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ABSTRACT. Zinc ions are frequently found in DNA-binding proteins. p53 is a cancer-related transcriptional
factor, and its DNA-binding domain (DBD) contains aZnwhich has been shown to be important for
aggregation and sequence-specific DNA binding. We have carried out molecular dynamics simulations to
investigate the influence of Zhon the p53 DNA recognition and the stability of the DBD. In the simulation
with Zn?* present, the protein attracted to the DNA phosphate backbone, allowing for Arg248 on loop L3
to be inserted into the minor groove for specific contact with the DNA base. The insertion of Arg248
between the backbone phosphate groups in the minor groove caused a narrowing of the minor groove,
which is not seen in the simulation withoutZn Structurally, the zinc ion coordinated the motions among

the different protein structural elements, which could also be important for optimal binding and core
packing. The influence of Zi on protein stability was mainly localized to the L2 loop. Our results
suggest that L2 may be a frustrated and highly flexible element and play an important role in aggregation
of Zn-free p53. ZA" keeps the L2 structured and probably prevents aggregation.

The tumor-suppressor protein p53 is expressed in its latent— < (Figure 1C) is a half-site and binds a p53 dimer. Most
form in all cells. It responds to DNA damage, transactivates of the cancer-related mutations are mapped to the DBD.

its target genes, and initiates cell-cycle arrest and/or apop- e crystal structure of p53 DBD revealed a large

tosis. When p53 interacts with other proteins, p53 is also f-sandwich scaffold, positioning the DNA-binding loep
capable of influencing replication and transcription. Further, sheet-helix motif in the major groove and loop L3 in the
p53 has been demonstrated to directly bind to damaged DNA Linor groove ) (Figure 1). A single Z# is coordinated

anhances DNA repair and prévents prolferation of cellovith Y CYS176: Cys238, Cys242, and His179 comnecing the L2
P P P and L3 loops. Removal of 2i reduces the DNA-binding

damaged genomes, it contributes to DNA integrity and o
h | stability. Mutati in 053 iated with specificity (10—1_3). It has also _been shown that Zrfree
chromosoma stabiiity. MUIations In pos are associated wi DBD (apoDBD) is structurally different from DBDLQ, 12—

over 50% of human mutations found in tumofs-¢), and qi . | d Loh studied
rescuing p53 is an important cancer therapeutic stra@gy (% and is aggregation-prond§). Butler and Loh studied
the structure and function of apoDBD using nuclear magnetic

The p53 protein is a flexible multidomain protein contain-
ing 393 residues, and it forms a tetramer when active. The "€sonance (NMR) 1. Although they were not able to
N terminus of the protein is the transcriptional activation acquire a three-dimensional structure of the apoDBD, they
domain capable of interacting with a number of cellular and have shown that most of the differences are located in the
viral proteins. The tetramerization domain, indispensable for L2 and L3 loops and concluded that the contacts made by
tetramerization, is between residues 324 and 355. The CL3 in the minor groove are crucial for specific binding
terminus recognizes damaged DNA and has some DNA because Z&t containing DBD has an 11-fold higher binding
repair activities, and it also has been shown to have negativeaffinity for the specific sequence, even though nonspecific
regulatory functions. The central part of the protein is the binding to DNA is retained. They have also shown that'Zn
sequence-specific DNA-binding domain (DBDhat binds dissociates at physiological temperature and the most com-
to the consensus-®uPuPuC(A/T) sequencd, (6, 7). The mon mutations do not appreciably affect the stability of
p53-binding sites contain four consensus sequences, orientedpoDBD (13).

in — <—-X-— < fashion, where the arrows represent the |, this paper, molecular dynamics simulations were
consensus sequences and X represents variable spacing. Eaﬂ%rformed to investigate the detailed structure of the apoDBD

and the ZA*-free DBD—DNA complex (apocomplex) in
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Ficure 1: (A) Cartoon of the p53 DBBDNA complex. The DNA molecule is shown as spheres; DBD is in a cartoon representation; and
the Zr#"-coordinating residues are shown as sticks?*Zand all structural elements are marked, except L2, the loop between S4 and S5

and with H1 in the middle. (B) Secondary-structure line-up. The numbers are the residue number at which the secondary structure starts
or ends. (C) p53-binding half-site. The consensus sequences are underlined, and the sequence used in this paper is numbered.

