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Abstract

Atomic force microscopy (AFM) was used to conduct single-molecule imaging of protein/DNA complexes involved in the
regulation of the arabinose operon of Escherichia coli. In the presence of arabinose, the transcription regulatory protein AraC
binds to a 38 bp region consisting of the aral! and aral2 half-sites. The structure of full-length AraC, when bound to DNA,
was not previously known. In this study, AraC was combined with 302 bp and 560 bp DNA and arabinose, deposited on a mica
substrate, and imaged with AFM in air. A statistical analysis showed that AraC induces a bend in the DNA with an angle
of 69° £+ 25°. By using known domain structures of AraC, geometric constraints, and contacts determined from biochemical
experiments, we developed a model of the tertiary and quaternary structure of DNA-bound AraC in the presence of arabinose.
The DNA bend angle predicted by the model is in agreement with the measurement value. We discuss the results in view of

other regulatory proteins that cause DNA bending and formation of the open complex to initiate transcription.

1. Introduction

The regulatory protein AraC of the L-arabinose operon inFEscherichia coli is a homodimer, where each
subunit contains two domains: a dimerizing domain (DD) that binds arabinose (residues 1-167) and a DNA
binding domain (DBD) (residues 175-281). The dimerized structure of the DD with (PDB entry 2ARC)! and
without (PDB entry 1XJA)? bound arabinose has been determined by X-ray crystallography, and the DBD
structure (PDB entry 2K9S) has been determined by NMR spectroscopy.® The DD and DBD are connected
by a 7-residue interdomain linker (residues 168-174). The structure of full length AraC in the presence or
absence of arabinose, when bound to DNA, is not known.

In vivo, under inducing conditions, that is, in the presence of arabinose, one DBD binds to the arall half-
site, and the other DBD binds to the nearby aral2 with four uncontacted bases (spacer ) between the two.*
Each DBD possesses two helix-turn-helix (HTH) motif regions that have been shown to contact DNA in two
adjacent major grooves. When AraC is in the repressing state, it binds to the arall half-site and the araO2
half-site that is located 210 base pairs away to form a DNA loop. Upon the appearance of arabinose, the
DBD that was bound to araO2 shifts and binds to aral2 .5 This flexibility in binding is facilitated by the
ability of the DBDs to assume a variety of orientations and positions with respect to one another.® Based
on migration rates, DNA binding gel electrophoresis experiments indirectly indicated that in the presence of
arabinose, AraC bends DNA by about 90° when the DBDs are bound toarall (11 ) and aral2(I2 ).

The possible positioning of the DBDs when AraC binds toll-spacer-I2 are limited by the known domain
structures of AraC, the length and possible conformations of the interdomain linker, residue-residue contacts
and residue-base contacts determined from experiments.% 8 9 10 The length and binding energy constraints
require that the DNA be appreciably bent in order to allow the two DBDs to contact the two half-sites. In
this work, we determined experimentally the amount by which AraC bends DNA when it binds, and the



positioning of the DBDs to gain an understanding of the structure of DNA-bound AraC in the presence of
arabinose.

Atomic force microscopy (AFM) possesses the nanometer lateral resolution that is required to measure DNA
bending. Modern AFMs can examine static samples in air (sample on mica), in vacuum, under water, at
low temperatures, and can measure dynamic processes at video-rate speeds.!! AFM studies are feasible in
air because during deposition onto divalent ion-treated mica substrate, DNA is able to equilibrate in two
dimensions before adhering to the substrate and removal of the liquid buffer. Under such treatment, DNA is
seen to resemble a worm-like chain with a persistence length of 53 nm on mica.'? Examples of AFM studies
in air include the DNA bend angle induced by the binding of protein MutS on DNA mismatches,'? binding
of Cro dimer protein to three operator sites,'* binding of Oct-1 as a monomer to the major groove of DNA,®
and binding of the drug cisplatin to DNA.'® In this paper, using static AFM measurements in air, we show
that binding by AraC bends DNA by 69° &+ 25° (one standard deviation).

We also modeled AraC binding to [1-spacer-I2 . Docking software was used to position each DBD onto
DNA. Because no docking software is capable of handling the full flexibility of DNA,'” we presented the
software with multiple DNA conformations and chose those that yielded the best surface complementarity
after computer docking. Docking software also positioned one of the DBDs onto the DD with the limitation
that protein side chain flexibility was not incorporated in the process. Our goal was to determine the tertiary
and quaternary structure of AraC bound to DNA. Details on hydrogen bonding and molecular dynamics
to handle residue and base pair flexibility were not included in this study. Satisfactory positioning of both
DBDs required a bend of the I7-12 binding site in the range of 52° - 88°.

