 4-hydroxy-2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO) group is attached at both the 5′
and 3′ ends, was a gift from Prof. G. I. Tesser. We will
refer to this oligonucleotides as *d(A)3*, where the asterisks
denote the TEMPO groups containing the unpaired electron.
A binding experiment was performed by recording 30 ms
homonuclear TOCSY spectra (Bax & Davis, 1985; Griesing-
er et al., 1988) before and after addition of a small amount
of *d(A)3* to a 1.6 mM solution of Pf3 F36H in D2O.
Spectra were acquired at 500 MHz with evolution times of
43× 171 ms.
Furthermore, a stoichiometric titration series was carried

out, adding d(A)6 to a 1.2 mM protein solution in D2O.
Resonance shifts were followed by measuring homonuclear
2D NOESY (120 ms mixing time) and TOCSY (29 ms)
spectra at each titration point. Experiments were performed
at 600 MHz, with evolution times of 35× 148 ms. At the
end of the series, when the DNA/protein ratio was 3.6
mononucleotides/monomer, a 500 ms 2D NOESY was
recorded.
Model Building of the Nucleoprotein Complex. The

procedure followed to build a model for the Pf3 nucleoprotein
complex was essentially the same as was described earlier
for the complex of the M13 gene V protein and ssDNA
(Folmer et al., 1994b). Here, the three-stage procedure will
be outlined only briefly.
Preliminary results from electron microscopy indicate that

the Pf3 nucleoprotein complex forms a superhelical structure
similar to that of the M13 complex (K. R. Leonard, private
communication). As shown in Figure 1, four parameters are
necessary to describe this helix: a twist angle (related to
the number of protein molecules per helix turn), a helical
rise distance (related to the helix pitch), the distanceR
(related to the diameter), and the rotational angleθ.

FIGURE 1: Schematic drawing of the helical and orientational
parameters determining the superhelical nucleoprotein complex. The
left-hand picture is a side view of the helix, built of two strands of
ssDNA and eight protein dimer molecules. The right-hand picture
provides a view along the helix axis.R is the distance from the
helix axis to the center of mass of the protein molecule, and the
angleθ measures the rotation around the protein’s symmetry axis.
From symmetry considerations, we implied this 2-fold axis to be
perpendicular to and to intersect the helix axis (Folmer et al.,
1994b). The values of the diameter, the twist angle, and helix pitch
(printed in italics) have been proposed on the basis of the apparent
similarity with the M13 nucleoprotein complex (see text).

9122 Biochemistry, Vol. 36, No. 30, 1997 Folmer et al.



Unfortunately, the EM pictures so far obtained do not allow
reliable estimates of these parameters. Therefore, at this
stage we simply assume a helix pitch of 80 Å and a twist
angle of 45° (close to the M13 values) merely to investigate
whether it is possible at all to construct a plausible model
for the Pf3 complex. The sign of the twist angle determines
the handedness of the helix which has not been established
experimentally for the Pf3 complex. In principle, both
possibilities could be investigated, but the current study is
restricted to the left-handed conformation, which is the one
exclusively observed in the M13 complex (Gray, 1989).

The first stage consisted of a 2D grid search varyingR
andθ to uncover the combination of these parameters that
allows the energetically most favorable packing of the (rigid)
molecules in the protein superhelix [see Folmer et al.
(1994b)]. The grid search calculations were done using the
energy-minimized average Pf3 structure, from which all
atoms having a root mean square (rms) fluctuation in the
ensemble of structures larger than 3 Å had been removed.
In this way, the influence of the mobile regions of the
molecule on the protein packing is reduced.R was varied
from 20 to 50 Å, corresponding to an outer diameter of the
complex of about 75-105 Å, with 2 Å intervals. The angle
θ was scanned from 0 to 180° in steps of 4°.
In the second stage, two 14 nucleotides of arbitrary

sequence were added to a protein superhelix built of three
dimer molecules using the parameters found in the grid
search. At the same time, the histidine residue at position
36 was replaced by a phenylalanine to restore the wild-type
protein sequence. The resulting nucleoprotein complex was
relaxed by restrained MD in a geometric force field, allowing
the protein structure to adapt to the presence of the
neighboring protein molecules and the ssDNA. The com-
plete set of experimental restraints defining the protein
structure was used, following removal of the NOEs con-
necting to residues which are believed to play an important
role in DNA binding(Vide infra). In addition, the DNA was
restrained to follow approximately the binding path outlined
by the spin-label experiment described above. This was
achieved by including distance restraints from the broadened
residues to the DNA phosphorus atoms (Fomer et al., 1994b).
We used the following empirical criteria to classify the spin-
label restraints: if a TOCSY cross peak was broadened by
80-100%, the effective distance between the protons
responsible for the cross peak and the nearest phosphorus
atoms was assumed to be smaller than 6 Å. Likewise, 0-8.5
and 6.5-11 Å distances were implied for resonances
broadened by 40-80% and 20-40%, respectively. If no
broadening was observed, the distance was set to be larger
than 10 Å. It is noted that these restraints are ambiguous in
two ways: the individual contributions of the protons
constituting the broadened cross peak are unknown, and it
is unclear which is the nearest phosphorus atom. Therefore,
the effective distance can only be calculated properly with
the method known as “sum averaging” in X-PLOR (Rij )
{∑i,j rij-6}-1/6) (Nilges, 1993).

Because we used a force field in which the van der Waals
interactions are represented by a repulsive potential, and in
which no electrostatic interactions are incorporated, there are
no attractive forces between the protein molecules in the
superhelix. To prevent the molecules from being pushed
away from each other as a result of possible steric hindrance,
a parabolic restraint was added, keeping the well-determined

atoms (rmsd<0.4 Å) near their original positions (Bruccoleri
& Karplus, 1986).
The third stage consisted of a 30 ps restrained MD run at

500 K with explicit inclusion of solvent. The electrostatics
were incorporated, and the OPLS force field was used for
the nonbonded interactions (Jorgensen & Tirado-Rives, 1988;
LeMaster et al., 1988). The parameters for the DNA were
always from the AMBER force field (Weiner et al., 1984).
Now, the force field does contain attractive components, so
that the harmonic restraints could be released. Thus, the
molecules are allowed to move or rotate in order to minimize
the intermolecular nonbonded energy, hence optimizing the
protein-protein interface.

RESULTS

Restraints for Structure Calculation. The prerefined
structures reported earlier (Folmer et al., 1995) were
calculated from 75 ms13C- and 15N-edited 3D NOESY
spectra, which were completely assigned. Assignment of
the 40 ms equivalents used for the current refinement was
therefore trivial. In total, 1145 independent NOE restraints
were obtained, 543 of which are intraresidue, 210 are
sequential, 74 are medium range (two to five residues apart
in the sequence), and 318 are long range (more than five
residues apart). Figure 2a shows how the restraints are
distributed over the 78 residues of the protein. Out of these
1145 NOEs, 1018 were assigned to be intramonomer, while
22 intermonomer NOEs were counted. The remaining 105
distance restraints connect to residues close to the symmetry
axis of the molecule. These NOEs will have both intra- and
intermonomer contributions and hence were treated with the
ambiguous NOE approach of Nilges (1993).
Aside from the 33φ angles restrained earlier, several

J-couplings could be measured by assessing theø1 andø2
dihedral angles. This analysis yielded stereospecific assign-
ment and approximateø1 angles for all valines but Val11,
whoseJ-couplings suggest the presence of rotamer averaging.
In addition, ø1 angles could be measured for all four
isoleucines in the protein and for Thr8 and Thr23, while
rotamer averaging was observed for Thr6 and Thr15.
Stereospecific assignment of the methylene groups was rather
straightforward using the HNHB and HACAHB-COSY
spectra, which allowed stereospecific assignment and mea-
surement ofø1 angles for 30 of the 43â-methylene groups
that give rise to resolved1H NMR signals. The remaining
13 prochiralâ-pairs could not be unambiguously assigned
due to spectral overlap (five residues) or because the
J-couplings suggest some level of rotamer averaging (eight
residues).