r r r

-
=

MATERIALS AND METHODS The restraint was then decreased to 10.0 kcal#t2 for
another 500 steps adopted basis NewtBapson (ABNR)
minimization. In the final minimization with 500 steps
ABNR, the restraint was removed. Finally, the water
molecules were allowed to equilibrate around the fixed

System Setuplhe monomeric p53 DBD bound to its
consensus DNA sequence was extracted from the 2.2 A
crystal structure solved by Cho et al. (PDB entry 1TSH) (
The DNA sequence is TGGGCAAGTC, with the consensus solutes in a 10 ps molecular dynamics simulation followed
half-site sequence underlined)( Four systems were set bv a 500 st SD minimizati
up: the DBD-DNA complex with and without Z#" ya Steps minimization.

(complex and apocomplex) and the DBD itself with and ~ Simulation Protocol.The simulations were performed
without Zr?* (DBD and apoDBD) using CHARMM X5). using CHARMM (15) with stochastic boundary conditions
The all-atom force-field parameters used were CHARMM22 (22) at 300 K. Water molecules in the outé A solvation

for proteins (6) with modified parameters for the zirc shell were treated as Langevin particles with a friction
methiolate interaction potential ) using the formal Z#- constant of 50 ps* on all water oxygen atoms. The
ion model (L8) and CHARMM27 for nucleic acidsl@). To temperature was maintained at 300 K with a stochastic heat
reproduce full flexibility, Z@* is not covalently bound to  bath. All covalent bonds to hydrogen atoms are constrained
the protein. The hydrogen atoms were added with HBUILD Wwith the SHAKE algorithm 20), permitting a time step of 2
(20). Crystallographic water was added to the system prior fs. To prevent the solutes from migrating toward the
to immersing in a TIP3P2(1) water sphere with a 41 Aradius  boundary sphere, a harmonic restraint with a force constant
with a minimum of 10 A from the water boundary to any of 10 kcal mot! A=2 was applied on one solute atom close
protein or DNA atoms. All water molecules with the oxygen to the center of the sphere. The Watsd@rick hydrogen
atom closer than 2.8 A to the solutes were deleted. The bonds between the outer DNA base pairs were harmonically
systems were made overall neutral by adding either sodiumrestrained to their initial length with a force constant of 1.0
or chloride ions. kcal mol* A-2 All electrostatic interaction forces and

The solvent was first minimized with 500 steps steepest energies were smoothly shifted to 0 at 12 A by an atom-
descent (SD) with a fixed solute, followed by another 500 based cutoff (CHARMM FSHIFT option). The nonbonded
steps SD minimization, with 20.0 kcal mélIA~2 harmonic lists were built with a 14 A cutoff and updated whenever an
restraint on the backbone atoms of the protein and DNA. atom moved more tmal A since the last update. It has been
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shown that this is a spherical cutoff scheme that performs "r———F————T——————F—T 77—
well and is comparable to PMER28—26). Coordinates were 8
saved every 0.5 ps, and the simulations lasted 10 ns each.
Analysis.All references to numbering of nucleotides and
secondary structures are according to Cho eBalBriefly,
the DNA starts at T6 (% and ends at C16 (B The
complementary strand is marked with a prime sign, and the
numbering still follows the parent strand (Figure 1C). For

RMSD (A)

secondary structures, S stands for strand, H stands for helix, 2]
and L stands for loop (Figure 1B). 12.
Hydrogen bonds are defined if a hydrogen-donor atom is ol
<2.4 A from an acceptor atom, and the lifetime was analyzed 4
with a 2 pstime window. When analyzing structures with 2
explicit hydrogen atoms, a distance cutoff has been shown 0

.. 100 120 140 160 180 200 220 240 260 280
to be sufficient 27).