2. Materials and Methods
2.1 AraC protein purification

AraC was overproduced by the pET24 expression vector (Novagen) and purified by sequential heparin and
HiTrap-Q ion exchange columns, as previously described.'® The protein stock solution contained 93 pM
full-length AraC, 20 mM NazPQO,4, 5 mM arabinose, 0.1 mM NaNg3, and 500 mM NaCl, pH 6.5.

2.2 DNA and solution preparation

Two DNA fragments were prepared with lengths 302 bp and 560 bp. For 560 bp DNA, target DNA con-
taining I1-spacer-I2 was inserted into plasmid pUC57 (Genscript). The half-sites were surrounded by 8 bp
and 90 bp of wild-type sequence. Polymerase chain reaction (PCR) was used to amplify a 560-bp region
containing the half-sites using primers gacggtgaaaacctctgacac (left), located within the plasmid, and gga-
caactccagtgaaaagttctte (right), located within the insert. The midpoint of I7-spacer-I2 (38 bp in length)
was located 411 bp from the left end and 149 bp from the right end, i.e., about 27% of the total DNA
length from the right end (Figure 1). For 302 bp DNA,II-spacer-I2 was surrounded by 55 bp and 90 bp
of wild-type sequence. PCR was used to amplify a 302 bp region containing the half-sites using primers
cacggcagaaaagtccac (left) and tatgtagcatcacctte (right). The midpoint of I1-spacer-12 was located 74 bp
from the left end and 228 bp from the right end, i.e. about 25% of the total DNA length from the left end.
The full sequences of the 302 bp and 560 bp DNA fragments, plasmid, insert, template DNA, and PCR
conditions are shown in Figure S1.

The PCR product was spin-purified with the Qiagen PCR Purification kit and resuspended in 10 mM Tris-
Cl, pH 8.5. The purity and concentration of the resulting purified DNA was determined by electrophoresis
on 2% agarose gels and comparison of ethidium bromide fluorescence of the fragment to known amounts of
similar sized DNA using a Low DNA Mass Ladder (Invitrogen). Purified DNA stock solution (170 nM) was
used for all experiments.

DNA-only samples (Sample A) consisted of “65 nM DNA, "4 mM Tris-Cl 100 mM NaCl for 560 bp DNA (or
100 mM KCl for 302 bp DNA), 2 mM MgCl,, and 10 mM HEPES. AraC/DNA samples (Sample B) contained
“50 nM DNA, "3 mM Tris-Cl, 470 nM AraC, 560 uM arabinose, 89 mM NaCl (or KC1), 1.7 mM MgCl,,
8.5 mM HEPES, 100 uM NagPOy, and 0.5 uM NaN3s. DNA and Tris-Cl concentrations could be varied.



DNA-only and AraC/DNA samples were prepared immediately before deposition onto mica. Attachment
buffer consisted of 10 mM HEPES pH7.5 and 4.03 mM MgCl,.

2.3 AFM substrate preparation

For AFM imaging, a 10 mm diameter mica disk (grade V1, Ted Pella) was glued onto a steel disk and placed
on the sample stage. The mica surface was freshly cleaved prior to sample deposition. To pre-treat the
mica, 20 ul NiCly (10 mM) were deposited on the surface,'® 20 incubated for 1 min in a petri dish at near
saturation humidity, rinsed with 2 ml distilled water, dried with flowing N5 gas or air, and placed back in
the humidity chamber for a few minutes. Two methods were used to bind DNA onto mica. For Method
1 (“quick mix”), 0.6 ul Sample A or B was added to 29.4 ul of attachment buffer. This combination was
rapidly pipetted onto mica, incubated for 1 min, rinsed with 1-2 ml water, and dried with Ny or air. For
Method 2 (“injection method”), 28.6 ul of attachment buffer was first deposited onto mica and 1.4 ul of
Sample A or B was added to the middle of the droplet and slightly mixed, incubated for 5 min, rinsed with
water, and dried with N or air. MgCly was needed in the attachment buffer to improve binding of DNA.
For both methods, the samples were stored in a dessicator for > 1 day before examination with AFM.

