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Abstract

The structure of double-stranded DNA (dsDNA) is sensitive to solvent conditions. In solution, B-
DNA is the favored conformation under physiological conditions, while A-DNA is the form found
under low water activity. The A-form is induced locally in some protein-DNA complexes, and
repeated transitions between the B- and A-forms have been proposed to generate the forces used to
drive dsDNA into viral capsids during genome packaging. Here, we report analyses on previous
molecular dynamics (MD) simulations on B-DNA, along with new MD simulations on the
transition from A-DNA to B-DNA in solution. We introduce the A-B Index (ABI), a new metric
along the A-B continuum, to quantify our results. When A-DNA is placed in an equilibrated
solution at physiological ionic strength, there is no energy barrier to the transition to the B-form,
which begins within about 1 ns. The transition is essentially complete within 5 ns, although
occasionally a stretch of a few base pairs will remain A-like for up to ~10 ns. A comparison of
four sequences with a range of predicted A-phobicities shows that more A-phobic sequences make
the transition more rapidly than less A-phobic sequences. Simulations on dsDNA with a region of
roughly one turn locked in the A-form allow us to characterize the A/B junction, which has an
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average bend angle of 20-30°. Fluctuations in this angle occur with characteristic times of about

10 ns.

Graphical Abstract

INTRODUCTION

Rosalind Franklin was the first to remark that the X-ray fiber diffiraction pattern of DNA,
and therefore its structure, depends on the water activity.l She designated the low- and high-
humidity forms as “A” and “B”, respectively. The latter was, of course, the structure
proposed by Watson and Crick,? while the structure of the A-form was reported shortly later
by Franklin and Gosling.3

Figure 1 shows models of a 40 base pair double-stranded DNA (dsDNA) duplex in idealized
A- and B-forms. Among the most visible structural differences is that A-DNA has a
substantially smaller rise per residue (2.6 A) than B-DNA (3.4 A), so the A-DNA duplex is
shorter than the B-DNA molecule. In addition, the base pairs of B-DNA are essentially
perpendicular to the molecular axis, while those of A-DNA have an inclination on the order
of 20°. (For definitions of the DNA helicoidal parameters such as rise and inclination, see
refs 4 and 5.)

The first DNA crystal structure was a surprise, as it was left-handed and had a dinucleotide
repeat.® Rich called it Z-DNA, both to emphasize how different it was from A-DNA and B-
DNA, and because the backbone was not a smooth helix, but a zigzag, due to the
dinucleotide repeat.

DNA strongly favors the B-form in vivo, because of the high water activity. There are
proteins that bind to Z-DNA, 78 and it has been suggested that Z-DNA may play a role in the
pathogenesis of vaccinia virus.? But for many years, A-DNA was largely regarded as a
laboratory artifact, with no biological role.

Regions of DNA with local stretches of A-form do occur in some protein crystal
structures.1911 Cryo-electron microscopic studies on the rod-shaped SIRV2 virus found that
the entire dsDNA genome is in the A-form,12 because it is completely covered by proteins,
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giving the solvent very limited access to the double helix. In addition, it has been found that
the A form protects DNA in spores from damage during desiccation.!3

We recently proposed that repeated DNA transitions between the A- and B-forms are
responsible for the DNA translocation through the ATP-consuming motors of icosahedral
dsDNA bacteriophages.1# In this “scrunchworm” model, the shortening and lengthening of
dsDNA by these cyclic transitions are captured by a coupled grip-release cycle, thus
rectifying the motion and advancing the DNA into the capsid. If this is correct, then DNA is
not a passive substrate, driven into the capsid by lever-like motions of the motor proteins, as
is commonly assumed; instead, it is an active component of the packaging motor. Our model
predicts that different DNA sequences will generate different forces during packaging by
phage motors,14 because different base pair steps have differing “A-phobicities”.1®> AT-rich
sequences are A-phobic (particularly AA-TT steps), while GC-rich sequences (particularly
GGeCC steps) are A-philic.