ø2 restraints could be measured for all four isoleucines in
the LRCC spectrum, which was possible because all3JCRCδ

couplings corresponded totrans conformations (apparent
coupling∼3.5 Hz). This experiment furthermore showed
that rotamer averaging is present inø2 of Leu29 and that
the low-field shifted Cδ of Leu68 is trans to the CR.
Resonance overlap prohibited analysis of Leu31 and Leu38
in this spectrum.
Structures and Statistics. A total of 1145 NOE restraints

and 79 dihedral restraints were used per monomer to calculate
80 (dimer) structures. The 30 structures with the lowest total
energies were selected, and this ensemble is denoted〈SA〉.
None of these structures had NOE violations larger than 0.3
Å or dihedral violations larger than 2°. The structures were

Pf3 ssDBP: Structure, Dynamics, and DNA Binding Biochemistry, Vol. 36, No. 30, 19979123



superimposed for the backbone atoms (N, CR, C) of residues
1-11 and 25-78, and the coordinates were averaged to
create the average structure,〈SA〉. This was energy mini-
mized through 1500 steps of conjugate gradient minimization
to give the energy-minimized average structure,〈SA〉r,
which is schematically shown in Figure 3. Each monomer
consists of sevenâ-strands (â1-â7) of which â4, â3, â1,
â5, andâ7 form a five-stranded antiparallel sheet across the
midsection of the molecule. From this core protrude two
prominentâ-hairpins and a large loop. The hairpins are
composed of residues 11-25 and 57-70 and are designated

the “DNA binding loop” and “dyad loop”, respectively
(Folkers et al., 1991b; Folmer et al., 1994a). The large loop
consists of residues 31-36 and is referred to as the “complex
loop”. In addition, there is a loop connecting strandsâ4
and â5, which is rather tightly bound to the core of the
protein and which will be denoted the “connecting loop”. A
detailed description of the structure was given earlier (Folmer
et al., 1995).

Figure 2b affords rms deviations per residue with respect
to the mean structure. Note that the high values around
residues 12-24 (the DNA binding wing) are partly due to
the fact that these residues were not included in overlaying
the ensemble. The best-fit superposition of the family of
30 structures is shown in Figure 4. A solvent-accessible
surface of 25% (see Figure 2c) was used as a threshold to
classify solvent-exposed and buried residues, which are
separately shown in red and blue, respectively. The rms
deviation about the mean coordinate positions excluding
residues 12-24 is 0.50( 0.17 Å for the backbone atoms
and 0.86( 0.12 Å for all heavy atoms. If one furthermore
excludes the side chains of the solvent-exposed residues, the
latter number drops to 0.57( 0.14 Å, which indicates that
the interior of the protein is well-defined. The Lennard-
Jones energy, calculated with the CHARMm force field, is
large and negative, indicating that the van der Waals packing
is favorable. A summary of the statistics of the ensemble
of structures and their average is given in Table 1. Figure 5
illustrates the excellent stereochemical quality of the en-
semble of structures, as basically 100% of the backbone
dihedral angles fall within the allowed regions of the
Ramachandran map. Theφ angle of one residue (Phe70) in
one structure (number 16 if ordered according to total energy)
apparently got trapped in a positive conformation (+59°),
while this angle averages to-58.3( 4.4° in the other 29
molecules. According to the PROCHECK program (Laskows-
ki et al., 1993), version 3.4.4, 82.8% of the non-glycine
backbone dihedral angles fall within the most favored regions
of the map. Angular order parameters (S) (Hyberts et al.,
1992) are lower than 0.95 only for fiveφ and threeψ angles
(lowest values:Sφ ) 0.86 for Leu38 andSψ ) 0.88 for
Pro37), indicating that the structures are highly converged.

FIGURE 2: (a) Histogram showing the number of NOE-derived
distance constraints per residue. The bars represent intraresidue
(filled), sequential (cross-hatched), medium-range (hatched), and
long-range (open) NOEs. The number of intraresidue restraints
reflects independent restraints, whereas the sequential, medium-
range (2e |i - j| e 4), and long-range (|i - j| g 5) restraints
were countered for both residues involved. (b) Plot of the residue-
based root mean square deviation of〈SA〉 from 〈SA〉 for the
backbone (N, C, CR; solid bars) and all non-hydrogen atoms (ppen
bars). (c) Histogram showing the relative solvent accessibility per
residue of the dimeric P3 F36H energy-minimized average structure.
Numbers were calculated with the program MOLMOL (Koradi et
al., 1996).

FIGURE 3: Schematic drawing of〈SA〉r. The four major loops are
denoted on the left-handed monomer. The sevenâ-strands are
indicated with their strand numbers and first and last residue
numbers. The molecule was drawn with MOLSCRIPT (Kraulis,
1991).
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This high precision and presumed concomitant accuracy
should allow a reliable classification of the variousâ-turns
in the protein. A classical analysis was performed as first
described by Venkatachalam (1968), the results of which are
compiled in Table 2. The amino acids connecting strands
â1 and â2 constitute aâ-bulge rather than a turn. The
carbonyl oxygen of Glu26 is hydrogen bonded to the amide
proton of Thr8 (average energy-1.9( 0.2 kcal/mol), while
the amide proton of Glu26 is very stable hydrogen bonded
to the carbonyl oxygen of Ser10 (-3.0 ( 0.2 kcal/mol).
According to the classifications of Chan et al. (1993), the
three residues opposite to Glu26 form an S3 bulge.
Backbone Dynamics. The backbone nitrogenR1, R2, and

XNOE parameters were measured for the Pf3 protein in the
absence and presence of a stoichiometric amount of the
oligonucleotide d(A)6. This hexanucleotide was added to a
ratio of one molecule per protein dimer, i.e., three nucleotides
per monomer. Below, the subscripts “free” and “complex”
will be used to denote parameters of the free protein and
the protein in complex with d(A)6, respectively. Quantitative

data could be obtained for all non-proline residues (except
Met1) in the free protein, but resonance overlap in the1H-

FIGURE 4: Best-fit superposition of the ensemble of 30 calculated
structures. Coordinates were superimposed for the backbone atoms,
excluding those of the DNA binding loop (residues 12-24). The
orientation of the molecules differs from that of Figure 3 by a
rotation of 30° around the horizontal axis. (a, top panel) Side chains
are shown in blue of residues whose surfaces are less than 25%
solvent accessible (see Figure 2c). (b, bottom panel) Solvent-
exposed residues are shown in red (>25% accessible surface; see
also Table 1). The picture was prepared with MOLMOL (Koradi
et al., 1996).