2.4 AFM imaging and data processing

AFM images were acquired in tapping mode at room temperature in air using a TT-AFM (manufactured
by AFM Workshop) equipped with long cantilevers (AppNano ACLA, tip radius < 10 nm). In a typical
experiment, 256 pixel x 256 pixel images were collected from a 1 ym x 1 yum area and scanned at a line rate
of 0.7 Hz. The AFM was initially calibrated with a square grid step height standard (AppNano SHS-0.1).
For work involving 560 bp DNA, a cross line grating standard was subsequently used for calibration (Ted
Pella 677-AFM, line spacing 500 nm + 1%).

All images were analyzed using the open-source software package Gwyddion, which is designed for scanning
probe microscopy data visualization and analysis.?! AFM images were processed by plane leveling, removal
of background using a polynomial in the x and y directions, alignment of rows using the median, and 1D
FFT filtering, as needed, to remove some of the high frequency electronic noise.

In our experiments, the DNA heights were 0.1-.45 nm above background, often resulting in low signal-to-
noise. In a study that used a tip with a similar spring constant to ours, the mean height of DNA was 0.6-0.8
nm.?? It is possible that our tip deformed the DNA. An area of exploration is to choose a cantilever with
a smaller spring constant, as suggested by Asylum Research. DNA molecules could also be embedded in
a layer comprised of water and salts on the mica surface leading to a short height.?2 The average surface
roughness of a mica surface treated with 10 mM NiCl, is .3 nm peak-to-peak.?%

Many articles do not state what is in the DNA and protein stock solutions used to prepare the solutions
for deposition onto mica. A long period of experimentation is possibly needed to develop a suitable sample
preparation protocol for first-time AFM studies of DNA and proteins. It is useful to have a readily accessible
AFM for the protocol development stage.

2.5 Computer modeling
1. Starting structures

To model the AraC/DNA complex we used the structure of the dimerized, arabinose-bound DD determined
by X-ray crystallography (2ARC) and the structure of the DBD determined by NMR (2K9S). Residues 7-167
are in the structure of both DDs along with a portion of the linker, residues 168-170. The full linker, residues
168-174 (NESLHPP), is present in the DD, chain C, with no L-arabinose (1XJA).

2. Positioning the DBDs onto DN A
Overview and biochemical contacts

The first step in building a full model of AraC was to position each DBD onto a half-site using known residue-
base interactions determined biochemically and geometric analysis of how much the DNA half-site needed



to be bent in order to achieve satisfactory binding to the DBD. We refer to the two AraC DBDs as DBD-A
and DBD-B. To approximately position the DBDs on the I7-I2 half-sites, we used the HDOCK webserver!”
to initially place DBD-A onto I7and DBD-B onto 12 . HDOCK uses a rigid-body docking approach and can
incorporate biochemical contacts to constrain the number of putative binding modes. S209 and H213 in the
first HTH of the DBD were specified as these residues are known to contact the major groove of DNA at
bases -69 and -48 (modern residue numbering).® 19 3258 also makes a weak contact. The top 100 models
can be downloaded.

Criteria for docking

We had four criteria for acceptable docking. (1) DBD-A and DBD-B both had to appear to make protein-
DNA contacts that have been demonstrated biochemically. The first HTH makes stronger contacts with
the DNA® than the second HTH and had to sit properly in the major groove. As best as possible, the
second HTH also needed to be over the major groove. (2) Each half-site had to be roughly centered on the
appropriate DBD. (3) Using the surface representation feature in PyMol (https://pymol.org), the docked
structures had to have good surface complementarity but could not intersect each other. (4) Because AraC
has been shown experimentally to bind to direct-repeatI1-I2 ,° we chose docked structures with the DBDs
oriented as indicated in the biochemical contact experiments in which the second HTH is closer to RNA
polymerase (see Discussion).

DNA segment method

To achieve plausible docking, it was necessary for us to make two types of conformation changes to the
DNA before presenting it for docking. The first type, called “DNA segment method,” involved making
adjustments at the base-pair level by using experimentally-determined structures for DNA segments about
4-5 bp in length. The 1 sequence was divided into six overlapping segments, for example, TAGC, GCATT,
TTTTT, etc. For each segment, a search for the sequence was performed in the RCSB database and at least
four examples were chosen. The geometric parameters of the sequence were calculated using Web 3DNA
(see below). After averaging the parameter values for the desired region of the DNA over the four example
sequences, a table was constructed with the geometric parameters of the entire I1 sequence. Web 3DNA
was then used to rebuild the 11 structure from the geometric parameters. The same procedure was followed
for I2 and the spacer betweenl! and I2 . Over 52 experimental structures for DNA were used to build the
11-spacer-12 sequence.