This study is aimed at examining the “A-ness” and “B-ness” of dSDNA under a variety of
conditions and how those characteristics depend on the sequence of the molecule, using
molecular dynamics (MD) simulations. We developed a new parameter, the A-B Index
(ABI), to quantify the conformations of individual base pair steps along the continuum
between the A- and B-forms. We then monitored the transitions of dsSDNA molecules with
different sequences from the A-form to the B-form when the molecules are free in solution.
We extended some of those simulations while holding a region of the DNA locked in the A-
form to generate models for the A/B junction whose characteristics we also quantified.
Finally, we examined the ABI distributions for different base pair steps in long MD
simulations on DNA free in solution under physiological conditions, using the Ascona B-

DNA Consortium (ABC) database!6-19 and further runs on one molecule from the ABC
set 20,21

METHODS

Molecular Dynamics Simulations

Models of dsSDNA (A-DNA or B-DNA) were solvated with TIP3P water?? and sufficient
ions to neutralize the system in 150 mM NaCl, which favors the B-DNA conformation. Each
system was briefly minimized, then brought to 7 =310 K, and the solvent was equilibrated
while the DNA conformation was restrained. Restraints were then released, and we
monitored the progress of the simulation over periods ranging from 10 to 32 ns.

Except as noted, all simulations were carried out with NAMD,23 using the CHARMM?36
force field24:25 and SHAKE?S restraints on the bonds, permitting a 2 fs time step. We
simulated the isobaric-isothermal (NPT = constant number of particles, constant pressure
and constant temperature) ensemble with rectangular periodic boundary conditions and the
particle mesh Ewald (PME)%7:28 algorithm for treating long-range forces. The initial size of
the periodic box was 50 x 50 x 170 A. This provided 15 A for the solvation layer between
the DNA and the sides of the box in the lateral direction and 15 A between the DNA and
each end of the box in the direction of the DNA axis after it expands to the B-form.
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Design of DNA Molecules

We carried out simulations on four molecules, each containing 40 base pairs, but with
different sequences (Table 1). Ideal models of A-DNA and B-DNA with these sequences
were built using the Web 3DNA server at Rutgers University, w3dna.rutgers.edu.2?

Sequence design was based on the predicted forces that would be generated in the A=B
transition in physiological solvent. For base pair step .X; the predicted force is F =AGx/AzZ,
where AG x is the free energy difference between the B- and A-forms for step Xaccording to
Tolstorukov et al.,1® and assuming that the free energy difference is expended over a
distance of Az= 0.8 A per base pair, the difference in the rise of the A- and B-DNA double
helices.14 Tolstorukov et al. found the midpoint for the B-A equilibrium for different
sequences in mixed water-trifluoroethanol solvents and analyzed the data with a model that
assigned different A-phobicities to each of the 10 unique base pair steps. We have used
values from their 10-parameter fit (column D-10 in their Table 2). “LilForce” is GC rich,
while “BigForce” is AT rich. “MedForce” is composed primarily of base pair steps that are
predicted to have intermediate A-phobicities. These three sequences are not only
compositionally biased; they are enriched in base pair steps with the desired A-phobicities.
“RandForce” was generated with a target composition of equal parts A, C, G, and T. Like
MedForce, it is predicted to generate an intermediate force in the viral packaging
experiments but the step-to-step values fluctuate more in RandForce than in MedForce.
Figure 2 shows the predicted forces for each base pair step in these sequences.

A Reaction Coordinate for the B&A Transition

A-DNA and B-DNA differ in many ways, including base pair inclination, X-displacement,
rise, twist and sugar pucker. Some structural biologists would argue that “A-DNA” (or “B-
DNA”) implies some minimum number of base pairs in the appropriate conformation,
though there is no agreement on how many are needed (three? five? more?), or how close
they must be to the canonical structure. Few actual DNA structures are purely A-form or B-
form. As just one example, individual nucleotides in crystal structures identified as “B-
DNA” have a range of sugar puckers, sometimes including puckers that lie in the C3’-endo
region of the pseudorotation map39-31 that are traditionally associated with A-form DNA and
RNA double helices. Thus, there is no unique parameter or combination of parameters that
can rigorously distinguish between A-like and B-like structures.

Nonetheless, it would be useful to have a single scalar quantity to simplify the
characterization of DNA structures along the A-B continuum. We have chosen to use a
linear combination of two structural parameters that has previously been shown to be useful
for distinguishing A- and B-like characteristics of individual base pair steps.1! These are the
glycosidic torsion angle y, and the position of the phosphate group relative to the mean base
pair plane, designated Zp.32 Figure 3 gives a structural view of Zp. We normalize 2y and Zp,
relative to their differences in A-DNA and B-DNA, then use a linear combination to define
the ABI for a given base pair step x
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Zp(r)—Zp(A) N x(z)—x(4)

ABI= Zp(B)—Zp(A)  x(B)—x(A) (1)

N —

where Zp(A) = 2.2 A, Zp(B) = -0.4 A, y(A) = -157°, and y (B) = -108°, the values for A-
and B-DNA (Figure 4).