To analyze the number of water molecules in the space Ficure 2: Protein backbone rmsd per residue of the averaged
between Z#" and the phosphate group of T14, a dummy stryctures of (A) the DBD (thick line) and apoDBD (thin line)
atom was placed ewerl A along the vector between the simulations compared to the starting structure, (B) the complex
ion and phosphorus atom for snapshots taken every 2 ps(thick line) and apocomplex (thin line) simulations compared to
The number of water molecules within a radid<o? from the starting structure, and (C) the averaged structure of DBD
the dummy atoms were counted and averaged over allComparecl to apoDBD.

SnapShOtS' ESSlentIIally, ?]COI’rld(_frZJA }Nldtr?. was C.reated’ Table 1: Pairwise Comparison of the Backbone rmsd of the

and water molecules that resided in this corridor were ayeraged Structures (A)

counted. It should be noted that the result is an overestimate
because water molecules may be counted twice if they are

Residue number

start DBD apoDBD complex apocomplex

in the overlapping volumes; however, not all volumes were SDtgg ??04 0
overlapping. _ apoDBD 344 223 0
The width of the DNA minor groove was calculated by  complex 1.8  3.19 3.76 0
Curvesb5.1 28) for snapshots every 10 ps for the last 8 ns. apocomplex 1.91  2.98 3.52 1.48 0

The PoissonBoltzmann equation was solved at 300 K
with the software package MOE (Chemical Computing RESULTS
Group, Inc.). The partial charges were according to

CHARMM?22 all-atom force field for proteins1f). The Protein Structure and Dynamic3he pairwise backbone
Gaussian charge densities are derived from charge deviatiof00t-mean-square deviation (rmsd) between structures aver-
by setting the standard deviation of the Gaussian tB/Be aged over the last 8 ns of the trajectories and the starting
whereR is the van der Waals radius aflis the charge  Structure (Table 1) shpws that.complex and apocomplex are
deviation, which is set to 2.5 in the calculations. If hés ~ Structurally close, while the difference between DBD and

0, then the charges are modeled with point charges. The2PODBD is much greater. From the rmsd per residue
protein interior dielectric constant was set to 4, and the compared to the starting structure (Figure 2), a correlation
exterior dielectric constant was set to 80. The dielectric offset, Petween increased rmsd and removal of eithéfr Zm DNA
defined as the distance away from the solute surface at whichcan be noticed. The root-mean-square fluctuation (rmsf) per
the dielectric becomes that of the solvent, was set to 1.4 A, residue values around the averaged structures (Figure 3) were
as was the solvent radius. The solute concentration was®f similar magnitude in all cases but with clear differences;
chosen to be 1 mM, and no ion was present in the calculation. in particular, the rmsf of L2 loop in apoDBD is much higher
The grid spacing was set to 0.925 A. The molecular surfacesthan in the apocomplex. _
were calculated with a probe of 1.4 A radius for the protein, ~The covariance plots between the different structural
and the electrostatic potentials were mapped on the surfacesglements are presented in Figure 4, and a list of the
The spatial atom displacement covariance was calculatedcorelating secondary structures are shown in Table 2. In
for Ca. atoms and phosphorus atoms along the simulation the protein DNA interface, L1 is correlated with H2 but not

trajectories as follows: with L3, because L1 and H2 interact with the major groove,
while L3 interacts with the minor groove. On the other hand,
0 = % — Dkl-lj(xj _ DWD L3 is correlated with H1 through 2n. Aside from the

correlations in the DNA- and 2n-binding regions, there
were also correlations between sequentially distant but
spatially close structural elements. For example, motions in
S4 correlated to S7, S9, and S10 because they belong to the
CO; = gy/y/0j0; samef3 sheet, and S1 correlated to-S84, S9-S10, and
S10 because they are located in the far end of thendwich.
The secondary-structure definition was calculated using Curiously, there is a weak correlation between S1 and H1,
STRIDE Q9), implemented in VMD1.8.230). The averaged  which are on opposite ends of the sandwich.
structures were calculated on the basis of the last 8 ns of the Strikingly, the covariance decreased significantly when
trajectory, allowing 2 ns for equilibration. DNA, Zn?*, or both are removed from the system. Along

and the normalized covariance matrix is given by
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Ficure 3: Backbone (A and B) and side-chain (C and D) rmsf per residue with the averaged structures as a reference. The data for the
complex (thick lines) and apocomplex (thin lines) simulations are collected in A and C, while the data for DBD (thick lines) and apoDBD

