Binding of Proteins to the Minor Groove of DNA:
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Abstract: The structural and energetic determinants for kinking a basepair step by minor groove—insertion of the
protein side chains of PurR, Lacl, LEF-1, IHF, Sac7d, and Sso7d, have been calculated by molecular dynamics/potential
of mean force simulations. The structural determinants of the kinked structures are: two contiguous furanose rings
achieve different conformations, in the region of C3’endo (A-DNA) and C2'endo (B-DNA); the y torsion angle always
takes values characteristic of the C2'endo conformation of B-DNA, independently of sugar puckering; and protein side
chain insertion increases slide (from negative to positive values), rise, and roll, and decreases twist. The energetic
determinants of DNA kinking are: the conformational transition of the sugar—phosphate backbone is not energetically
demanding; the relative importance of the interbase parameters in the free energy penalty is slide, followed by twist and
rise, and concluding with shift and roll; and the characteristic increase of roll and decrease of rwist, upon side chain

insertion, tends to stabilize the process of DNA kinking.
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Introduction

A growing class of proteins that recognizes DNA primarily
through interaction with the minor groove has emerged by the
recently determined three—dimensional structures of protein-DNA
complexes implicated in the control and regulation of transcrip-
tion.'™® To date, the available three—dimensional structures of this
family are the TATA—box binding protein (TBP) complexed with
a 12 basepair duplex containing the TATA box of the CYCI
promoter,* with the TATA element of the adenovirus major late
promoter,” and with the symmetric TATATATA sequence from
the adenovirus E4 promoter;® the purine repressor (PurR) bound to
the corepressor, hypoxanthine, and the 16 basepair purF operator;’
the lactose repressor (Lacl) complexed with a 21 basepair sym-
metric operator DNA;*° the high-mobility group (HMG) of
mouse lymphoid enhancer—binding factor (LEF-1) complexed
with a 15 basepair oligonucleotide duplex from the TCR—« gene
enhancer;'® the HMG domain of the human sex—determining
region Y (SRY) complexed with its DNA target site in the pro-
moter of the Miillerian inhibitory substance gene;'' the integration
host factor (IHF) complexed with a 35 basepair DNA fragment
containing the H' site of phage 1;'? the hyperthermophile chromo-
somal protein, Sac7d complexed with either the d(GCGATCGC),
or the d(GTAATTTAC), DNA sequences;'® and the hyperther-

mophilic archaebacteria Sso7d protein complexed with the se-
quence d(GTAATTAC),.'* These proteins insert one or several
hydrophobic side chains into the minor groove of DNA, unstack-
ing two contiguous basepairs and thus producing noticeable kinks
at one or more sites. The helical axis of the DNA structure is
severely bent towards the major groove as a consequence of the
side chain insertion.

The successful formation of the protein—-DNA complex re-
quires a negative binding free energy. It has recently been shown
for 10 different site—specific DNA binding proteins, including
minor groove—inserting DNA-bending proteins, that the binding
free energy ranges only from —9 to —16 kcal/mol."> This small
range in binding free energy suggested an isothermal enthalpy—
entropy compensation: complexes with undistorted DNA have
favorable enthalpy and unfavorable entropy, whereas complexes
with distorted DNA have unfavorable enthalpy and favorable
entropy. The formation of the protein—-DNA interface, which in-
cludes van der Waals contacts, hydrogen bonds, and salt bridges,
is expected to be enthalpically favorable in all type of complexes.
Nevertheless, systems with distorted DNA complexes have an
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Table 1. Protein Data Bank Code, Notation of the Basepair Steps at the Place of Insertion, and the
Intercalating Protein Side Chains of All Protein-DNA Complexes.
Basepair steps
PDB

Protein code Strand A Strand B Protein side chains Name

PurR 2pua Cyt707* Gua707'¢ Leu54, Leu54’ CpGpur
Gua708® Cyt708"¢

Lacl lefa Cytl1* Gual2'? Leu56 CpGy o1
Gual2® Cytl1’©

LEF-1 2lef Thy7* Ade24¢ Met10 TpT, gy
Thy8® Ade23¢

IHF lihf Ade37* Thy37'¢ Pro65 ApAur
Ade38° Thy38'¢

Sac7d lazp Cyt102* Gual15'? Val26, Met29 CpGgaera
Gual03® Cyt114'¢

Sac7d lazq Adel03* Thy114'¢ Val26, Met29 ApAg.c7a
Ade104° Thyl13'¢

Sso7d 1bnz Ade68* Thy79"¢ Val26, Met29 ApAsso7a
Ade69® Thy78'¢

These sugar-base moieties will be denoted throughout the manuscript as:

“StrandA:sugarl.
°StrandA:sugar2.
“StrandB:sugarl.
dStrandB:sugar2.

additional energetic cost, due to DNA kinking (denoted as “mo-
lecular strain” in Jen—Jacobson et al.'®), which yields, in contrast
to undistorted DNA, unfavorable binding enthalpies. We aim to
explore, in this article, this energetic cost of DNA kinking and
bending by minor groove—inserting DNA—bending proteins. We
report the free energy penalty required for the conformational
transition to the kinked conformation observed in the experimental
protein-DNA complexes, calculated by molecular dynamics/po-
tential mean force (MD/PMF) simulations. The structural and
energetic determinants of base step kinks have been studied in
view of the sugar—phosphate backbone and basepair step moieties.

Methods

Atomic Coordinates of Protein-DNA Complexes

The atomic coordinates and notation of the complexes between
DNA and PurR [PDB'® access number 2pua]; Lacl (11bg); LEF-1
(2lef); IHF (1ihf); Sac7d (lazp and lazq); and Sso7d (1bnz)
proteins are employed throughout the article. To achieve electro-
neutrality of the systems, counterions were included in the simu-
lations using the CION module in AMBER 5. The protein-DNA
complexes and the counterions were placed in a rectangular box
containing Monte Carlo-equilibrated TIP3P'” water with the EDIT
module in AMBER 5. Initially, the counterions and water mole-
cules were energy minimized (100 steepest descent steps followed
by 1400 conjugate gradient steps). Subsequently, all elements of
the systems were energy minimized (500 steepest descent steps
followed by 5000 conjugate gradient steps). The resulting systems
are used as reference in the article and are named CpGp,g,

CpGrucr TPTLEr 1> APAmE CPGsucrar APAsacrar OF APAsora-
Table 1 shows, for all protein-DNA complexes, the DNA basepair
steps at the place of insertion, the coordinates of which are em-
ployed in the calculations, the intercalating protein side chains, and
the notation employed throughout the article. The TBP-DNA
complexes were not included in the simulations because the TATA
box sequence appears to be remarkably unstable in the B-DNA
conformation (as seen in Pardo et al.'®). In the case of the TBP—
DNA interaction, the mechanism of DNA bending has been pro-
posed to involve the recognition of an A—-DNA-like conforma-
tion,'*~2! and the change of the torsion angle of the glycosyl-bond
X*>** by both the insertion of hydrophobic side chains and the
formation of direct hydrogen bonds.>* The SRY-DNA complex
was not included in the simulations because the furanose rings of
Ade5 and Ade6 possess in the experimental structure (PDB access
number lhry) particularly flat rings with low amplitudes of pseu-
dorotation (24.1° and 4.0°, respectively). These values are in
noticeable contrast to the mean value of 35.2° found in crystal
structures of deoxynucleosides and deoxynucleotides or in helical
DNA crystal structures.>®