DNA helicoidal parameters and the ABI for conformations from the simulations were
determined using 3DNA,33:34 which can be downloaded from the 3DNA Web site at
Columbia University, x3dna.org. The ABI is now incorporated into 3DNA as of version 2.3.

Any single parameter is necessarily an oversimplification of the multidimensional DNA
conformational space. We will discuss the utility and limitations of the ABI below.

Database of B-DNA Structures

To characterize the distributions of ABI in B-DNA in solution and to search for possible
sequence-dependent effects, we determined the ABI probability distributions for the 10
unique dinucleotide base pair steps, using the ABC (Ascona B-DNA Consortium) database
of DNA structures, generated in multimicrosecond molecular dynamics simulations,6-19
and further converged runs of the GAAC repeat 18-mer from that set.20:21 The simulations
that generated that database were carried out with the AMBER package,3° using the parm99
force field36:37 with the bscO modifications,38 with the SPC/E water model3® in a solvent
containing 150 mM KCl at 7 =300 K.

Calculation of Bend Angles at A/B Junctions

We calculated bend angles using the DSSR (detecting secondary structures) functionality in
3DNA. The DNA molecule was divided into three segments, one corresponding to the
restrained base pairs in the center of the molecule, and one for each of the free ends. DSSR
gives the optimum vector along the axis of each fragment, and we calculated each bend
angle from the dot product between the axes of the two fragments on either side of the
junction.

RESULTS AND DISCUSSION

ABI Distributions in B-DNA in Solution

As seen in Figure 4, there are variations in the structures of base pair steps, even inside DNA
crystals. These are partly because the environment of a given base pair step depends on the
sequence in which it is buried, as became evident with the first crystal structure of B-
DNA.#0 For example, the structure of the central GC step will be somewhat different in the
sequences GGCC and TGCA.

The series of ABC MD simulations on B-DNA examined the sequence-dependence of DNA
structure,16-21 and that database offers an excellent opportunity to examine variations in the
A-B Index. We have calculated the ABI probability distributions for each of the 10 unique
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base pair steps from that database, and these are expressed as potentials of mean force in
Figure 5, using the relationship

PMF=—RTn(P)

where Pis the probability, Ris the universal gas constant, and 7= 300 K is the temperature.

The PMFs have subtle differences. The lowest free energy states have ABIs in the range 0.7
< ABI <1, except for the GA-TC step. This step is evidently the most A-phobic with the
AMBER force field under these solvent conditions with the minimum free energy state
around ABI ~ 1.1. The A-phobicity of this step is also reflected by the fact that excursions of
the ABI to values below 0.5 cost about 2 kcal/mol, whereas most other steps reach ABI
values as low as ~0.2-0.3 before reaching that energy level. Surprisingly, there is little
difference in the distributions for the GG-CC step and that of the AA-TT step, although the
former is predicted to be the least A-phobic step by the Tolstorukov scale,1> while the latter
is the most A-phobic. This may represent a deficiency in the force field.

The Transition from A-DNA to B-DNA

To determine the characteristics of the A=B transition, we equilibrated a solution of 150
mM NaCl around a dsSDNA molecule restrained in its initial conformation, then released the
restraints and monitored DNA’s behavior. We repeated this process for the four sequences
shown in Table 1; for each sequence, we ran four simulations starting with the molecule in
the A-form and four others starting from the B-form.

Figure 6 shows the ABI trajectories for a typical pair of simulations, on the MedF sequence,
starting from the A-DNA and B-DNA conformations. The main panels indicate the evolution
of the ABI for each base pair step, color-coded from blue (ABI < 0) to red (ABI > 1).

The structure that was equilibrated in the B-form maintains B-like characteristics throughout
the trajectory, as seen in the overall redness of that plot. Individual base pair steps have
fluctuating values of ABI, and base pair steps 26-27 flicker into a conformation with ABI ~
0.5 during the time period from ¢~ 4 to £~ 7 ns. According to the distributions in Figure 5,
these are not unusual excursions in the value of the ABI but the fact that two steps are
involved is a hint of cooperativity. All simulations on all four sequences starting from the B-
form resemble this one.