Table 1: Structural Statistics

〈SA〉a 〈SA〉r
X-PLOR energies (kcal mol-1)
Etot 193( 14 159
Ebond 9.2( 1.0 7.5
Eangle 75.1( 4.8 67.1
Eimpr 15.2( 0.9 12.2
EvdW 14.7( 2.9 10.7
ENOE 79.2( 9.2 61.2
Edihe 0.1( 0.1 0.0
ENCSb (5.4( 3.9)× 10-3 1.5× 10-6

EL-Jc -459( 49 -163
rms deviations from ideal geometry
bonds (Å) 0.0020( 0.0001 0.0017
angles (deg) 0.33( 0.01 0.31
impropers (deg) 0.36( 0.007 0.35

rms deviations from exptl restraints
NOEs (Å) 0.027( 0.002 0.023
dihedrals (deg) 0.067( 0.037 0.031

atomic rms differences backbone non-hydrogen

〈SA〉 vs 〈SA〉 0.81( 0.36 1.07( 0.28

〈SA〉 vs 〈SA〉 not residues 12-24 0.50( 0.17 0.86( 0.12

〈SA〉 vs 〈SA〉 excluding
solvent-exposed residuesd

0.49( 0.17 0.57( 0.14

〈SA〉 vs 〈SA〉r 0.12 0.40

a 〈SA〉 is the ensemble of the 30 final structures.〈SA〉 is the
Cartesian coordinates obtained by averaging〈SA〉 following a least
squares superposition of the backbone atoms for residues 1-11 and
25-78. 〈SA〉r is the energy-minimized averaged structure.b Typi-
cally, the rms difference between the two monomer (all residues, all
atoms) is smaller than 0.002 Å in the final structures.c Lennard-Jones
energies were calcualted with QUANTA, release 4.0, using the
CHARMm22 force field.d Sice chains (all but Câ) of residues whose
solvent-accessible surface was larger than 25% were excluded (see
Figure 2c). These were M1, N2, Q4, D9, S10, R12, Q13, T15, S16,
K18, G19, N20, P21, F28, E32, D33, K34, P35, H36, P37, N39, F43,
E45, S46, V47, P49, Q54, R58, N62, N63, R65, E67, K73, K76, and
R77.

FIGURE 5: Ramachandran plot of〈SA〉 showing all non-glycine
residues. There is basically only oneφ/ψ pair out of 2160 in a
disallowed region, which is that of Phe70 in one of the 30 structures.
The plot was generated using MOLMOL (Koradi et al., 1996).
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15N correlation spectra of the complex prohibited analysis
of Asp9, Thr15, Leu38, and Asp71. The signal to noise ratio
in the R1 and R2 correlation spectra was excellent; peak
volumes in the spectra recorded with the shortestT delays
were 50-100 times larger than the standard deviation
calculated from an randomly selected set of noise-area
integrals. These standard deviations were determined for
both experiments and both samples (with and without DNA).
TheR1 andR2 rate constants were obtained from a nonlinear
least squares fitting procedure. Here, the noise-area stan-
dard deviations were used as uncertainties in the peak
volumes. R1,free values range from 1.33 (Ser46) to 1.69
(Phe7) s-1, with typical numbers around 1.6 s-1 for core
residues. Very similar rate constants were measured for the
protin-d(A)6 complex. R2,free constants vary between 6.6
(Asn20) and 13.2 (Glu26) s-1, with values around 11-12
s-1 for most core residues.R2 values measured for the
protein complexed to the oligonucleotide are about 2 s-1

larger for residues in the interior of the protein and up to 3
s-1 larger in the DNA binding loop. Subsequent Monte
Carlo simulations yielded the following uncertainties in these
relaxation rates, averaged over all residues analyzed: 3.0(
0.8% forR1,free, 1.9 ( 0.5% forR1,complex, 2.0 ( 0.6% for
R2,free, and 3.5( 0.9% for R2,complex. The values of the
heteronuclear NOE in the free protein were about 0.7-0.8
for core residues while values below 0.5 were found for
residues 14-22 (the DNA binding loop; 0.07 for Asn20)
and for His36 (0.43) and Ala78 (0.45). Numbers for core
residues increased only slightly upon DNA binding, but those
of residues in the DNA binding loop increased by up to 0.35.
Notably residues 15-20, whose XNOEs were 0.07-0.30 in
the free protein, all have values above 0.4 when the protein
is bound to d(A)6. Uncertainties in the heteronuclear NOE
were 5.7 ( 2.6% for XNOEfree and 5.5 ( 0.8% for
XNOEcomplex. Values ofR1, R2, and XNOE were subse-
quently used to calculate spectral densities, employing the
reduced spectral density mapping method (Farrow et al.,
1995; Ishima & Nagayama, 1995a). Figure 6 shows the
spectral densities, which were calculated at frequencies zero,
ωN andωH (50.7 and 500 MHz, respectively).
The mean value ofR2/R1 was used to assess the overall

rotational correlation time (τm) (Kay et al., 1989). In a first
step, the residues with XNOE<0.6 were excluded from this
procedure, as theirR1 andR2 relaxation rates are likely to
contain significant contributions from fast internal motions.
Then, an averageR2/R1 was calculated, and the resulting

standard deviation (σ) was used to further exclude residues
whoseR2/R1 deviated more than 2σ from the mean (only
Glu26 and Phe43), as these are probably influenced by
exchange processes. The average ratios calculated from the
remaining residues were (R2/R1)free ) 7.37( 0.59 and (R2/
R1)complex) 7.94( 0.76, from which correlation times were
calculated of 9.7 and 10.2 ns, respectively. These numbers
are somewhat lower than what was expected on the basis of
the molecular weights, which are 17.8 kDa for the free
protein and∼20 kDa for the complex (assuming an average
binding of three nucleotides per monomer). Previously
reported values for systems of similar size are, e.g., 13 ns at
27 °C for 19-kDa human granulocyte colony-stimulating
factor (Zink et al., 1994) and 12.7 ns at 30°C for the 18-
kDa complex ofEscherichia colitopoisomerase I (Yu et al.,
1996). The low number of the uncomplexed Pf3 protein
might be explained by a high relative mobility of the two
monomers in the dimer molecule. Also, it emphasizes the
success of the substitution of Phe36 for His and accounts
for the high quality of the NMR spectra that could be
obtained. The fact that the correlation time increased by
only 0.5 ns upon DNA binding indicates that the protein-
d(A)6 complex is a relatively mobile system, which in turn
is in accordance with the fast exchange observed in binding
experiments(Vide infra).
DNA Binding Domain. Previusly, we have demonstrated

that the use of spin-labeled oligonucleotides is a powerful
method to map DNA binding domains of proteins that bind
to DNA in fast exchange (Van Duynhoven et al., 1993;
Folkers et al., 1993). The first step in this study was to
determine the proper amount of *d(A)3* that has to be added
to the Pf3 protein so that an optimal dynamic range is
obtained with respect to the degree of broadening of the
respective protein resonances. This is dependent on the rate
of exchange, the specificity of binding, and the efficiency
of dipolar relaxation of the paramagnetic moiety. We
established that one *d(A)3* molecule per 34 protein
monomers was sufficient to completely broaden the most
sensitive TOCSY cross peak, which is the HR-Hâ of Ala69.
The addition of more spin-label led to the complete broaden-
ing of increasingly more residues which prohibited dif-
ferentiation between the most sensitive residues.
A regular homonuclear TOCSY spectrum was recorded

on the free protein, and a second spectrum was recorded after
addition of 1/34 molar equiv of *d(A)3*. To quantify the
broadening effects, relative numbers were calculated for each