Molecular Model of the DNA Basepair Steps
at the Place of Insertion

The double—stranded DNA basepair steps d(CpG),, observed in
the PurR, Lacl, and Sac7d complexes; d(TpT),, observed in the
LEF-1 complex; and d(ApA),, observed in the IHF, Sac7d, and
Sso7d complexes, were built in the canonical B-DNA conforma-
tion, a common starting conformation for simulations with the
AMBER package.?®*” Moreover, a single backbone formed by
two deoxyribose sugars connected by a phosphate group was also
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built in the B-DNA conformation. This single backbone coincides
with a single—stranded DNA in which the bases have been replaced
by hydrogens. Similar molecular models were previously em-
ployed to study the free energy of the stacking-unstacking process
of all 16 naturally occurring DNA dimers.”® To achieve electro-
neutrality of the systems, counterions were included, positioned
initially at a distance of 3.5 A from each P atom. The solute and the
counterions were placed in a rectangular box containing ~1450
Monte Carlo-equilibrated TIP3P water. Initially, the DNA was
kept fixed whereas the sodium ions and water molecules were
energy minimized (100 steepest descent steps followed by 400
conjugate gradient steps), heated (from 0 to 300 K in 15 ps), and
equilibrated (from 15 to 80 ps) at constant pressure with isotropic
scaling (Berendsen coupling). The final box sizes after equilibra-
tion were ~46 X 36 X 33 A, resulting in a final density in the
1.00-1.01 g cm™? range. Subsequently, the entire systems were
energy minimized (500 steepest descent steps followed by 1000
conjugate gradient steps), heated (from 0 to 300 K in 15 ps), and
equilibrated (from 15 to 1000 ps) at constant volume. During these
1000 ps of simulation the torsion angles «, B, v, b, ¢, {, X, and v,
and the Watson—Crick base pairing were maintained close to the
initial B-DNA conformation with flat harmonic restraints (32 kcal
mol ™! rad~2 for torsional angles and 32 kcal mol~' A~2 for
hydrogen bond distances). The restraint was a well with a square
bottom (*+5° for torsional angles and +0.1 A for hydrogen bond
distances) with parabolic sides. It is important to note that the
choice of the starting conformation will affect the values obtained
in the free energy calculations (see below). Although the sequence-
dependent DNA structure has been studied,?* =" it is not possible
to predict the most likely conformation in solution for these
sequences. The procedure employed here produces similar equil-
ibrated initial conformations for the sequences compared, thus
allowing for direct comparisons of the free energy calculations.
The MD simulations were run with the Sander module of
AMBERS5,*? the all-atom force field,*>®> SHAKE bond con-
straints,?® 2 fs integration time step, and constant temperature of
300 K coupled to a heat bath (Berendsen coupling algorithm).

Free Energy of Basepair Step Kinking Determined by
MD/PMF Simulations

The conformational transitions of the double—stranded DNA from
the initial B-DNA (named CpGg, TpTg, or ApAg) to the final
kinked (named CpGpyr, CPGpract, TPTLEr-1> APAmE CPGsacras
ApAg,.7q» OF ApAg.,7q) Structures were carried out with an MD/
PMF procedure by changing in 101 windows the torsional angles
o, B, v, 6, & C, x, and v,, and the Watson—Crick hydrogen bond
distances from the initial B-DNA values to those found in the
optimized protein—-DNA complexes. Moreover, the conformational
transition of the deoxyribose—phosphate—deoxyribose (RpR) back-
bone from B-DNA (RpRy) to the conformation observed in strand
A (named RpRp,gr/a: RPRLicpas RPRigr 14 RPRippa
RpRs.c7ac/as RPRsac7anasas OF RPRg q74/4) and strand B (named
RpRpur/es RPRiacyss RPRigr1/8: RPRinpm, RPRgucracams
RpRg.c7aaa/ms OF RPRg o7q/8) Of the protein-DNA complexes was
also accomplished by changing the torsional angles «, f3, v, 8, ¢,
{, x> and v, from the initial B-DNA values to those found in the
protein-DNA complexes. It has recently been shown that the all

atom force-field of AMBER?* properly reproduces the empirical
torsional energy profiles of these &, B, vy, and x torsions as
compared with ab initio calculations.> The contribution of these
constraints to the free energy [E(van der Waals) + E(electro-
static) + E (internal energies)] was evaluated by the thermody-
namic integration/constraint forces method.*®*” The simulations
were conducted at constant volume so the Helmholtz free energies
are reported. The values of free energy for the conformational
transitions of the double—stranded DNA are designated as AFy;,,c»
whereas the free energy values for single RpR backbones are
designated as AF, (strand A) and AFy (strand B). The conver-
gence of the simulation was checked by systematically increasing
the number of steps of data collection in each window (see Fig. 3
in Pardo et al.'® for the convergence test of similar conformational
transitions). A total simulation time of 2020 ps, using 101 win-
dows X (5 ps of equilibration + 15 ps of data collection), was
used. The MD/PMF simulations were run with the Gibbs modules
of AMBER 5. All solute-solute interactions were evaluated, and
an 8 A cutoff was applied to the solute—water and water—water
interactions.

Conformational and Statistical Analysis of Basepair
Step Kinking

The average structures computed from the data collection trajec-
tories during the conformational transitions at each window were
analyzed with the CURVES 5.1 program.*®*° The sugar—phos-
phate and the interbase step parameters were obtained for these
average structures. The sugar—phosphate parameters included the
torsional and pseudorotation angles Ya.;, a.1> Xa:1> €a:15> {a:1» and
P,., of strandA:sugarl; caa.o, Ba.zs Ya:zs Oains Xas and Py, of
strandA:sugar2; yg.;, 8g.1> Xg:1> €g:1> {p:1» and Py, of strandB:
sugarl; and ag.5, Bg.2s V.25 O5:2> XB:2» ad Py, of strandB:sugar2.
The interbase step parameters included local values of shift (D,),
slide (D), rise (D,), tilt (7), roll (p), and twist ().