(thin lines) are in B and D.

Table 2: Structural Elements Showing High Covariance with Each
Other ¢0.6¢

complex apocomplex DBD apoDBD
S1 S3-S4, H1, S951Q S10 S3-S4,S10
L1 H2 H2
S2-S2 S2-S3,H2 S2-S3
Sz S10-H2 S10-H2 S10-H2
S3 S8 S8 S8
S4 S7,S9510 S7 S7,S9  S9
H1 S5,L.3
S5 L3, S8, S9 S8
S5-S6  S7 S7
S6 S6-S7
S9 S9S1Q S10 S10 S10 S9-81Q S10

2 The secondary-structure elements involved in DNA binding are
highlighted in bold.

Table 3: (A) Occupancy of Specific Protein DNA Hydrogen Bonds
and (B) Sum of the Occupancies for the Hydrogen Bonds between
the Protein and DNA

A occupancy
protein DNA complex apocomplex
K120 HZ G8 06 0.28 0.12
G8 N7 0.86 0.86
G9 06 0.25 0.40
G9 N7 0.08 0.22
R248 Hy12 T12 02 0.34 0
R280 Hy G10 06 0.51 0.52
B to base to phosphate sum
complex 25 6.4 8.9
apocomplex 2.3 6.6 8.9
with  many correlations involving the DNA- and

Zn?*-binding elements, much of the covariance in the

peaks in both plots are weak, and the difference may be
insignificant.

Protein DNA Interactions.Further, we examined the
contact pattern between the DBD and DNA in the complexes.
The binding surfaces of the DBD and DNA complement each
other very well, leaving basically no space for interfacial
water molecules. Indeed, the analysis for water-mediated
hydrogen bonds between DBD and DNA revealed that no
such bridges were present during more than 6% of the
simulation time. The sequence-specific contacts in the major
grove were hydrogen bonds between Lys12(atbms and
06 and N7 atoms on bases G8 and G9 and Arg2g01H
and H,12 atoms and G1006 atoms in both the complex
and apocomplex (Table 3A). The hydrogen bond between
Cys277 and C9described in the crystal structurg) (was
however not observed in our simulations. In the minor
groove, the specific contact between Arg2431L2i on L3
and T12 O2 was only found in the complex system and not
in the apocomplex system (Table 3A). Interestingly Td&es
not belong to the BPuPuPuC(A/T) sequence but to the next
reversed consensus sequence (Figure 1C). The nonspecific
hydrogen bonds were made by residues in loop 3, strand
S10, and helix H2. Summing up the hydrogen-bond oc-
cupancies (Table 3B) for both systems reveals that the sum
of specific and nonspecific contacts are the same, but the
specific contact occupancy is 0.18 higher for the complex
system. The behavior of Arg248 in the minor groove in the
complex simulation confirms the critical importance of L3
for site-specific DNA binding 9).

The covariance of the DNA backbone phosphorus atoms
is similar in the complex and apocomplex simulations (parts
E and F of Figure 4). Nucleotides +1.3 on one chain and

S sandwich also vanished. It may appear that apoDBD 10 on the complementary chain are correlated in both
retained more covariance patterns than DBD; however, the simulations, while the unexpected correlation between nucle-
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Ficure 4: Covariances of the spatial atom displacements foa@ms of the protein and phosphorus atoms of the DNA backbone along

the trajectories. The first four panels show the covariance of the proteiat@ns: A shows complex simulation; B shows apocomplex;

C shows DBD; and finally D shows apoDBD. E and F are the covariance plots of the DNA backbone phosphorus atom for complex and
apocomplex simulations. A weak correlation between the paired DNA strands is highlighted by the diagonal thin dashed line. G and H
show the covariance between the protein and DNA backbone atoms for complex and apocomplex simulations.