Table 2: â-Turns in Pf3 ssDBP F36H

residues hydrogen bonda energyb φ ψ classc

16-19 Gly19 HN-Ser16 O -2.21( 0.32 Ala17 -52.7( 5.3 -35.9( 7.9 type I
Lys18 -80.1( 5.1 -0.5( 10.5

31-34 Lys34 NH-Leu31 O -1.32( 0.46 Glu32 -61.7( 1.0 -30.5( 10.9 type I
Asp33 -99.2( 9.2 9.3( 9.3

62-65 Asn62 NH-Arg65 O -2.72( 0.39 Asn63 51.8( 5.8 34.4( 8.4 type I′
Gly64 84.4( 6.5 5.7( 11.5

71-74 Ala74 HN-Asp71 Oδ -3.13( 0.98 Phe72 -78.3( 4.7 -1.0( 9.6 type I (?)
Lys73 -90.7( 10.0 -40.5( 6.1

71-74d Ala74 HN-Asp71 O -1.80( 0.48 Phe72 -64.1( 3.3 -25.5( 2.6 type I
Lys73 -73.6( 3.8 -6.2( 8.1

aHydrogen bonds were evaluated in the structures refined in water;〈WR〉. No distance restraints were used to enforce the formation of hydrogen
bonds during any of the structure calculations.b In kcal‚mol-1, calculated with the program DSSP (Kabsch & Sander, 1983).c Turns were classified
as described by Richardson (1981).d These numbers refer to the structures refined in the geometric force field;〈SA〉. They are included for this
turn because in〈WR〉 the backbone angles of residues 72 and 73 deviate rather significantly from the predicted values of the common turns
(Venkatachalam, 1968). This is likely to be related to the amide proton of Ala74 uncommonly being hydrogen bonded to a side-chain oxygen of
Asp71. In contrast, the more classical hydrogen bond to the backbone carbonyl of Asp71 is formed in〈SA〉, and here theφ andψ angles are
actually quite close to the expected values for a type I turn.
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cross peak by dividing their integrals in the two spectra:

where Vpresence and Vabsence are the peak volumes in the
presence and absence, respectively, of the spin-labeled
oligonucleotide andf is a correction factor. This factor is
used to correct for systematic deviations in cross peak
intensities caused by (1) sample dilution upon oligonucleotide
addition, (2) nonspecific resonance broadening induced by
unbound spin-labeled DNA, and (3) increased transversal
relaxation due to the larger rotation correlation time of the
protein-oligonucleotide complex. We usedf ) 1.06, a
number easily calibrated by “nilling” the effect on residues

that are not perturbed by the spin-label (i.e., the majority of
cross peaks). Table 3 lists these relative broadening effects,
and Figure 7 shows where the affecte residues are located
in the three-dimensional structure of the protein. Basically
these residues are situated on the DNA binding wing
(residues 10, 12-24, 26), strandâ4 (residues 40, 42-45),
and the dyad loop (residues 60, 62-69).

The stoichiometric titration series with the oligonucleotide
d(A)6 proved useful in two respects. First, it allowed an
estimate of the binding ratio, and second, it provided some
insight into the role of specific amino acids in nucleic acid
binding. Figure 8 displays the shifts in resonance positions
of some characteristic protons. In particular, the ring protons

FIGURE 6: Histograms showing the spectral densities (open bars) at three frequencies for the free protein (left) and the protein-d(A)6
complex (right), plotted against the residue number. Solid bars show the difference between free and bound protein. ForJ(0) andJ(ωN)
these are plotted in the right-hand graph; the spectral densities at these frequencies generally increased upon DNA binding, and the bars
showJcomplex- Jfree. Spectral densities at frequencyωH mostly decreased, and the solid bars showJfree - Jcomplex. The four major loops,
designated in Figure 3, are indicated below the graphs: the DNA binding wing (DBW), the complex loop (CXL), the connecting loop
(CNL), and the dyad loop (DL).

Table 3: Relative Dipolar Broadening Effects and Classification of Protein-ssDNA Distance Constraints

broadening (%) most affected cross peak (per residue)a distance restraint (Å)

80-100 R12âδ, S16ââ, Y22Râ, Y22δε, F43Râ, F43δú, A69Râb 0-6
40-80 G14RR, A17Râ, N20Râ, P21Râ, F24Râ, F42Râ, E45Rγ, N63Râ, G64RR, R65Rδ, P66γδ 0-8.5
20-40 T15Rγ, K18Rε, T23Rγ, E26Rγ, F42δε, V44Râ, N60Râ, N62Râ, L68âδ 6.5-11

a The aromatic residues Tyr22, Phe42, and Phe43 are listed for both the aliphatic and aromatic resonances. Spectra overlap prohibited accurate
measurements of the aromatic cross peaks in Phe24, but it is clear these are affected as well.b The Ala69Râ cross peak was broadened by 95%,
but initial calculations on the protein-DNA complex showed that this residue cannot be as close to the DNA as this number suggests. This
particular distance restraint was therefore released (see text).

relative broadening) [1 - f(Vpresence/Vabsence)] × 100%
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of Phe43 shift significantly upon d(A)6 addition, which
suggests that this aromatic ring stacks or (partly) intercalates
with the bases of the DNA. Chemical shift differences on
Tyr22 and Phe24, the other aromatic residues implicated in
binding, are much less pronounced. The 500 ms 2D NOESY
recorded at the end of the titration series shows further
evidence for the proposed interactions of Phe43 as its ring
protons make clear NOE contacts to many ring protons of
the oligonucleotide (data not shown). In addition, NOE
effects occurred between all ring protons of Phe43 on the
one hand and many of the H1′ sugar protons on the other.
The aromatic protons of Tyr22 and Phe24 show contacts very
similar to those of Phe43, suggesting that these three residues
are about equally involved in binding. So far, the only
DNA-protein NOE contacts assigned in this NOESY
spectrum are between H1′, H2, and H8 and the ring protons
of Tyr and Phe. There is no indication of aromatic residues
other than Tyr22, Phe24, and Phe43 involved in DNA
binding.
Modeling of the Pf3 ssDBP Nucleoprotein Complex. The

result of the two-dimensional grid search assessing the
distanceR and 2-fold rotational angleθ in the Pf3 complex
(see Figure 1) is shown in Figure 9 and compared to that of
its M13 analogue. Electron microscopy and neutron scat-
tering experiments revealed thatRmust be close to 30 Å in
the M13 complex (Gray et al., 1982; Gray, 1989), which at
the time allowed a straightforward estimate of the angleθ
in the grid search. We choseθ ) 64°, and subsequent MD
calculations showed that within a few degrees this is indeed
the optimal orientation to build a compact, energetically

stable protein superhelix (Folmer et al., 1994b). On the basis
of a qualitative comparison of the overall shapes of the Pf3
and M13 energy profiles, we established that the center of
mass of the Pf3 protein may be 1-2 Å closer to the helix
axis and that the 2-fold rotational angle is some 10° smaller
(see Figure 9). Hence, (R, θ) ) (29 Å, 55°) was used to
build the protein superhelix that served as the starting
structure for the molecular dynamics calculations.
Prior to the MD calculations it had to be decided which