The statistical analysis comprised a principal component anal-
ysis with Varimax/Kaiser rotation of the sugar—phosphate and
interbase step parameters, performed independently, and the re-
gression between the calculated free energies required for kinking
the basepair step (AFg;,.,.,) and the interbase parameters (denoted
®) through the AFg;... = Ko(® — @) equation, where @, is
defined as the value of the conformational parameter at the first
window of the simulation, in which AF,, .. = 0. The statistical
analyses were performed with the SPSS 9.0 program.*®

Results and Discussion

Conformational Transition to the Kinked Structures

The conformational transitions from the initial structures (CpGg,
TpTg, ApAg) to the final kinked structures (CpGpyr, CPGy et
TpT i gr 1> APAme: CPGsucrar APAsucras APAsgoras see Fig. 1)
were accomplished by changing the torsional angles «, 8, v, 6, &,
{, x, and v, and the Watson—Crick hydrogen bond distances from
the initial values to those found in the protein—-DNA complexes
(see Table 2) in 101 windows (see Methods). Figure 2 shows the
average structures computed from the data collection trajectory at
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each window during the ApAg—>ApAg,,74 transition. The initial
ApAjg structure (white) and final ApAg,,-4 conformations (black)
are shown in “ball and sticks” rendering. The evolution of these
computed structures points to the possibility of finding many
intermediates on the path between the initial (lightest gray) con-
formation and final (darkest gray) kinked conformation. Such a
change is also observed for the other transitions (results not
shown). Thus, the computed structures gradually become more
similar to the conformation found in the protein—-DNA complexes.
This is also reflected in the all atom root mean square deviation
(rmsd) between the average computed structures and the structures
observed in the protein—-DNA complexes (see gray lines in Fig. 3).
The highest final rmsd value of 0.8 A corresponds to the
ApAg—> ApA - conformational transition.

The conformational transition of DNA by minor groove inser-
tion of protein side chains can be studied in view of two main
structural factors: the sugar—phosphate backbone conformation,
and the basepair step conformation.

Sugar—Phosphate Backbone Conformation

Figure 3 (right panels) depicts the evolution of the pseudorotation
angle during the computed conformational transition (color lines)
and the values of sugar puckering observed in the kinked structures
of the protein—-DNA complexes (color circles). The color code is:
strand A:sugar 1 (black) sugar 2 (red); strand B:sugar 1 (blue) and
sugar 2 (green). As the simulated conformational transition is
driven by changing intrastrand and v, dihedral angles and basepair
H-bond lengths, sugar puckering becomes gradually similar to the
values found in the experimental structures. It is important to note
that sugar puckering (torsional angles v,, v,, v, 5, and 1) is
explicitly constrained in the computer simulations by v, and &
(correlated with v;) torsional angles. The only minor deviation is
found in the pucker of strand A:sugar 2 of LEF-1 (see red line and
circle in Fig. 3, right panels).

Table 2 shows the results of a principal component analysis on
the sugar—phosphate backbone torsions and pseudorotation angles
(24 parameters X 101 windows, see Methods). The backbone
parameters fall into three different categories.

The first component, which accounts for 32% of the total
variance, is a combination of the torsions related to the pucker of
sugar 2 in strands A and B (8.5, Pa.», 85.0, and Py.,), and the
torsion 3 of both strand A and B (B,., and Bg.,). The second
component (27%) of the principal component analysis includes the
torsions of sugar 1 in strands A and B (84.,, Po.1, 0.1, and Pg. ).
A striking feature of the conformational transition from B-DNA to
the kinked structure is the change in the pucker of the furanose
rings. The conformation of sugar 1 of both strand A (black) and
strand B (blue) undergoes a transition from the C2'endo confor-
mation, representative of B-DNA, to the vicinity of the C3’endo
conformation, representative of A-DNA, during the CpGg—
CpGpurrs TPTe—=TPT L gr_1, APA—ApPA g, CpGp—>CpGiyeras

Figure 1. Detailed view of the experimental kinked structures of
CpGpurs CPGracrr TPTigr1> APAe: CPGsacrar APAsaeras and
ApAg,,7q- Figures were created using MOLSCRIPT.>
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Table 2. Backbone Dihedral Angles of the Kinked Basepair Step Found in the Experimental Protein-DNA