Large-scale bending

Using the DNA-segment method only, initial attempts at docking the DBDs onto 11 or I2 were not satisfac-
tory. A second type of DNA conformation change was applied to conduct large-scale bending of DNA using
Web 3DNA 2.0, a web-based server?® designed to manipulate DNA conformations. The software generates
rigid-body values (three translations and three rotations) of a single base pair (bp) and six step parame-
ters for neighboring bps. It allows modification of the bp and step parameters to build customized DNA
structures.

To calculate the bp step parameters to bend DNA within a plane, we followed the recommendations in
Calladine et al .2* DNA roll angles were modified gradually at each bp step in the relevant region in which
the roll angle Ry, at step n is given by , where a

larger A results in a greater total bend angle and b introduces a phase angle to position the maximum roll
angle at the desired location along the DNA. This formula makes the approximation that a full helical twist
of B-DNA contains 10 bp/turn and that the roll angle has the same period of 10 steps (also see Discussion).
Values for A and b were selected empirically by presenting HDOCK with a variety of bent DNA structures
and choosing the docked structure with the best surface complementarity.

DBD-A/I1 and DBD-B/I2 complezes
After applying the DNA segment method, we placed high priority on the known biochemical contacts and



made sure that the first HTH of I7docked satisfactorily onto DBD-A. This resulted in a large gap between
the second HTH and DNA (Figure 2A). Since I1 contains an A-tract with a length of 5 bp, we knew that
a bend had to occur in the neighborhood of 11-28deg.?® Large-scale bending of DNA was then performed
starting within the A-tract, and a more successful dock resulted (Figure 2B). For the DBD-B/I2 complex
(Figure 2C), less bending was needed than for DBD-A/I1 . Values for roll adjustments to achieve bending
are given in Table 1.

3. Results

We used AFM to measure the DNA bend angle when DNA is bound to AraC in the presence of arabinose.
We also created a model for the AraC/DNA complex by incorporating biochemical contacts, positioning the
domains using docking software, applying geometric constraints, and bending DNA. The model prediction
and AFM measurements agree.

3.1 AFM results

DNA consisting of I1-spacer-12 was deposited on a mica substrate and imaged with AFM. For 302 bp DNA,
a comparison is shown for a DNA-only sample (Figure 3A) and samples prepared with DNA, AraC, and
arabinose (Figures 3B, C). For DNA-only, most structures have a curvilinear shape. When AraC was added,
DNA exhibited a sharper bend in many structures, where, in most of the cases, the bend was occurring about
one-third of the length from one end, consistent with the asymmetric placement of I1-spacer-I2 within the
302 bp sequence. For simple structures, the interior angle ¢ of the bend was measured by drawing tangents
to the contour on both sides of the bend, as shown in Figure 4A. Because the 302 bp DNA was so short, the
tangents were effectively constructed near the ends of the DNA. The DNA bend angle O was calculated from
¥ = 180° - ¢. For each ¥ histogram, a Gaussian function was fit to all nonzero 3. The average bend angle
and standard deviation for 302 bp DNA-only samples was 47° &+ 27° (Figure 5B). When AraC and arabinose
were added, 9 = 75° £+ 26° (Figure 5C); DNA bending was stronger.

DNA bend angles were also measured for 560 bp DNA. In comparison with 302 bp DNA (Figure 3A), 560
bp DNA contained more wiggles (Figure 3D), and it was not possible to determine exactly where to measure
a bend angle. However, when AraC and arabinose were added to 560 bp DNA, many structures showed a
pronounced checkmark shape (Figures 3E, F). A histogram was constructed for simple structures resulting
in 9 = 65° £ 21° (Figure 5D). This average for 560 bp AraC/DNA complexes was somewhat less than for
302 bp AraC/DNA, suggesting that the longer length may assist with reducing the bend angle when DNA
is deposited on a mica substrate. Because the U values for 302 bp and 560 bp overlapped significantly, we
combined the bend angle data for both (Figure 5A) and obtained 4 = 69° + 25°.