For the structure equilibrated as A-DNA, the transition to B-DNA begins within the first 1-2
ns and is complete by 7~ 8 ns with steps 27-29 persisting in the A-form longer than the rest
of the structure.

Do the putative A-phobicities from the Tolstorukov scale make any difference in the
trajectories? Figure 7 answers that question by comparing trajectories with the LilF
sequence against those with the BigF sequence. Four trajectories are shown for each
sequence, to give an idea of the variability. As in Figure 6, we see that there are no
significant barriers between the A- and B-forms: transitions from A-DNA to B-DNA begin

J Phys Chem B. Author manuscript; available in PMC 2017 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Waters et al.

Page 7

within 1-2 ns after release of the restraints, and all structures become B-form within a few
nanoseconds. Some local regions of A-form DNA persist for several nanoseconds but there
is considerable variability as to which regions do so. According to the Tolstorukov scale (cf.
Figure 2), the BigF sequence is much more A-phobic than the LilF sequence, and there is a
correlation between this prediction and the fact that the LilF sequence takes longer on
average to convert to B-DNA than does the BigF sequence. This is also seen in Figure 8,
which shows the average values of the ABI from the data in Figure 7, plotted as two
comparative trajectories. This result suggests that the CHARMMS36 force field captures the
relative A-phobicities predicted by Tolstorukov et al.1®

The A/B Junction

The persistence of local structures with low values of ABI in Figures 7 and 8 offers
opportunities to look at the junction between A-DNA and B-DNA in a single molecule.
Figure 9 shows the structures identified with the red boxes and yellow lines in Figure 7 with
regions of low ABI values highlighted in blue.

To characterize the junction more completely, we captured the BigF structure at £= 3 ns,
restrained base pairs 22—29 to the A-like structure they had at that instant (the blue region in
the BigF molecule in Figure 9), and extended the MD simulation over an additional 100 ns.
Figure 10 shows the resulting trajectories. It takes about 10 ns for the bend angles to reach
their equilibrium values. Subsequent fluctuations occur on time scales of ~1-50 ns with
bend angles covering a broad range of roughly 0° < 6< 50°.

DNA bending at A/B junctions could account for a puzzling fact about the packaging of
dsDNA into bacteriophages. After many years of debate over exactly how many base pairs
of DNA are packaged per hydrolyzed ATP molecule, it was shown that DNA packaging
proceeds in two phases. First is the “burst phase” in which ATP hydrolysis drives the
packaging of 10 base pairs (bp) of DNA. The “dwell phase” follows during which five ADP
molecules are replaced by five ATPs. There are four 2.5-bp steps in the 10 bp burst; during
each of these, one molecule of ATP is hydrolyzed and one inorganic phosphate molecule is
released.#1-43 The fifth ATP hydrolysis event resets the motor at the end of the dwell
phase.42

Almost all models for the packaging mechanism make the logical assumption that lever-like
protein motions are responsible for driving the DNA forward and propose interactions
between the motor proteins and the DNA phosphate groups. If such interactions are
involved, it is difficult to understand why the DNA advances in 2.5-bp steps, rather than an
integral number. Our scrunchworm model proposes that DNA translocation is not due to
lever-like protein motions but is instead the product of repeated transitions between B-DNA
and A-DNA with these cyclic shortening/lengthening motions captured by a coupled grip-
release cycle.1* One strength of that model is that if offers a possible explanation for the 2.5-
bp step size.

The explanation is as follows. B-DNA has a rise of 3.4 A, while A-DNA has a rise of 2.6 A.
The 2.5-bp step size of the packaging process thus represents an advance of 2.5 x 3.4 A =
8.5 A. In the scrunchworm model, an 8.5 A advance requires the transition of 8.5 A/(3.4
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Albp -2.6 A/bp) ~ 10.6 bp from the A-form to the B-form. This is almost exactly one turn of
dsDNA, whether in the canonical B-form (10 bp/turn),? the canonical A-form (11 bp/turn),3
or the 10.4 bp/turn measured in solution.** This suggests that the B&A transition is
cooperative and raises the question, why is the cooperative unit one turn of the double helix?
We argued that if the two A/B junctions at the end of the cooperative unit are each bent by
an angle 6, there will be minimum steric hindrance in a narrow channel if the two bends are
separated by an integral number of helical turns.24 (In this configuration, the two B-DNA
arms are trans to one another, making them parallel, whereas at half-odd integral turns, the
two arms will be cis and the angle between them will be 26.) At the time we made this
suggestion, there were no data on the magnitude of the angle at A/B junctions, but the data
in Figure 10 suggest that with &~ 20° or more a cooperative unit of one turn of the double
helix would be strongly favored under the foregoing argument about steric hindrance.