Complexes.
Principal components
Strand Torsion CpGpyur CpGi el TpT gry ApAyr CpGsacra ApAgacra ApAgso74 1 2 3
HOS._ Yan 10.0 61.7 52.4 188.4 187.3 60.2 53.9 0.96
i .I 1l a1 75.5 103.2 86.0 83.1 80.3 81.1 90.8 0.92
?Gﬁase' Yact 267.8 2375 2452 239.4 234.7 2322 217.0
‘ Eanr 190.4 226.2 198.4 208.2 207.7 2234 2443
W {:: Lac 284.2 306.9 280.6 279.1 290.3 284.3 2927
T‘ Gy 297.1 2927 2913 2925 2926 292.1 288.8
s Bas 1752 171.4 1743 1947 197.0 1943 180.1 0.84
"\l/" i Voo 61.9 49.1 66.0 62.4 50.7 43.9 53.2
' o Snir 148.7 1229 119.6 135.4 136.8 1353 108.4 0.86
Ay _\>_\6 Xan 258.6 268.7 254.0 259.6 255.3 253.0 243.7
il Vian 349.1 359.5 343.0 359.4 351.7 353.5 349.9
Vian 36.2 419 12.0 221 245 23.8 36.0
P.. 39.4 57.6 23.9 54.7 43.4 45.6 35.9 0.96
P 164.4 130.7 159.2 1745 173.6 175.7 117.6 0.89
Ve 224 70.9 32.8 53.2 45.1 50.2 498
5.1 72.9 114.2 69.2 93.6 76.9 77.4 87.8 0.94
e j‘/ Xe.1 262.5 240.1 241.1 260.5 259.0 243.3 246.5
sas0 23, 5.1 212.1 250.1 200.7 2257 1922 200.5 193.8
i sa 294.0 2932 279.4 2929 284.5 275.2 279.2
:L\ g, 295.0 288.5 307.6 296.6 298.1 297.5 295.8
:_-:D Bs. 197.7 149.6 164.0 180.6 189.1 180.8 187.9 0.87
= Voo 57.5 60.4 69.5 55.3 56.0 59.0 62.7
- [ 85 146.7 119.7 139.4 130.8 140.9 135.3 140.1 0.83
"“"ﬁ,.-‘m \ai X5 268.1 264.7 2452 2513 2549 242.8 2423
Bate +- °/L"" Vig 344.7 20.0 348.1 335.7 346.2 0.7 349.7
! S Vi 28.4 432 31.0 24.6 245 274 32.1
Py, 34.2 114.4 40.7 359.3 36.3 56.5 35.6 0.97
Py 176.0 128.4 167.8 158.1 1783 163.0 164.0 0.89

% V ariance 32.0 27.3 7.2

Principal components analysis of the sugar-phosphate backbone torsions and pseudorotation angles was obtained during
the conformational transition from double-stranded B-DNA to the kinked structures (24 parameters X 101 windows).
Factor coefficients with absolute value less than 0.8 are omitted for clarity.

The variance population was normalized following the Varimax/Kaiser method.

ApAg—ApAg, .74, and ApAg—> ApAg,,-4 transitions (Fig. 3, right
panels). The only exception is strand A:sugar 1 (black) in the
CpGp—CpG, . transition. In contrast, the other two sugar moi-
eties of the dimer, sugar 2 of strand A (red color) and sugar 2 of
strand B (green color), remain in the vicinity of the C2’endo
conformation during the CpGg—>CpGp,r. CpGg—CpGy .
TpTg—TpTLgr_1» ApPAg—ApAr, CpGp—CpGg,era; APAE—
ApAg,c7qs and ApAg—>ApAg,.74 conformational transitions (see
Fig. 3, right panels). Thus, the conformation of the furanose rings
in the final kinked basepair step structure follows similar trends in
all transitions considered. Clearly, two contiguous sugar moieties
adopt different conformations in the vicinity of either C2'endo
(sugar 2, red and green) or C3’endo (sugar 1, black and blue)
conformations in the kinked basepair step. The values of the
torsion angle 8, which constrain the conformation of the sugar in
the MD/PMF simulations, are always in concordance with the
pucker of the sugar: in the vicinity of the standard value of 130°,
characteristic of the C2’endo conformation,** for sugar 2, or 80°,