Many types of DNA structures appeared on the mica substrates. The circular features in Figs. 3B, C,
E, F represent AraC, AraC/DNA complexes, or aggregates. For AraC/DNA samples, the heights of the
circular features were .12-.47 nm, suggesting that the shorter features were protein while the taller ones
were aggregates. For DNA, criteria had to be established on what to measure. We decided to not measure
U- and J-shaped structures (Figure 4B) as well as segmented structures (Figure 4C). In many cases, there
was a small hook at the end of the DNA (Figure 4A) or a small circular feature (Figure 4C); these were
ignored. Shorter DNA fragments also appeared perhaps due to impurities or incomplete synthesis in the
PCR reactions. For 302 bp and 560 bp DNA, we did not measure structures shorter in length than 80 nm
and 135 nm, respectively.

The question arises whether the protein is visible in the AraC/DNA structure. Due to AFM tip broadening
effects and noise in the images, we cannot conclusively state whether the protein is visible. Shorter circular
features on the mica, which may be protein, are in the same height range as most of the DNA. Based on the
model (see below), we would expect that the protein would not lie on top of the DNA; instead it would be
near the corner of a checkmark next to the DNA.

For 560 bp DNA, the average length for DNA samples was 159 & 24 nm (Figure S2), shorter than what would
be expected in the presence of NiCly and MgCly (see Discussion). Uncertainties in the length measurements



could arise from AFM tip broadening and imprecise contour determination.
3.2 Constructing the model of full-length AraC and DNA in the presence of arabinose

In initial attempts to build a model of full-length AraC bound to DNA in the presence of arabinose, we
started with a straight helical structure for /1 and I2 generated by a computer. However, we were not able
to achieve a satisfactory dock of straight I7 onto the DBD. We then developed a DNA segment method
(see Methods) to build/! and I2 out of experimentally-determined positions of DNA atoms from the RCSB
database. Upon docking, this process resulted in an acceptable positioning of one of the HTHs of the DBD
onto a half-site. To dock both HTHs of each DBD onto a half-site, we had to bend the DNA by adjusting
the DNA roll values (Figures 2B, C).

Mutagenesis experiments have shown that there are points of contact between N194 of the DBD and H126
and N139 of the dimerization domains (DDs).? H126 and N139 lie on the DD of different subunits and are
close to each other. Using this information and HDOCK software, the DBD-A/I1 complex was positioned
onto the DDs with N194 of DBD-A close to N139 of DD B and H126 of DD A (Figure 6). Due to linker
length constraints, the N-terminus of DBD-A had to be near the C-terminus of DD A. (DD A and linker A
are parts of subunit A.) The distance between C, of 1167 of DD A and C, of M175 of DBD-A is 23 A, which
is consistent with the length of linker A.

Biochemical measurements have shown that the two DBDs are bound toll-I2 with a direct repeat
orientation.’ To build the model, the DBD-B/I2 complex had to be brought closer to DD B, as shown
in Figure 6. Large-scale bending of DNA was accomplished in the 4-bp spacer region and first two bp of 12 .
This process enabled C, of M175 of DBD-B to be within 25 A of C, of 1167 of DD B (Figure 7). Linkers A
and B are uncoiled relative to the conformation appearing in the crystal structure 1XJA. Table 1 shows the
values used in adjusting the roll angles to conduct large-scale bending of the DNA in the extended spacer
region.

The full model of AraC/DNA is shown in Figure 7A. The two orange line segments indicate a bend angle
of 69°. Different lines can be constructed tangent to the I7 contour resulting in a range of possible DNA
bend angles from 52° to 88°. Two straight line segments (teal) indicate where the linkers are located. Linker
B is clearly visible in the middle of the figure; linker A is near the top and is rotated to be almost hidden
from view. Figure 7B and the schematic diagram Figure 7D show the large-scale bend in the DNA and the
domains of AraC. The DDs are oriented such that DD B is on top of DD A. Figures 7C, E represent a
rotated view of AraC/DNA in which the DNA appears almost straight and both DDs are visible. The 5’
end of I7 is near linker A and the N-terminus of DBD-A. Similarly the 5’ end ofI2 is near the N-terminus
of DBD-B and linker B.