binding stoichiometry was to be used. Fluorescence experi-
ments suggestn) 3 (Folmer, 1997), which was imposed in
the calculations by applying distance restraints (3.5 Å)
between the ring protons of Phe43 and bases of the DNA,
with which Phe43 is proposed to have stacking interactions.
Thus, bases 1, 4, 7, etc. stack with the Phe43s of successive
protein molecules.
Ten complexes were calculated in the geometric force

field, out of which the five lowest energy models were
subsequently refined in explicit solvent. In all five resulting
complexes the protein molecules had rotated counterclock-
wise by 5-9°, suggesting that the initial value forθ (55°)
was∼7° too small. We therefore repeated the calculations
usingθ ) 62°, and the resulting five protein structures now
showed orientations scattered around this value. Figure 10
presents two representations of the lowest energy conforma-
tion: Figure 10a,b shows a protein superhelix consisting of
12 dimer molecules, built by repeated symmetry operations
on the one protein molecule explicitly simulated in the MD
simulation. Figure 10c,d displays ribbon diagrams of a
complex of two strands of ssDNA bound to a minihelix of
three protein dimers.
Aside from protein reorientation there is also the possibility

of movement, typically in the direction perpendicular to the
helix axis. This was quantified by calculating radii of
gyration. These averaged to 33.1( 1.2 Å for the protein in
the five models. This number was 31.9 Å in the superhelix
built prior to the MD simulations; hence the protein has
moved slightly outward. The backbone rms deviation
between the protein structures in the five calculated com-
plexes is 1.36 Å for the core residues (i.e., excluding the
flexible DNA binding loop and the complex loop) and 2.10
Å for all residues. These numbers were calculated following
superpositioning of the structures, so they reflect the protein
structures themselves rather than the protein’s location in
the superhelix. When the molecules are not overlaid, the
rms deviations are 2.1 and 2.7 Å, respectively, indicating
that the five protein helices are reasonably similar. There
is more variation in the structures of bound DNA strands in
these complexes. This is due to the fact that the protein-
ssDNA interaction is only described by the rather loose
restraints obtained from the spin-label study. What is
important, however, is that all protein-DNA restraints could
be fulfilled in these models. This indicates that the DNA
binding domain mapped by the spin-label experiment is
completely exposed and available to the ssDNAalsowhen
the Pf3 protein is in a superhelix. The spin-label studies
were done using *d(A)3* to which only one protein molecule
can bind at the time. The complete protein surface is thus
available to this oligonucleotide, which is not the case when
the protein is in a superhelix. Ala69, however, forms the
only and remarkable exception. Its HR-Hâ cross peak is
the most affected signal in the TOCSY spectrum, indicating
that the *d(A)3* molecule must have been truly close to either
an HR and Hâ proton. The RMD calculations showed,

FIGURE7: Ribbon plot of the Pf3 protein in two orientations, color-
coded with respect to the degree of broadening by the spin label:
blue, no broadening (<20%); yellow, 20-40%; orange, 40-80%;
red, 80-100%. The plot was made with RIBBONS (Carson, 1991).
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nonetheless, that in the superhelices built Ala69 cannot be
closer than approximately 10-12 Å to the nearest phosphorus
atom. To avoid excessive geometric stress in the DNA and
in the protein near Ala69, the corresponding spin-label-
deduced distance restraint was not incorporated in the final
calculations.

DISCUSSION

Structure and Dynamics. In our opinion, the current
structure refinement approaches the limit of accuracy that
can be obtained in NMR structure determination of proteins
of this size (rotational correlation time around 10 ns). This
is mainly suggested by the way the distance restraints were
collected and used in the RMD calculations. First, all
observable protons and the15N and13C nuclei to which they
are attached had been assigned, and the favorable dispersion
of the 15N-1H and 13C-1H correlation spectra allowed
complete and unambiguous assignment of the 3D15N- and
13C-edited NOESY spectra. Second, the NOESYs were
recorded with the exceptionally short mixing time of 40 ms,
and NOE buildup curves indicate that this is too short for
spin diffusion to be really effective. Consequently, assuming
a plain R-6 distance dependence on the NOE becomes
reasonable, particularly when the molecule is known to be
well-structured and rigid. To make optimally use of these
accurate spectra, we manually integrated them, ensuring that
overlapping peaks are treated properly and only reliable
integrals are obtained. No corrections whatsoever were

applied (e.g., for pseudoatoms), which was possible as “sum
averaging” was used in X-PLOR to calculate effective
distances (Nilges, 1993; Folmer et al., 1997). Note that the
use of both upper and lower limits constrains the distances
to a relatively small region (basically 0.85r to 1.15r), in
contrast with most commonly used procedures that ef-
fectively do not use lower limits. Finally, the accuracy of
the NOESY spectra was further exploited by the use of a
floating chirality procedure to treat prochiral centers for
which no stereospecific assignments were available.
The many stereospecific assignments andJ-couplings

furthermore improved the quality of the structures. In this
respect, we should mention that out of the several different
experiments we performed to assess theφ and ø1 angles,
only the ones based on evaluation of cross peak amplitudes
were of sufficient signal to noise ratio to permit accurate
measurement of the couplings. In particular, the spin-echo
difference HSQCs (Grzesiek et al., 1993; Vuister et al., 1993)
were very sensitive and allowed determination ofø1 in Val,
Thr, and Ile and permitted stereospecific assignments of the
methyl groups in Val without having to resort to fractional
labeling (Neri et al., 1989). The structures are in perfect
agreement with the NMR data. Moreover, they exhibit
excellent covalent bond geometry as indicated by the various
rms deviations presented in Table 1 and the Ramachandran
plot shown in Figure 5.
Pf3 ssDBP is a well-structured and compact protein. In

fact, no less than 54 of its 78 residues reside inâ-strands

FIGURE 8: Plots of the chemical shift differences (∆δ) of several protons in Pf3 ssDBP F36H, as a function of added oligonucleotide d(A)6.

FIGURE 9: Contour plots of the energy matrices calculated in the two-dimensional grid searches for Pf3 ssDBP and M13 GVP. Energies
were computed using a simple repulsive nonbonded energy term, in a two-step procedure as described earlier (Folmer et al., 1994b). The
normal van der Waals type potential would be much too sensitive for such a global evaluation of the interaction energy. Contour lines are
drawn from 100 to 5000 kcal mol-1 with a logarithmic distribution. Our experience with the M13 complex is that both higher energies (as
R decreases) and lower energies (asR increases and the molecules no longer interact) most likely correspond to unlikely conformations.
The dashed lines in the diagram of M13 GVP show the conformation that was measured in the final model, while those in the Pf3 plot
show the initial guesses ofR andθ.
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and another 13 are part ofâ-turns. The type I′ turn
connectingâ5 andâ6 (see Figure 3) is particularly tight,
considering that Asn62 and Arg65 still form twoâ-sheet
hydrogen bonds with each other. This is nicely reflected
by the dynamics data shown in Figure 6 and 11; Asn63 and
Gly64 do not show increased values forJ(ωH). Rather, the
dyad loop as a whole (residues 59-68) appears to be
somewhat mobile. The two terminal residues of the protein
are also involved in secondary structure interactions. Hy-
drogen bonds are formed between Met1 O and Tyr57 HN
(-1.7( 0.7 kcal/mol) and between Ala78 HN and Ser52 O
(-3.2 ( 0.2 kcal/mol). Values ofJ(0) andJ(ωH) indeed
show that Asn2 already belongs to the core of the molecule.
The compact fold of the Pf3 protein is furthermore illustrated
by the S3â-bulge formed by residues 8-10. No increased
mobility is measured for these amino acids, in accordance
with their presumed rigidity. Although forming a tiny
â-strand that is part of the five-stranded sheet, the three
C-terminal residues are clearly more flexible than the core
of the protein.
The most striking feature of Pf3 ssDBP is of course the