Figure 2. Average structures computed from the data collection tra-
jectory at each window during the ApAp — ApAg,,74 transition. The
initial ApApg structure (white) and final ApAg,,,4 conformations
(black) are shown in “ball and sticks” rendering. The evolving struc-
tures are depicted from the lightest gray (initial) to the darkest gray
(final).
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Figure 3. Computed free energy changes (black lines in left panels), rmsd comparisons of the average structures computed from the data collection
trajectory at each window and the experimental structures (gray lines in left panels), and the evolution of the pseudorotation angle (color lines in
right panels) during the conformational transition from double-stranded B-DNA to the kinked structures found in experimental protein—-DNA
complexes, and the values of sugar puckering observed in the kinked structures of the experimental protein-DNA complexes (color circles in right
panels). The color code of sugar puckering is: strandA:sugarl (black) sugar 2 (red); strandB:sugarl (blue) and sugar 2 (green).
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Figure 4. Structural determinants of DNA kinking by minor groove—
inserting DNA-bending proteins. The view is from the minor groove
side of the basepairs. Two contiguous furanose rings, in the final
kinked basepair step structure, achieve different conformations, in the
region of C3’endo (A-DNA) in sugar 1 and C2’endo (B-DNA) in
sugar 2. However, the y torsional angle always take values character-
istic of the C2'endo conformation of B-DNA, independently of sugar
puckering. Moreover, protein side chain insertion increases the base-
pair step parameters slide (from negative to positive values), rise, and
roll, and decreases the twist parameter. Shift and its rotational related
parameter tilt always take opposite signs in the kinked structures.

characteristic of the C3’endo conformation,** for sugar 1. In
contrast, the y torsional angle always takes the value in the vicinity
of 250°, characteristic of the C2’endo conformation of B-DNA,*?
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independently of sugar puckering (see Table 2). These structural
determinants of DNA kinking are summarized in Figure 4. More-
over, 3 increases from the standard B-DNA value of 176°** to
197.7° (strand B in CpGp,,), 194.7° (strand A in ApAyp), 197.0°
or 189.1° (strands A and B in CpGg,.,q), 194.3° (strand A in
ApAg,c7q), Or 187.9° (strand B in ApAg,,74)- This variation has
facilitated the principal component analysis to also include in the
first component the torsions B,., and Bg., of strands A and B.

Finally, the third component (7%) includes 7y,.,, which varies
considerably from the B-DNA value of 48°** to 10.0° in CpGp,,x>
188.3° in ApA g, and 187.3° in CpGg,.,4 (see Table 2).

Basepair Step Conformation

Figure 5 depicts the interbase parameters shift, slide, rise, tilt, roll,
and rwist for canonical B-DNA conformation, for the average
structures computed during the data collection trajectory at the first
(initial structure) and the last (final structure) windows of the
MD/PMF simulations, and for the kinked DNA basepair step
obtained in the protein—-DNA complexes (see Fig. 1). Clearly, there
is a general coincidence of the basepair step parameters between
the final simulated structures and experimental structures.

Table 3 shows the principal components analysis on the base-
pair step parameters (6 parameters X 101 windows, see Methods).
The unique component of this analysis, which accounts for 52% of
the total variance, includes roll, slide, and rise with positive factor
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Figure 5. Helical local parameters shift, slide, rise, tilt, roll, and twist, calculated with CURVES 5.13%39 for B-DNA (solid lines) for the average
structures computed during the data collection trajectory at the first (initial structure, white bars) and the last (final structure, gray bars) windows
of the MD/PMF simulations, and of the experimental protein-DNA complexes (black bars).
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Table 3. Local Basepair Step Geometric Parameters, Calculated with CURVES 5.1,%3? of the Kinked

Basepair Step Found in the Experimental Protein-DNA Complexes.

Principal

components
Base step e
parameter CpGpur CpGraa TpTyee., ApAmr CpGsiera ApAsacra Apagy7q 1
Shift —0.49 0.63 —0.84 —0.46 —0.29 -0.23 0.63
Slide 1.60 1.48 1.00 0.98 0.55 0.18 —0.41 0.83
Rise 7.05 5.84 4.82 8.59 7.23 7.75 7.88 0.84
Tilt 3.75 4.19 7.77 2.69 —0.61 —1.44 6.19
Roll 58.04 49.20 39.39 71.75 63.95 61.09 43.46 0.99
Twist 15.13 15.82 2091 26.00 25.35 29.30 18.43 —0.70