Utility and Limitations of the ABI

Describing a multidimensional conformational space by a single parameter has one great
advantage: it simplifies things. But it also has risks: it oversimplifies things. To truly
understand any particular dsSDNA structure, one must examine it with an analysis tool like
3DNA,33:34 Curves+,%5 or some other program that determines the helicoidal parameters,*6
using the standard coordinate frame and structural conventions.®

The utility of the ABI is demonstrated by the equilibrium distributions for different base pair
steps (Figure 5) and by the simplicity of the chromograms monitoring the A=B transition
(Figures 6-8). To allow the reader to critically assess the correlations between the ABI and
the other parameters commonly used to distinguish the A- and B-forms, the Supporting
Information includes complete 3DNA analyses of the two structures in Figure 9.

CONCLUSIONS

We have examined the transitions of DNA molecules from the A-DNA conformation to the
B-DNA conformation in MD simulations using a B-genic solvent (150 mM NaCl). We
investigated four different sequences with a range of predicted A-phaobicities, using a new
metric, the A-B Index (ABI) to describe the structures. In all cases, there is no energy
barrier to the initiation of the A-to-B transition. This is consistent with the positive values of
AGgp reported by Tolstorukov et al.1> The conversion begins within about a nanosecond and
is typically complete within 5 ns, although A-like structures sometimes persist in regions of
3-5 base pairs for up to 10 ns more. Molecules containing sequences that are predicted to be
more A-phobicl® make the transition more rapidly than those containing less A-phobic
sequences.

These simulations, along with an analysis of the extended ABC database,16-21 show that
even under physiological conditions there are substantial fluctuations in the ABI about the
average values deduced from X-ray crystallography. This is not surprising, considering the
modest free energy differences between the A- and B-DNA conformations for individual
base pair steps.1®
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When a segment of about one turn of the double helix is locked in the A-form, MD
simulations in the same B-genic solvent reveal that the bend angle at the A/B junction has an
average value of ~20-30°, and that it fluctuates with a characteristic time on the order of 10
ns. The size of these bend angles offers some support for our previous proposall# that the
cooperative unit for transitions between A-DNA and B-DNA in a narrow channel is one turn
of the double helix.

The A-form of the DNA double helix, which was long regarded as little more than a
laboratory artifact, does occur locally in DNA-protein complexes.12:13 It has been found to
play a protective role under desiccating conditions, it is the form adopted by the genome of a
filamentous virus,2 and it may play a critical role in the generation of force by viral dsDNA
packaging motors.14 The simulations reported here expand our understanding of this
increasingly important DNA conformation.

There are, however, important unanswered questions about the forces driving transitions
between the A- and B-forms and how these depend on solvent conditions and DNA
sequence. Jayaram et al. gave an interesting breakdown of the differential free energy
contributions from phosphate-phosphate repulsions, solvation, and counterion condensation,
and how each of these depends on DNA conformation (A vs B) in mixed water-ethanol
solvents.4” They showed that in aqueous NaCl the favorable counterion solvation favors the
B-form whereas at low water activity counterion-DNA interactions dominate, favoring the
A-form. Our simulations have focused on kinetic issues, so they are not sufficiently long to
provide the well-converged equilibrium distributions necessary for decomposing the factors
driving the transition. It would be interesting to revisit this question with longer MD
simulations on the sequences used in our study.
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Figure 1.
Forty base pairs of B-DNA (bottom) and A-DNA (top). Two distinguishing features are