A Pymol session file (.pse) of the AraC/DNA complex is included in the Supporting Information (Figure
S3). Explicit hydrogens are not present in the structure because HDOCK and Web 3DNA remove them. In
the HDOCK scoring function, the effects of hydrogens are incorporated in the potentials associated with
different heavy atom types and their environments.2%

4. Discussion
DNA bending caused by the binding of AraC to DNA

In this work we studied the structure of the AraC/DNA complex using AFM to measure the DNA bend angle
caused by the binding of AraC to thearall -aral2 region of DNA. AFM is able to produce a direct view of
bending at the single molecule level without the need for labeling the DNA or protein. Independently of the
measurements, we built a model using known AraC domain structures, biochemical contacts between AraC
and DNA, and modifications of the conformation of DNA in order to be consistent with all dimensions. The
measured DNA bend angle and the one predicted in the model agree within the uncertainties. We believe
that the model shows the likely overall positions of the basic components (DDs, DBDs, DNA) of AraC bound
to DNA.



The measured bend angle distribution for AraC/DNA complexes has a peak at 69° £ 25°. A possible reason
for the broad distribution is that the 7-residue linker of the DBD bound to I2 is flexible, leading to a range
of angles. Experimental evidence indicates that the interdomain linker is highly flexible and most likely
not an alpha helix.® In vivo , AraC binds tightly to the two direct repeat half-site sequences arall-aral2.
Experiments also show that AraC can bind tightly to inverted (arall -invarall ) DNA half-sites, indicating
the ability of the linker to change its coiling conformation. Another possible reason for the broad distribution
is that the AraC/DNA complexes would land on the mica substrate in different ways; a collapse of DNA
onto mica could appear in the AFM scan to have a range of bend angles.

All of our bend angle distributions have a peak at 0°. There could be unbound DNA on the mica surface.
Using a dissociation constant Kq = 2 x 107'2 M for AraC — DNA binding in the presence of arabinose,?”
calculations show that prior to deposition on mica, all of the DNA should be bound to AraC. However in
the final deposition and washing steps, it is possible that some of the DNAs became unbound. In addition,
AraC/DNA complexes might have landed on the surface in an orientation where the DNA would appear
straight (Figure 7C). If that were the case, one would expect that the structure would have a higher height
where the DNA and protein overlap. We did not observe this effect and cannot make a definitive statement
due to the presence of aggregates and the noise level in the images.

We can speculate on the role of DNA bending. AraC is a transcription regulatory protein, and like other DNA
binding proteins, AraC causes DNA to bend. Perez-Martin and Espinosa?® proposed that increases in DNA
curvature would facilitate RNA polymerase-promoter interactions during the initiation of transcription. In
the arabinose operon in FE. coli , upon the addition of arabinose, AraC binds toarall and aral2 , and AraC
and cyclic AMP receptor protein (CRP) both help RNA polymerase (RNAP) bind to the pgappromoter as
well as speed the formation of open complex to initiate transcription.2?> 3° We conjecture that substantial
bending of the DNA binding sites of CRP, AraC, and RNAP would allow a compact structure to form that
could involve specific contacts among the three proteins and improve protein-DNA interactions.'®Bending of
DNA may also assist melting of the double-stranded structure in the region where transcription is to begin,
like sharp bending of a rope separates its strands.

A schematic diagram is shown in Figure 8 of CRP, AraC, RNAP and DNA. The dashed lines show a potential
path of DNA where CRP has induced a DNA bend angle of 80°, AraC a bend of 69°, and RNAP a bend
in between 30°-90°, as suggested by experimental data.3!: 32 33As can be seen, somewhat greater bending
anywhere in the complex could bring CRP and RNAP into contact. The bending of DNA by AraC appears
to facilitate the process of forming a compact structure.

Other experiments where DNA bend angle was measured

The bend angle distribution, 69° + 25°, measured in this work is relatively broad. The A Cro transcription
regulatory protein produces DNA bending of 69° & 11°.'* The cellular transcription factor Oct-1 produces
a 42° + 12° DNA bend angle.!Broad distributions with a standard deviation in the neighborhood of our
work were found when the DNA repair protein MutS binds to homoduplex and heteroduplex DNA.'? In
a study involving the binding of the drug cisplatin to DNA,'6 simulations of 300 bp DNA were conducted
with an adjustable bend angle. AFM-like images of simulated DNA molecules show that DNA mostly has a
curvilinear shape for 0° induced bend angles, as we saw in our experiments. When a bend angle is introduced,
a range of angles is seen due to thermal and mechanical effects. For a persistence length of 50 nm and a bend
angle of 60°, 2-3% of the structures are straight. In our experiment, we found a higher percentage of straight
structures suggesting that the protein became unbound from the DNA due to sample preparation methods.