% Variance 51.5

Principal components analysis of the basepair step parameters was obtained during the conformational transition from
double-stranded B-DNA to the kinked structures (6 parameters X 101 windows).
Factor coefficients with absolute value less than 0.6 are omitted for clarity and are normalized following the

Varimax/Kaiser method.

coefficients, and rwist with negative positive factor coefficients.
Analysis of the evolution of the basepair step parameters depicted
in Figure 5 shows that protein side chain insertion into a B-DNA
step increases the slide (from negative to positive values), rise, and
roll parameters, and decreases the twist parameter. This profile is
common to all the considered conformational transitions, with the
only exception being slide in the ApAg—>CpGg,,,4 transition.
These common trends of DNA kinking by protein side chain
insertion are summarized in Figure 4.

Factors Governing the Free Energy Cost of
Basepair Step Kinking

Table 4 and Figure 3 (solid black lines, left panels) show the
computed free energy changes, evaluated with the MD/PMF sim-
ulations described in Methods, for the conformational transition
from double—stranded B-DNA to the kinked structures found in
the experimental protein-DNA complexes. The insertion of the
protein side chain into the basepair step causes a conformational
change that demands (see AF, in Table 4) 13.7 kcal/mol for

imer

Table 4. Computed Free Energy Changes for the Conformational
Transition of Double-Stranded B-DNA (AF;,....), Backbone A (AF,),
and Backbone B (AFy) from the Initial B-DNA Conformation to the
Experimental Kinked Conformation.

AF gimer AF, AFy
CpGy — CpGpur 13.7 -23 -2.0
CpGg — CpGy 4 7.1 —-34 —2.2
TpTg — TpT gr., 10.8 —52 —4.2
ApAg — ApAr 14.1 —4.9 -5.0
CpGp — CpGgyera 34 =55 —6.1
ApAg — ApAg,.7q 1.3 —4.2 —6.4
ApAg — ApAgy7q 4.9 =59 —6.0

Energies are in kcal/mol.

CpGp—CpGpyrs 7-1 keal/mol for CpGg—CpGy 4o, 10.8 keal/
mol for TpTg—TpT; gr_;, 14.1 kcal/mol for ApAg— ApA g 3.4
kcal/mol for CpGp—CpGg,e.7q» 1.3 kcal/mol for ApAp—
ApAg,7q- and 4.9 kcal/mol for ApAg—> ApAg,, 4 transitions. It is
important to note that the overall electrostatic effects of the protein
on the energetics of kinking have not been considered in these
calculations. It has been proposed that the low dielectric environ-
ment of the protein increases phosphate repulsion across the minor
groove and facilitates the bending towards the major groove.*>**
Moreover, asymmetrical neutralization of the phosphates across
the major groove by positively charged residues of the protein is
likely to favor the energetics of bending.*>~*® We have focused in
this work on the influence of both the backbone and the basepair
step conformations on the energetics of kinking (denoted as “mo-
lecular strain” in Jen—Jacobson et al.'®). Thus, the reported ener-
gies are upper limits. A major goal of future studies will be to
determine how the binding of proteins to the minor groove of DNA
decreases these energies.

The potential free energy profiles of Figure 3 (left panels)
display two energy minima connected by an energy maximum
during all conformational transitions. Clearly, the maxima of the
potential free energy profiles are located when the 50-70% kinked
character has been accomplished in the computed conformational
transitions. Analysis of the evolution of sugar puckering, in the
right panels of Figure 3, reveals that sugar 1 of both strand A
(black) and strand B (blue) is adopting the O4’endo conformation
at this stage of the simulation. The O4’endo region corresponds to
the maximum in the lowest energy path between deoxyribose
C2’endo and C3’endo conformations.*!%->

Furthermore, we performed independent MD/PMF simulations
of strand A and strand B, in which the bases were replaced by
hydrogens (see Methods). Table 4 shows the energetic cost for
these conformational transitions of strand A (AF,) and strand B
(AFy). The conformational changes of the RpR backbones require
free energies between —6.4 and —2.0 kcal/mol. Thus, the confor-
mational transition of the sugar-phosphate backbone, in the ab-
sence of the bases, is not energetically demanding.
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Table 5. Nonstandardized Coefficients K, Kp,, Kp,, K., K,,, and K, Standard Error of the Coefficients,

and Standardized Coefficients B, Bp,» Bpzs Br By» and Bg.