â-hairpin formed by residues 12-24, the DNA binding wing
(DBW). Figure 3 shows that it very much protrudes from
the core of the molecule, and not surprisingly, its exact
position could not be determined (see Figure 2b). Earlier,
we have proposed that this is mainly due to the high
flexibility of this loop (Folmer et al., 1995), a suggestion
supported by the absence of slowly exchanging amide

hydrogens in this region of the protein (Folmer et al., 1994a).
The relaxation data presented here confirm this: dramatically
different values ofJ(0) andJ(ωH) were observed for residues
14-22 compared to the majority of protein residues (Figures
6 and 11). Still, many (homonuclear) NOEs could be
observed in the DBW, and locally its structure is actually
very well defined. The rms deviation of the backbone atoms
of residues 12-24, when overlaying only this region, is as
low as 0.26 Å. This suggests that the high mobility is due
to hinge motion rather than motion within the hairpin itself.
rms difference calculations in which a floating window of
five amino acids is fitted to the average coordinates show
that the local structure at residues 12-14 is significantly less
well determined than at residues 15-20 (data not shown).
This suggests that Arg12, Gln13, and Gly14 are the key
residues responsible for this hinge motion. The mobility of
the DBW has always been postulated to be important for
the protein’s function; one could envision the loops opening
up, presenting the binding cleft to the DNA, and subsequently
closing again, truly embracing the bound nucleic acid.
Indeed, Figure 11 shows that the flexibility is much reduced
upon complexation with d(A)6, to which Pf3 ssDBP only
binds in fast exchange and in a noncooperative manner. Even
larger effects may be anticipated in the case of cooperative
binding in slow exchange, characteristics valid for poly-
nucleotide binding during phage replication. It is attractive
to speculate on Arg12 being the key residue in this DNA
embracing process. Located in the hinge region it could

FIGURE 10: (a, top left panel) Space-filling representation of 1.5 turn of the Pf3 ssDBP superhelix. Different colors are used for the eight
dimers constituting one helix turn. The DNA is not included in this picture. (b, top right panel) As in (a), now viewed along the helix axis.
(c, bottom left panel) Ribbon diagram of three protein molecules (light and dark blue) in the helical conformation and two strands of
ssDNA (white and yellow). The residues shown in red are Arg12, Arg65, and Phe43. Note how the latter stacks with the bases of the
DNA. The protein-DNA complex is positioned such that the helix axis has a vertical orientation in the plane of drawing, while in (d,
bottom right panel) the axis is perpendicular to the plane.
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somehow induce opening of the loops if triggered by
electrostatic interactions with DNA that is nearby but not
yet bound. Likewide, once the DNA has been “guided” into
the binding cleft, interactions with Arg12 may again result
in closure. Interestingly, there are arginines at exactly the
same (relative) position also in the DBWs of the M13 and
IKe gene V proteins (Folkers et al., 1991b; De Jong et al.,
1989). Replacing this arginine in the M13 GYP with Cys,
Asp, or His leads to nonfunctional or partially functional
proteins, based both on an assay for inhibition ofE. coli
growth (Terwilliger et al., 1994) and on the ability of R16C
and R16H mutants to inhibit packaging of phage ssDNA and
to repress translation of gene II mRNA (Stassen et al., 1992).
However, mostputatiVe DNA binding loops found in
sequence alignment studies in a number of other ssDBPs
(e.g.,φ29 p5, If1 DBP, Pf1 and I2-2 GVP) lack a positively
charged residues at this position (Stassen et al., 1995).
Human vimentin, on the other hand, whose N-terminal half
contains a ssDNA binding domain that is structurally and
functionally similar to the M13 GVP (Traub et al., 1992),
does contain the arginine; sequence alignment by Stassen
(1994) suggests that vimentin features a DNA binding wing
as well, in which Arg28 is at the corresponding position to
Arg12 in Pf3 ssDBP.
The large difference in mobility measured for the DNA

binding wing in the presence and absence of DNA is in sharp
contrast with a recent dynamics study on the C-terminal
ssDNA binding domain ofE. coli topoisomerase I (Yu et
al., 1996). There, the binding of 12-mer ssDNA to the free
protein caused only a slight decrease in the mobility of a
few specific residues, while in fact the mobility of the
majority of residues slightly increased. AlthoughE. coli
topoisomerase I has some structural similarity to M13 GVP

(and Pf3 ssDBP) (Yu et al., 1995), its DNA binding
mechanism is probably quite different. This is further
illustrated by the fact that its DNA binding loop (residues
41-46) is actually quite rigid (Yu et al., 1996). To our
knowledge, no other studies have been reported on backbone
dynamics of both the free and complexed form of DNA
binding proteins.
A second region of structural variability in the ensemble

of structures, though much less pronounced, is the complex
loop (Figure 2b). Here, the relaxation data indicate as well
that this is due to dynamic effects rather than an intrinsic
lack of structural restraints. Spectra densities at frequencies
zero andωN are clearly smaller than average, andJ(ωH) is
higher (see also Figure 11). While motion of the DBW was
significantly diminished upon oligonucleotide binding, this
was not observed for the complex loop. This leads to two
important conclusions: first, the complex loop is not involved
in DNA binding. We knew already from the spin-label study
that residues in the complex loop do not make direct contact
with bound DNA, and now the relaxation data suggest, in
addition, that allosteric effects are probably negligible as
well; the dynamics of the DBW appears to be independent
from that of the complex loop (at the time scales studied).
Second, cooperativity indeed seems to be fully absent in
binding to d(A)6, as the concomitant protein-protein interac-
tions would have affected the mobility of the complex loop.
This absence of cooperativity is explained not only by the
short length of the oligonucleotide but also by experiments
being conducted using the Phe36f His “solubility” mutant.
On the basis of the homologies with M13 GVP, Phe36 is
expected to be one of the crucial residues in the formation
of protein multimers, not only in solution (causing ag-
gregates) but also when bound to DNA (causing cooperat-

FIGURE11: Ribbon diagrams of Pf3 ssDBP color-coded with respect to the spectral densityJ(ωH) at 500 MHz (cf. Figure 6). The orientations
of the top and bottom pictures differ by 90°. The coordinates of〈SA〉r were used to draw the ribbon of the uncomplexed protein, while the
right-handed ribbon was generated from the coordinates of the protein in the model of the nucleoprotein complex (see Figure 10). Black
was used to color residues for which no parameters could be obtained, either due to spectral overlap or because the residue is a proline.