WM I W WY & T & 87 89 1N 12 13 1415

otides 10 and 1415 was only found in the complex groove contacts. One patch of high covariance between bases
simulation. This second correlation is unexpected because9'—10 and H2 is found in the apocomplex (not seen in the
of the spatial distance between nucleotide 10 in the middle complex simulation) corresponding to the major-groove
of the DNA and nucleotides 1415 in the end. However,  contact on the complementary strand. In the complex
as described below, the DNA in the complex simulation was simulation, there is additionally a large region, between L3
wrapped around the L3 loop, which could be related to the and bases 1615, with high covariance and symmetrically,
observed correlation. and correlations between bases-16 (complementary bases

A more striking difference was evident for the covariance 0f 10—15) and the L3 loop are also fairly high. These are
between the protein and DNA backbone atoms in the the minor-groove contacts, and to our expectation, these
apocomplex. Regions with low correlatior@.2 < CQO; < correlations are not found in the apocomplex. In conclusion,
0.2) in the complex exhibit a slight increase in correlation the covariance data implies that the presence of 28
in the apocomplex. Generally, the correlation between the crucial for sustaining minor-groove contacts.
protein and DNA backbone atoms in the apocomplex Zr?" and DNA Binding.Apart from the hydrogen bond
simulation is more uniform and lower than in the complex between Arg248 and T1ZTable 3A), Arg248 formed salt
simulation. In both simulations, high correlations can be bridges with both T11and T14 phosphate backbones in the
found between bases® and H2/L1, identified as major- complex system. Neither this specific hydrogen bond nor
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the bifurcated salt bridges were seen in the apocomplex
simulation. Instead, the Arg248 formed salt bridges with T14
and C15 phosphates and no hydrogen-bonding contact with
the bases in the apocomplex system. The crystal structure
suggests that the insertion of Arg248 into the minor groove
leads to salt bridges with the phosphates on both DNA
chains, which in turn causes a narrowing of the minor groove I
(9). A statistically significant § < 0.001, independent e}

Student’'s test) narrowing of the minor groove was observed Ficure 6: Protein-DNA distances and interaction energies. (A)

; ; Arg248 Go—T11' P distance (black, complex; gray, apocomplex).
(Figure 5) in the complex system (6% 0.6 A averaged (B) Arg248 Ga—T14 P distance (black, complex; gray, apocom-