easily seen at this scale. First, A-DNA is much shorter than B-DNA, manifested in the rise
per base pair (2.6 A for A-DNA vs 3.4 A for B-DNA). Second, the base pairs are essentially
perpendicular to the helix axis in B-DNA, but not in A-DNA, the helicoidal parameter that
quantifies this is the inclination (~15-20° for A-DNA vs ~0° for B-DNA).
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Figure 2.
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Forces predicted to be generated by the A=B transition in the scrunchworm model# for the
four different sequences of Table 1, based on the values of AGga from Tolstorukov et al.1
and the assumption that this energy is expended over a distance of 0.8 A per base pair, the
difference in the rise of the A- and B-DNA double helices.
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Figure 3.
Phosphate group has different positions in A-DNA and B-DNA. This difference is made

guantitative by Zp, the average displacement of the two phosphate groups joining successive
nucleotides relative to the mean base pair plane between the corresponding successive base
pairs. In the A- and B-forms, Zp ~ 2 A and Zp ~ 0, respectively.32
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Figure 4.
Definition of the ABI. Black points are representative conformations of individual base pair

steps defined in two-dimensional (y,Zp) space, taken from high-resolution crystal structures
of the A-and B-forms.11 (Reprinted with permission from ref 11, Copyright 2000 Elsevier.)
Ideal configurations of A- and B-forms are shown by the red circles with yellow outlines.
The ABI is defined by a linear combination of normalized values of y and Zp (eq 1), and the
ABI scale is shown here in red. ABI values cluster around 0 and 1 for the A-and B-forms,
respectively. Note that values outside the range 0 < ABI < 1 do occur.
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Figureb.
Potentials of mean force for the A-B Index for each of the 10 unique base pair steps, derived

from the ABC database of MD simulations on B-DNA and its extension.16-21
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Figure 6.
ABI trajectories for two DNA molecules, each with the MedF sequence, starting from the A-

DNA conformation (left) and the B-DNA conformation (right). The bar at the bottom gives
color scales for the ABI and for AGg4 from the Tolstorukov scale.1® The latter allows the
reader to interpret the color bar at the top, which indicates the A-phobicity of each base pair
step. As shown in Figure 2, there is little variation in the A-phobicity of the MedF sequence,
so there is little variation in the colors in this bar. The DNA was equilibrated with restraints
holding it in either the A- or B-form; the last 1 ns of equilibration is included in the figure,
and ¢= 0 corresponds to the point at which restraints were released.
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Figure 7.
ABI trajectories for the BigF and LilF sequences, starting from the A-form. Color scales are

the same as in Figure 6. A comparison of the color bars at the top of each trajectory with
those for MedF (Figure 6) shows that the BigF sequence is more A-phobic (red), while the
LilF sequence is less A-phaobic (blue). The yellow bars and red boxes identify regions that
have both A-DNA and B-DNA, and A/B junctions, as discussed below. White patches within
a trajectory indicate distorted structures where the mean base pair plane is ill-defined, so the
values of Zp and ABI cannot be calculated by 3DNA.
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Figure8.
Averaged trajectories for the BigF and LilF sequences, from the data in Figure 7. Color

scales are the same as in Figures 6 and 7. The relative A-phobicities of the two sequences
are manifested by a more rapid conversion to B-DNA in the BigF molecule versus lingering
A-like structures in the LilF molecule.
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Figure9.
Snapshots of junctions in BigF DNA and LilF DNA. The two views of each molecule are

orthogonal to one another (rotated by 90° about the vertical axis), so that both the magnitude
and direction of the bend angles at the A/B junctions can be seen. There are pronounced
bends at both junctions in the BigF molecule, but the LilF molecule is essentially unbent.
These structures were captured early in the transitions from A-DNA to B-DNA (red boxes
and yellow lines in Figure 7).
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Figure 10.
On hundred nanosecond trajectories of the bend angles at the two A/B junctions in the BigF

molecule. (a) bend angle between the A-DNA segment and the long arm of the molecule
(the upper arm in Figure 9). (b) Bend angle between the A-DNA segment and the short arm
of the molecule (the lower arm in Figure 9). Each 100 ns simulation was repeated twice, and
the two trajectories are indicated in red and blue.
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Table 1

DNA Sequences Used in the Simulations

name sequence

BigF AAATTTTGAAAAATTTTTCAAAAAAAATTTTGAAAATTTT
LilF GGGGGTACCCCTGGGGGCCCCCTAGGGGGTACCCCGGGGG
MedF  AGATCAGATCTCAGATCGATCGATCTCATGATCTGAGATG
RandF  AGAAGAAGTTAAGCGCCCGAGTATTACCTATTCGGCTGCT
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