Pf3 ssDBP: Structure, Dynamics, and DNA Binding Biochemistry, Vol. 36, No. 30, 19979131



ivity). Thus, the use of the F36H mutant in combination
with the short oligonucleotide enabled us to study dynamical
effects solely to be attributed to the protein-DNA interac-
tion. In a future study, the relaxation parameters of wild-
type Pf3 protein bound to larger DNA fragments will be
measured, which should provide information on the protein-
protein interactions responsible for cooperativity.
The role of residue 36 in protein-protein interactions can

be rationalized on the basis of the three-dimensional structure
and the existing similarity with M13 GVP. Figure 2c shows
that His36 is one of the most solvent exposed residues in
the F36H protein, and the near-identity of the NMR spectra
of wild-type and F36H protein (Folmer et al., 1994a) strongly
suggests that Phe36 is similarly exposed in the wild-type
protein. In M13 GVP, Tyr41 is at the position corresponding
to Phe36, and X-ray analyses showed that Tyr41 intercalates
in a cavity formed by Tyr34, Tyr41, and Pro42 on the
adjacent molecule in the crystal (Guan et al., 1994). The
Pf3 structure reveals that a similar cavity could be formed
by Phe28, Phe36, and Pro37, three hydrophobic residues
which are all relatively much exposed. We believe therefore
that the hydrophobic interactions between Phe36 on one
dimer and this cavity on the other are the main driving force
for the observed aggregation in solution. Consequently, it
is perfectly reasonable that substituting Phe36 with the much
less hydrophobic histidine (which, in addition, is charged
under our NMR conditions) suppresses aggregation. Phe36
will most likely interact in a different manner with adjacent
protein molecules when bound to DNA(Vide infra), but
similar arguments can be used to explain its importance there.
The structural variability in the DBW and the complex

loop has been attributed to dynamic effects, and this appears
to be true as well for the connecting loop and dyad loop
(note the correlation between Figure 2a and the plot ofJ(ωH)
in Figure 6). The relaxation data thus explain the higher
rms values obtained for some parts of the protein. Further-
more, in a qualitative manner, changes in dynamics upon
oligonucleotide binding have been discussed. Here, we
refrain from an analysis of the relaxation data in terms of
the popular “model-free” approach for macromolecules with
isotropic overall reorientation (Lipari & Szabo, 1982) because
of the highly asymmetric form of the Pf3 ssDBP dimer. The
atomic coordinates of the average structure reveal a relative
ratio of 1:1.3:1.9 for the principal components of its inertia
tensor. This indicates that the molecule is totally anisotropic;
hence the shape of the molecule can be approximated neither
by a sphere nor by an ellipsoid. We are currently in the
process of fitting models based on anisotropic diffusion
tensors (Woesner, 1962), for which we think Pf3 ssDBP
forms a challenging model system (L. M. Horstink, R. H.
A. Folmer, R. N. H. Konings, and C. W. Hilbers, in
preparation).
Nucleic Acid Binding. Despite the biological importance

of ssDBPs, structural studies on this type of protein have
not advanced at the same pace as their double-stranded
counterparts. From an NMR point of view, this is almost
completely due to the strong tendency present in these
proteins to form aggregates at concentrations needed for
structural analysis. The ssDBP of phageφ29, for instance,
forms a gel at concentrationsg0.5 mM, while that of I2-2
precipitates already at concentrations above 0.1 mM (un-
published results). The two solution structures that have been
reported for this class of proteins were in fact determined
using solubility mutants (Folkers et al., 1991a; Folmer et

al., 1994a). Athough X-ray analysis is in principle more
tolerant to this phenomenon, no more than five structures
could be solved: M13 GVP (Skinner et al., 1994), adenovirus
ssDBP (Tucker et al., 1994), T4 gp32 (Shamoo et al., 1995),
human replication protein A (Bochkarev et al., 1997), and
human mitochondial ssDBP (Yang et al., 1997). So far, only
one high-resolution structure of a protein-ssDNA complex
has been reported, the 2.4 Å X-ray structure of replication
protein A in complex with d(C)8 (Bochkarev et al., 1997).
This scarceness is largely due to problems of technical sort
such as too high molecular weights (NMR) or the inability
to grow suitable cocrystals (X-ray). However, a more
intrinsic property may hinder structural studies as well, which
is the nature of the protein-ssDNA interaction itself. The
general idea is that ssDBPs bind to DNA via hydrophobic
and electrostatic interactions, both of which are rather
nonspecific. Not only will an ssDBP bind with similar
preference to various sequences, it is even conceivable that
binding to the same sequence may occur in a variety of
(DNA) conformers that are relatively isoenergetic with
respect to each other. This has been proposed to explain
the apparent ssDNA disorder in the cocrystals of T4 gp32
(Shamoo et al., 1995). It also helps to explain the fast
exchange in DNA binding of Pf3 ssDBP and the fact that
the aromatic protons of Phe43 make NOE contacts to all
bases of the d(A)6. It should be noted that both in the T4
gp32 crystals and in the Pf3-d(A)6 complex cooperativity
is absent. A more rigid complex may be formed in case a
long stretch of ssDNA is saturated with protein molecules.
Then, the DNA will probably be prevented from constantly
dissociating and associating, but sliding along the protein
“lattice” is still very well feasible. This latter property is
likely to be related to a number of functions generally
ascribed to ssDBPs, such as DNA replication, repair, and
recombination. In the case of Pf3 ssDBP, sliding mecha-
nisms may be important in its ability to rearrange along the
growing ssDNA chain during rolling circle replication or in
the process of exchange with the coat proteins during phage
assembly.
Functionally relevant or not, this suppleness forms a major

obstacle in the study of protein-ssDNA interaction, both
by X-ray and by NMR. In particular, NOE contacts are very
difficult to interpret as they represent an average situation,
both in time and in population, of the many possible
conformations. Therefore, we had to use spin-labels to study
the complexes. As shown in Figure 7, the protein clearly
contains two distinct DNA binding domains, each formed
by conjunction of the DNA binding wing and the dyad loop
of different monomers. The tip of the DBW, however,
appears to be quite distant from the bound DNA, as
broadening effects were measured of only 40%, 20%, and
10% on Ala17, Lys18, and Gly19, respectively (see Table
3). The DNA binding domain of Pf3 ssDBP is very similar
to that of M13 GVP, which was mapped using spin-labeled
oligonucleotides as well (Folkers et al., 1993). Affected
residues on M13 GVP are also situated on the DBW, the
fourth â-strand, and the dyad loop, and approximately the
same degrees of broadening were observed for equivalent
residues. There are, however, two differences, the first of
which is in the dyad loop. The secondary structure com-
parison already showed that this region is anyway quite
different in the two proteins. M13 GVP contains a 310 helix
in the N-terminal half of thisâ-hairpin, while there is a
continuousâ-strand in Pf3 ssDBP, and there is no apparent
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sequence homology. Asp79 and Arg80, two residues at the
C-terminal half of the dyad hairpin of GVP, were signifi-
cantly broadened in the spin-label experiment (Folkers et
al., 1993), but there are no obvious counterparts for these
residues in Pf3 ssDBP: not only are the sequences too
divergent to be aligned for this region but a best-fit
superposition of the three-dimensional structures simply
shows that the C-terminal halves of the respective dyad
hairpins are relatively far separated. In fact, Arg65 of Pf3
ssDBP may be considered the equivalent of Arg80, although
they are several residues separated both in sequence and in
structure. Both residues are prominently present in the DNA
binding cleft, and there is no positively charged residue at
the tip of the dyad hairpin in M13 GVP that would be the
obvious counterpart of Arg65. The second difference
involves Phe43 in the Pf3 protein, which is one of the most
affected residues in the spin-label experiment. Secondary
and tertiary structure comparisons show that Thr48 in M13
GVP is at the position corresponding to Phe43, but Thr48
was less broadened. Instead, Phe73 at the tip of the dyad
hairpin in GVP was completely broadened, and this residue
appears to be the true equivalent of Phe43: both residues
are solvent-exposed and make stacking interactions with the
bases of bound ssDNA (King & Coleman, 1988; Folkers et
al., 1991a).
The DNA binding data presented in this work are in full