over the last 8 ns) compared to the apocomplex 70.9  pey) (C) black, ZA*—T11' P distance: gray, 2i—T14 P distance.
A averaged over the last 8 ns). The insertion of Arg248 into (D) black, Zr#*—T11' phosphate interaction energy; gray, 27
the minor groove in the complex simulation is unambigu- T14 phosphate interaction energy.
ously manifested by the hydrogen bond between Arg248 and . .
T12 on the minor-groove side. To accommodate such an !N the apoDBD and apocomplex simulations, the tetrahe-
insertion, the L3 loop must be close to the DNA. Therefore, dral coordination structure was lost already at a very early
the distances between the Arg248& @tom and T14 and stage; however, for the apocomplex simulation, the shift in
T11' phosphorus atoms were monitored, and we found that the Zr#*-binding site is less pronounced than in apoDBD,
the distances were larger 2 A) in the apocomplex in both @S |nd|cat_ed by t_he distance mapping between His179 and
cases (parts A and B of Figure 6). The interaction energies the cysteines (Figure 9). The rmsd plots for the averaged
between ZA" and phosphate groups above and below structures (Figure 2) shqw that apoDBD has larger shifts in
Arg248 (i.e., T11and T14) were clearly favorable despite POth the L2 and L3 region than the apocomplex. Further,
the long distance (parts C and D of Figure 6). Figure 7 shows th€ rmsf plots point out that the fluctuation of the L2 loop
that L3 and Arg248 are in better contact with the DNA during " @P0DBD is much higher than in the apocomplex, while
the course of the complex simulation, as compared to the the L3 loop remained rather stable (Figure 3). While the L2
apocomplex case. loop adopted a different structure, in both DBD and apoDBD,
To calculate the electrostatic potential experienced by the N @P0DBD, however, L2 has a more open conformation
DNA in close vicinity of the protein, the PoisseiBoltzmann (Figure 10). Helix H1 in the middle of L2 loop spontaneously
equation was solved for p53 DBD with and without2Zn unfolded in all simulations, except the complex simulation.
and the electrostatic potentials were mapped to the molecular! NiS suggests that H1 is intrinsically unstable, and indeed, a
surface of the solutes (Figure 8). The figure shows the DNA- SEries of secondary-structure predictions for the L2 region
contacting surface, and the electrostatic potential around L2,[PHD (31), GOR4 82), JUFO @3), JPRED 84), nnPredict
L3, and H2 is more positive in DBD because of the presence (39, SAM-T99 @36), SSpro 87) and SSpro8 7)], all
of the zinc ion. At the position of the T14 phosphorus atom, Predicted H1 to be random-coil and in the case of PHD with
the grid values for the electrostatic potential energy contribu- & réliability score of 89 (9 is the maximum). Another
tions from the p53 DBD with or without Z+ were 2.9 and ~ Curious result from the secondary-structure predictions is that
2.2 kcal, respectively. the sequence QHMTEVVRR (residues 16l775) directly
Zr2+-Binding Site.Zn?" is bound by cysteines 176, 238 upstream from H1 had mixed predictions of both the helix
and 242 and His179 and it keeps the L2 and the DNA- and _strand.i PHD,_ nnPredlct,. SAMTj99, and SSpro all
binding L3 loops together. The distances (Figure 9) from predicted this peptide to be helical, wh!le GOR4, JPRED (a
His179 Nyl to Zr?* and S atoms of the cysteines show that consensus method), and SSpro8 predictdsaucture and
the tetrahedral structure around?Zwas maintained in the ~ JUFO simply predicted a mixture of both.
complex simulation but not in the DBD simulation, despite
the fact that both systems containec?ZnThe histidine in DISCUSSION
DBD lost contact with Z&"™ and was replaced by a water Zinc ions are frequently found in proteins, where they
molecule after almost 5 ns of simulation, but the cysteines contribute to protein stability and catalytic functions more
remained bound to 2. widely than any other transition meta&8§, 39). Zinc ions

Energy (kcal/mol)
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FiIGURe 7: Snapshots taken every 2 ns for complex amd apocomplex simulations. The proteln is shown ina nbbon representation, and the
DNA is shown in sticks. Arg248 is shown in yellow sticks.

are also found in DNA-binding proteins, typically the zinc-
finger motif. In all cases, Z1 is believed to contribute to
protein structural integrity without interacting with the DNA
(40). The binding of ZA" to p53 has been shown to be
crucial for sequence-specific DNA binding(—12), provid-

ing an 11-fold higher affinity to consensus DNA for DBD
compared to apoDBD, while there is no difference when
binding to generic DNA sequencet3d).

Impact of ZA*™ on Protein Structure and Dynamicshe
simulation of DBD suggested that the Zrbinding site is
not a stable structure. The His179 in H1 dissociated from pgp apoDBD
Zn?* accompanied by unfolding of H1 at the same time. The kg ze 8: Electrostatic potential mapped onto the molecular surface
opening of L2 and unfolding of H1 leaves a possible pathway of DBD and apoDBD starting structures. The L2, L3, and H2 are
for spontaneous 2 release in agreement with experiments highlighted as well as the zinc. The color code ranges from blue
showing that Z&" spontaneously dissociates from the DBD for 30 kcal/mol to red for-30 kcal/mol in electrostatic potential.
at 37°C (13).