Shift (Dx) Slide (Dy) Rise (Dz) Tilt (1) Roll (p) Twist (2)
K 23.86%* 4.07* 0.92* —-87x 1073 —2.4 X 1073* —3.8 X 1072*
Standard error 2.1 0.17 0.15 0.028 0.001 0.002
B 0.46 1.19 0.50 —0.02 —0.25 —-0.92
*p < 0.0001
Data were obtained by fitting AF 4., to the basepair step parameters.
The energy required for kinking the basepair step, from the Conclusions

initial B-DNA to the final experimental conformations, can be
grouped into transitions with either relatively high (>7 kcal/mol)
or low (<5 kcal/mol) free energy cost. Conformational transitions
that induce the largest change (see Fig. 5 and Table 3) in slide
(PurR, Lacl) and rise (IHF) belong to the first group, whereas
intermediate changes in these basepair step parameters belong to
the second group. A direct relationship between (AFy;,,.,) and the
local base—step parameters shift (Dx), slide (Dy), rise (Dz), tilt (1),
roll (p), and twist ({1), at each window, can be obtained through the
following quadratic expression:

AF gimer = Kp (Dx — Dx0)2 + KDy(Dy - Dyo)2 + KDz(DZ - DZo)2
+ K(1— 7'0)2 + Kp(P - Po)2 + Ko(Q — QO)2

this equation assumes that the base—step parameters behave as
harmonic oscillators. Dx,, Dy, Dz, To, po, and ), are the values
of the basepair step parameters at the first window of the MD/PMF
simulations, in which AF ;... = 0.0 kcal/mol, and K,,,, K5, K»,»
K., K,, and K, the corresponding energy constants. A gradual
change in the torsional angles «, B, v, 6, €, {, X, and v,, as
performed in the MD/PMF simulations, does not produce a gradual
change in Dx, Dy, Dz, T, p, and (). Despite the fact that there is a
clear tendency towards the final basepair—step parameters, these
vary considerably between two successive windows. Thus, the
values of AFg,,, Dx, Dy, Dz, 7, p, and () were smoothed by
averaging the value at each window with the previous one. Table
5 shows the obtained nonstandardized coefficients K, the standard
error of the coefficients, and the standardized coefficients 8. All
the coefficients are significantly different from zero (p < 0.0001),
except tilt. The relative importance of the basepair step parameters
in the free energy of kinking can be determined by the magnitude
of the standardized coefficients 3 that, in contrast to nonstandard-
ized coefficients, do not take into account the magnitude of the
independent variable. Consequently, the parameters that most de-
termine the free energy cost of kinking the basepair step are slide
(1.19), followed by twist (—0.92) and rise (0.50), and concluding
with shift (0.46) and roll (—0.25). It is important to note the
positive sign of the coefficients of all the translational parameters,
which produces positive energies of basepair step kinking, and the
negative sign of all the rotational parameters, which produces
negative energies. Thus, the characteristic variation of the rota-
tional parameters roll (increase) and twist (decrease), upon side
chain insertion (increase slide and rise), tends to stabilize the
process of DNA kinking.

The simulations presented in this work provide new insights into
the structural and energetic determinants associated with the pro-
cess of kinking a DNA basepair step. These determinants have
been studied in view of the sugar—phosphate backbone and base-
pair step moieties. Two contiguous furanose rings, in the final
kinked basepair step structure, achieve different conformations, in
the region of C3’endo (A-DNA) and C2’endo (B-DNA). This
conformational transition of the sugar-phosphate backbone is not
energetically demanding in the absence of the bases. Analysis of
the basepair step parameters, at the place of insertion, shows a
significant increase of slide (from negative to positive values), rise,
and roll, and decreases of rwist. The energy required for modifying
these basepair step parameters is in the 1.3—14.1 kcal/mol range as
obtained by MD/PMF. The parameters that most determine the
free energy cost of kinking the basepair step are slide, followed by
twist and rise, and ending with shift and roll. The more pronounced
the changes in slide and rise, the larger the energetic penalty of
kinking. In contrast, the characteristic variation of the rotational
parameters roll and twist, upon side chain insertion, tends to
stabilize the process of DNA kinking.

These energetic contributions of DNA kinking and bending are
superimposed on the effect of water and counterion release from
the interaction surfaces,”™> protein-DNA recognition interac-
tions, immobilization of the interaction surface,'® the coupling
between DNA binding and partial protein folding,'® and the total
energy of formation of the protein-DNA complex.
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