agreement with the general idea on protein-DNA interaction
for this class of proteins, i.e., hydrophobic interactions
between specific amino acids and the DNA bases or
electrostatic interactions between the phosphate groups and
arginine and lysine side chains. The hydrophobic interactions
include base stacking by exposed phenylalanine residues such
as Phe73 in M13 GVP, Phe43 in Pf3 ssDBP, and presumably
Phe43 as well inE. coli topoisomerase I (Yu et al., 1996).
Figure 12a illustrates the importance of the electrostatic
component in the Pf3-ssDNA interaction. Arg12, Lys18,
and Arg65 cluster together to form a large positive potential
that will attract the DNA backbone and direct it into the
binding cleft. Lys18 is likely to be an essential residue in
this respect, although it is not so close to the bound DNA,
given the relatively mild broadening in the spin-label
experiment.
Model of the Nucleoprotein Complex. Summarizing the

results discussed so far, we may conclude that the Pf3 protein
structure is highly refined, its DNA binding domain has been
quite precisely mapped, the role of certain specific amino
acids (notably Phe43) has been elucidated, and there is some
idea as to how many nucleotides are bound per protein
molecule. These data justified the attempt to build a model
for the Pf3 protein-ssDNA complex. Although clear
macroscopical data on this nucleoprotein complex have not
been reported to date, we believe the similarities to the well-
studied M13 complex should allow proper estimates for the
parameters describing the Pf3 superhelical complex (Figure
1). The results from the grid search confirmed this sugges-
tion: the contour plots in Figure 9 reveal a high level of
similarity in the nonbonded energy profiles of the M13 and
Pf3 proteins in their respective superhelices. Apparently,
the proposed values for the helix pitch (80 Å) and twist angle
(45°) of the Pf3 complex are quite reasonable. Furthermore,
this similarity provides a firm enough basis to deduce proper
values for distanceR and angleθ, the final two parameters
necessary to build the superhelix. Obviously, it is uncertain
whether these numbers represent the deepest minimum in

this four-dimensional energy surface, but the conformation
they describe is at least energetically similar to that of the
M13 complex, for which the model has been independently
derived by two groups on the basis of a large variety of
biophysical and biochemical data (Folmer et al., 1994b; Guan
et al., 1994). Anyway, the precise values ofR andθ are
not too critical in this stage of the procedure, as the protein
is allowed to move (changingR) or reorient (changingθ)
while adjusting to the neighboring protein molecules during
the MD simulation. Indeed, in the initial round of MD
calculations it was found that the protein consistently rotated
counterclockwise andθ was adjusted by 7°.
Firm quantitative electron microscopy data for the Pf3

complex being absent, it would be premature to discuss in
great detail the quaternary interactions of specific amino acids
in the current model. On a subresidue level, however, it is
apparent that the complex loops of adjacent molecules in
the superhelix interact with one another. Similarly, the dyad
loops are close to each other, as are the DNA binding loops.
Also, the coil region connecting strandsâ6 andâ7 appears
to be involved in quaternary contacts. Detailed interactions
are of course much dependent on the precise values of the
four helix parameters, which will have to be unraveled by
future studies. Still, we do not expect these parameters to

FIGURE 12: (a, top panel) Plot of the isopotential surface of Pf3
ssDBP at-1 kT (red) and+1 kT (blue). The protein backbone is
represented by a white “worm”. The orientation of the protein is
identical to that in Figure 3. (b, bottom panel) View of the
electrostatic surface (-12 to+12 kT) of four protein molecules in
the superhelix conformation. The helix axis runs vertically in the
plane. Both plots were made with GRASP (Nicholls et al., 1991).
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deviate drastically from those of the M13 complex, so that
the model reported here is likely to be correct in its general
features.
One of these features is that the superhelix of Pf3

molecules forms two continuous, positively charged paths
on its inner surface, ideal targets for two ssDNA strands
(Figure 12b). Another aspect of the model is the binding
stoichiometry. CD measurements on complexes formed by
wild-type Pf3 ssDBP and various polynucleotides indicated
a stoichiometry ofn ) 2 (Powell & Gray, 1993), but the
authors also found evidence forn ) 4 binding in gel
electrophoresis experiments. A recent CD study on a mutant
(Tyr22 f Phe) confirms the presence of thisn ) 4 mode
(Powell & Gray, 1995). The model shown in Figure 10 is
clearly incompatible with ann ) 2 stoichiometry: the
average distance between phosphorus atoms in the calculated
complexes is 5.9( 0.9 Å. Here, three nucleotides are bound
per protein monomer (see Results), which means that the
binding path measures 3× 5.9 or∼18 Å per protein unit.
This distance is too large to be spanned by only two
nucleotides. We feel, therefore, that it is unlikely that the
Pf3 protein binds to polynucleotides covering only two
nucleotides per monomer. Presumably, then ) 2 ratios
found in the CD measurements are the result of unsaturated
protein (or “oversaturated” nucleic acid) at the end points
of the titrations, as indeed the authors propose themselves
(Powell & Gray, 1993). Our calculations cannot distinguish
betweenn ) 3 or higher ratios, butn ) 3 is clearly the
minimum stoichiometry. Higher ratios simply infer that the
DNA will be more compressed.
The main benefit of the presented model is that it

demonstrates the consistency of the various results reported
in this paper. Apparently, it is possible to construct a
superhelix that features two continuous binding paths for
ssDNA, by rotation and translation of the protein coordinates.
What is more, the residues constituting these paths are those
broadened by the spin-labeled oligonucleotide, whereas the
residues that are distant from the ssDNA in the model were
unperturbed (except Ala69) in the spin-label experiment.
Furthermore, the model shows that the position of Phe43
indeed allows its side chain to stack with the bases of the
DNA. Therefore, we believe that these complex calculations
provide a suitable working model that will help to understand
the structure-function relationship of the Pf3 ssDNA binding
protein.

CONCLUSIONS

Previously, we have reported the three-dimensional struc-
ture, DNA binding domain, binding characteristics, and
model of the nucleoprotein complex of M13 gene V protein.
Here, we present the same set of results obtained for a
different and less well-known member of the class of ssDNA
binding proteins, the ssDBP encoded by bacteriophage Pf3.
The M13 and Pf3 phages share only little sequence homol-
ogy, and it is even possible that they have evolved from
different ancestral viruses. Nevertheless, we have demon-
strated that their ssDBPs share many homologies: the
structures possess the same overall fold, their DNA binding
domains are very similar, and comparable models can be
built for the respective nucleoprotein complexes. Clearly,
the two proteins have many basic principles in common, and
we expect that by finding and understanding these essentials,
also in other proteins, insight will eventually be gained into

how this important class of proteins functions.
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