In genéra)l apoDBD retained the same structure as DBD, conjecture that L2 may be the nucleus for aggregation of
with the L2 loop containing helix H1 as one of the regions aPODBD.
with the highest structural shift and fluctuation in apoDBD  Several studies have suggested that there is a-come
compared to DBD (Figures 2B, 3, and 10). This observation interaction between DBDs when bound to DNA and that the
hints at the importance of L2 in p53. ApoDBD has been interface region was proposed to be around H1 in the L2
found to readily aggregate at 3T and also to promote  loop 42—44). In a model of full-length p53 dimer based on
aggregation of DBD13). L2 may play a nonignorable role  NMR constraints 45), four key residues are identified as
in the aggregation process. A popular notion concerning being involved in core-core interactions and three of these,
aggregation is that regions susceptible to fluctuations may Glul71, Vall72, and Arg 174, are found in the QHEN-
give rise to aggregation-prone structures and that aggregatiorV RR sequence. The role of L2 as a contact interface and its
requires partial unfolding of the native sta#d). Frustrated possible propensity to aggregate suggest that the extremely
secondary-structure elements, defined by the incompatibility flexible L2 loop in apoDBD may form a dimer with the L2
of secondary-structure predictions and experimentally de-in DBD and promote heteroaggregation. The H1 structure
termined structuresi(l), have been suggested to be harbin- was preserved during the whole simulation in the complex
gers for polymerization. A scor@,; for finding a predicted ~ simulation but not in the DBD simulation. Thus, DNA also
B strand in a helix determined by experimental methods canhas a strong stabilizing effect on H1 and L2, most likely
be defined as asserted via loop L3 and Zn

It is also interesting to notice the impact of DNA on the
_1cL (R — 5) protein structure. The difference between the complex and
alp in 1R apocomplex is less dramatic than that between the complex
and DBD because the backbone rmsd between the complex
whereR is the reliability score predicted by PHD at position and apocomplex averaged structures is only 1.5 A, whereas
i, 5 is the mean score, ardis the sequence lengthl). A between the complex and DBD, the rmsd is as high as 3.2
score of 4 indicates maximum frustratiof). L2 seemsto  A. Even the backbone rmsd between the averaged structures
fit with this concept because (1) H1 located in L2 was of DBD and apoDBD is only 2.2 A. The covariance plots
predicted to be a coil and a correspond&go; score is 3.5, (Figure 4) of the apocomplex and DBD revealed a similar
thus conforming with the definition of a frustrated secondary- pattern. Further, the rmsd and rmsf plots (Figures 2 and 3)
structure element and (2) L2 is highly flexible in apoDBD. show that removing DNA from the complex caused a more
Curiously, the peptide QHMTEVVRR in L2 upstream from dramatic change than removingZnAs mentioned earlier,
H1 was predicted to be both a helix and strand by different Zn?* has the strongest influence on the stability of the L2
algorithms indicating the presence of an additional frustrated region; thus, DNA seems to have a stronger impact on the
structural element in L2. Considering partial unfolding and protein global stability, whereas the effect ofZns more
frustration together with the high fluctuation in L2, we local, although not less important.
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Ficure 9: (A) Distances between Zhand the His179 N1 atom in the complex (black line) and DBD (green line) simulations. Distances
between the His179 & atom and $ atoms in (B) Cys176, (C) Cys238, and (D) Cys242 in the complex (black), apocomplex (red), DBD
(green), and apoDBD (blue) simulations.

salt bridges between Arg248 and the phosphate backbone
of the DNA caused the observed contraction of the minor
groove. In this picture, the sum of these three weak
interactions, the long-range electrostatic interactions between
Zn?* and phosphates, the 38% occupancy hydrogen bond
between Arg248 and T12and the improved van der Waals
interaction because of the contraction of the DNA minor
groove, accounts for the binding free-energy difference of
1.4 kcal/mol.