Limitations of computer modeling

To produce the large-scale bends in DNA, we adjusted the roll angles using an approximation of 10 bp/turn.
In experiments, biochemical analyses have shown that straight DNA in solution has 10.4 £+ 0.1 bp/turn,
rather than 10 bp/turn as observed in the solid state.3* In wvivo , supercoiling of DNA leads to a slight
unwinding with the result of 11.1 bp/turn.®*Because the corresponding parts of I7 and I2 half sites are
21 bp apart, it suggests that in this region of DNA, the twist is closer to 10.5 bp/turn to have the DBDs



bind on the same side of the DNA. For 10, 10.4, and 11.2 bp/turn, the total twist over the 38 bp length
of I1-spacer-I2 is three full helical turns and 288°, 235°, and 152° of the fourth helical turn, respectively.
The incomplete fourth turn would affect which side of the DNA the DBDs could bind to and the relative
rotation of the two DBDs. For producing tertiary and quaternary models of protein/DNA complexes, the
value of 10 bp/turn was adequate for bending the DNA in a narrow step range (< 10 steps) but it introduces
inaccuracies in the hydrogen bonding within DNA, the plane of the bend, and the relative orientation of the
two DBDs.

To create the full model of the AraC/DNA complex, docking software was used as one stage of the process to
form protein-DNA and protein-protein complexes. Our docking procedure however, cannot produce reliable
results for residue/base, base/base, and residue/residue interactions. Some docking packages support the
DNA sequence as input.'” However, we found that when the DNA structure is generated by a computer from a
sequence, the DBD could not be satisfactorily docked onto DNA. We had to divide the sequence into segments
and construct each segment from experimentally-determined coordinates. While the DNA segment method
initially positioned the DBD on the DNA it was still insufficient to achieve satisfactory docking in that both
HTHs of the DBD did not sit fully in the major groove of DNA. Experiments have shown that protein and
DNA both experience conformational changes upon binding, and that when protein bends DNA, there is an
energy cost associated with distortion such that the DNA is not in its lowest energy configuration.'* Docking
software should ideally allow for DNA flexibility and protein backbone and side chain flexibility, which are
difficult features for any software package to possess.?®’ 37 We addressed this issue partially by manually
adjusting the bend in the DNA and submitting the 3D structure to the docking software. This process was
repeated until satisfactory surface complementarity was achieved. However detailed manipulations on the
atomic scale were not conducted that would result in the true energy of the DNA or the protein. We also
observed that upon docking, the two HTHs of the DBD can sit in the DNA major groove in various ways.
We had to make a judgment on which model was the best; inaccuracies could have been introduced at this
stage. Finally the docking approach in this paper did not take into account effects of solvation and salt.3?
As a step towards determining tertiary and quaternary structure of the AraC/DNA complex, docking was
useful; however conclusions about structure and interactions on an atomic scale must be drawn carefully.

DNA contour length

Based on X-ray crystallography, B-form DNA has a helical rise of 3.38 A /bp, and therefore our 560 bp DNA
would be expected to have a contour length of 189 nm instead of the 159 + 24 nm length that we measured in
the absence of protein. This result was doublechecked by using an AFM calibration standard with a 500 nm
+ 1% period, comparable to the image size. Possible physical reasons for the shortening could be associated
with the immobilization of DNA on the mica substrate. In the presence of NiCly and Tris, the average helical
rise is 2.97 &+ 5% A/bp.3? Shortening of 500 bp DNA by about 10 nm occurs in the presence of Mg?t or
Mn?* due to partial conformational transition from B-DNA to A-DNA upon drying.*® The drying process,
phosphate-cation interactions on the mica surface, and cations that bridge two parts of the DNA backbone*°
may contribute to shortening.

5. Conclusions

Traditional methods of determining structure have enabled the DD and DBD structures to be determined by
X-ray crystallography and NMR spectroscopy, respectively. These techniques, however, could not determine
the entire structure of AraC nor the structure of AraC bound to DNA. AFM is capable of imaging bending of
DNA for an ensemble of DNA conformations when small proteins such as AraC (63 kDa) are bound to DNA.
The bend angle measurements can be used to validate models constructed from biochemical information,
geometric constraints, software for rebuilding DNA from bp and step parameters, and positioning using
docking software.
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List of Tables and Figures

Table 1. Parameters used to adjust the roll angles to bend the DNA: . Base pair numbering: II starts at n
= 1; I2 starts at n = 1; spacer starts at n = 18. Sequence “spacer-ext” consists of the 4-bp spacer region
between 11 and I2 and the first two bp ofl2 .