One might argue that the contribution from Znis
strongly reduced by the screening effects of bulk water and
ionic strength such that the described effect may be less

' pronounced under physiological conditions?Zis however
Ficure 10: Last snapshots of the trajectories from aII S|mulat|ons buried, and there is not much water between the DNA and

showing the different conformations of the L2 loop. The colors 72+ \we assessed the amount of water involved by
are the same as in Figure 9 with the complex in black, apocomplex ’

in red, DBD in green, and apoDBD in blue. TheZscoordinating Cal(?UIatmg the average hydrat.ion nqmber foFZwithin a
residues are shown in sticks. In DBD, the L2 loop still partially radius d 3 A for the complex simulation and found it to be
covers Z&*, while in apoDBD, L2 is unfolded, leaving the Zn 0, showing that the ion is entirely shielded by the protein in
site fully exposed. all directions; we also found that on average there were
<0.15 water molecules in &2 A wide corridor from Z&*

protein DNA contact pattern between the complex and to the phosphorus atom of T14 for snapshots taken every 2
apocomplex is small and probably cannot alone account for ps. Basically, the space between the ion and DNA backbone
the experimentally observed 11-fold difference in affinity, was occupied by the protein. Because the electrostatic
corresponding to about 1.4 kcal/mol in binding free energy. shielding effect Of_ the protein is much we_aker than for bulk
However, it clearly demonstrates that addingZimcreased water, the .attracuve' fprce between thg 'on and phosphate
the sequence specificity because Arg248 is able to form bapkbone IS not effl_C|entIy screened in th'_s case, as also
specific interactions only in the complex simulation. In the €Videnced by the PoisseiBoltzmann calculation discussed
complex simulation, the DNA was in a much closer 2POVe.

proximity to the L3 loop. It is reasonable to assume that The covariance of the structural elements revealed that
Zn?* has a direct influence on the DNA phosphate backbone, surprisingly many of the correlations observed in the complex
because there is a favorable interaction between the ion andsystem were lost in the apocomplex system, many involving
phosphate backbone (Figure 6D) and a stronger positiveelements important for DNA and Zn binding such as the
electrostatic potential from DBD according to the Poisson correlation between H1 and the L3 loop. However, the rmsf
Boltzmann calculation (Figure 8). The attraction between of the apocomplex was still at the same level as the complex
Zn?* and phosphates facilitated insertion of Arg248 into the system, indicating that motions in the apocomplex are more
minor groove and provided the possibility for sequence- random than those in the complex simulation. We propose
specific interactions with the bases in the minor groove. The that not only is the proteinDNA contact pattern important

Impact of ZA" on DNA Binding.The difference in the



Zn?" and p53 DNA Recognition and Stability

for DNA binding/recognition but concerted movements 15
between regions of the proteins are also vital, especially
among the DNA-binding motifs. Significant covariances
found between the DNA-binding structural elements and 16
severals strands in the complex simulation suggest that any
structural change upon binding to DNA would have implica-
tions in theS-sheet region, which is exactly what has been
observed by NMR chemical-shift changek),

Our data clearly demonstrates that there is an attractive
interaction between 2n and the DNA phosphate backbone
and that Z&* stabilizes p53 DBD both locally and globally.

It is difficult to determine which contribution is dominating

in terms of DNA sequence recognition; therefore, we cannot 18
exclude the possibility that the main role of Znis to
stabilize the protein.

17

19

CONCLUSION

In this molecular dynamics study, not only have we shown 20
the impact that Z&t has on the stability and dynamics of
the p53 DBD, but we also propose a more direct role of 51
Zn?" in DNA binding. Adding the fact that apoDBD is
aggregation-prone makes it of great interest to prevent zinc
release and/or aggregation of apoDBD. One possible strategy
to achieve this is to decrease the intrinsic stress in the L2
loop without affecting the conformation of the Zrbinding
site. Site-directed mutagenesis in, for example, the H1 helix
to lower its propensity to unfold and also in the QHMTEV-
VRR peptide to remove any possible frustration would be
interesting to perform in the future.

25.
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