Figure 1. 560-bp amplicon comprised of the arall and aral2half-sites. The black region contains the
sequence for 11 — spacer — I2 : tagcattittatccata agattageggatectacctga in which the half-sites are underlined.
I1 is on the left. The white region precedes I1-spacer-I2 and has a length of 392 bp. The striped region has
a length of 130 bp. The 302-bp amplicon is similar except that I1-spacer-12 is located closer to the left end.
Refer to Figure S1 for the full sequence information.

Figure 2. Surface representations of DBD-DNA docking. N-terminus of DBD (white) and 5’ end of
DNA (gray) are shown by the black regions. (A) Initial docking of DBD/I1 . A large gap exists. (B)
DBD/I1 complex after bending the DNA to reduce the gap. (C) DBD/I2 after slight bending of DNA.

Figure 3. AFM images of samples prepared with DNA only and samples with DNA, AraC, and arabinose.
More sharply bent DNA is visible in samples prepared with AraC and arabinose. The circular features contain
protein. Width of image = 500 nm. (A) 302 bp DNA only, (B and C) 302 bp DNA+AraC+arabinose. (D)
560 bp DNA only. Bend angles are difficult to measure. (E-F) 560 bp DNA+AraC+arabinose.

Figure 4. AFM images showing different DNA structures on mica for 560 bp DNA. Width of image =
250 nm. (A) Simple structure showing how bend angles were measured. The red lines are tangent to the
contour on either side of the bend. Bend angles were not measured for (B) highly curved and (C) segmented
structures. A small hook at the end of the DNA, shown in (A), or a circular feature, shown in (B) and (C)
was ignored for bend angle measurements.

Figure 5. DNA bend angle histograms. Gaussian functions were fit to the data, excluding 0° bend angles.
Mean and standard deviation are shown. (A) Samples prepared with DNA, AraC, and arabinose. Data for
302 bp and 560 bp were combined. Average bend angle: 69° + 25°, N = 267; (B) 302 bp DNA only, 47° +
27°, N = 88; (C) 302 bp DNA, AraC, arabinose, 75° &+ 26°, N = 110; (D) 560 bp DNA, AraC, arabinose, 65°
+21°, N = 157.

Figure 6. Initial construction of the AraC/DNA model prior to large-scale bending of DNA in the spacer
region. (A) DBD-A/I1complex is docked onto both DDs. I1 (medium gray); DBD-A (white); DDs (dark

gray). Surface representation. (B) Full I1-spacer-I2 is shown with the DBD-A/I1 /DDs complex (left) and
DBD-B/I2complex (right). Cartoon representation.

Figure 7. Full model showing the bending of DNA. N = N-terminus. (A) Cartoon representation. Orange line
segments show a bend angle of 69°. DDs (dark gray), DBD-A (light blue), DBD-B (dark blue), DNA (gray),
4-bp spacer region (pink). I7 is above the spacer. Teal lines, representing the 7-residue linkers, are drawn
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between Cyof 1167 of the DD and M175 of the DBD. (B) Surface representation showing DNA bending. (C)
Alternate view rotated by 90° from (B). Both DDs are visible. (D) Schematic diagram corresponding to (B)
indicating the domains of AraC and I1-spacer-12 . (E) Schematic diagram corresponding to (C).

Figure 8. A schematic diagram approximately to scale of the sizes, relative binding positions, and DNA
bends induced by CRP, AraC, and RNAP.

Figure S1. Full sequences of the plasmid, insert, primers, and PCR conditions for producing the 302 bp and
560 bp DNA fragments used in this study.

Figure S2. Histogram of measured lengths of 560 bp DNA. No AraC or arabinose was added. A Gaussian
function was used to fit the histogram data and determine the mean and standard deviation of the length
distribution. Length = 159 4+ 24 nm, N = 131.

Figure S3. PyMol session file showing the model of AraC and bent DNA. The user can click on the DD and
DBD domains of subunits A and B;arall , aral2 , spacer, key biochemical contacts in the protein and DNA,
and the C, endpoints of linkers A and B. Filename: Figure_S3_structure_AraC_DNA .pse.

Sequence n (bp) A (°) b (bp)

11 9-14 16.0 5.5
11 15-17 12.0 10.5
12 1-10 4.5 4.0
Spacer-ext 18 -23 20 4.25
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