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Abstract

Background: The centromeres in yeast (S. cerevisiae) are organized by short DNA sequences (125 bp) on each
chromosome consisting of 2 conserved elements: CDEIl and CDElIll spaced by a CDEIl region. CDEI and CDEIII
are critical sequence specific protein binding sites necessary for correct centromere formation and following
assembly with proteins, are positioned near each other on a specialized nucleosome. Hegemann et al. BioEssays
1993, 15: 451—460 reported single base DNA mutants within the critical CDEl and CDEIll binding sites on the
centromere of chromosome 6 and quantitated centromere loss of function, which they measured as loss rates
for the different chromosome 6 mutants during cell division. Olson et al. Proc Natl Acad Sci USA 1998, 95: | 1 163—
11168 reported the use of protein-DNA crystallography data to produce a DNA dinucleotide protein
deformability energetic scale (PD-scale) that describes local DNA deformability by sequence specific binding
proteins. We have used the PD-scale to investigate the DNA sequence dependence of the yeast chromosome 6
mutants' loss rate data. Each single base mutant changes 2 PD-scale values at that changed base position relative
to the wild type. In this study, we have utilized these mutants to demonstrate a correlation between the change
in DNA deformability of the CDEI and CDEIl core sites and the overall experimentally measured chromosome
loss rates of the chromosome 6 mutants.

Results: In the CDE | and CDEIII core binding regions an increase in the magnitude of change in deformability of
chromosome 6 single base mutants with respect to the wild type correlates to an increase in the measured
chromosome loss rate. These correlations were found to be significant relative to 105 Monte Carlo
randomizations of the dinucleotide PD-scale applied to the same calculation. A net loss of deformability also tends
to increase the loss rate. Binding site position specific, 4 data-point correlations were also created using the wild
type sequence and the 3 associated alternate base mutants at each binding site position. These position specific
slope magnitudes, or sensitivities, correlated with and reflected the underlying position symmetry of the DNA
binding sequences.

Conclusion: These results suggest the utility of correlating quantitative aspects of sequence specific protein-
DNA complex single base mutants with changes in the easily calculated PD-deformability scale of the individual
DNA sequence mutants. Using this PD approach, it may be possible in the future to understand the magnitude of
biological or energetic functional effects of specific DNA sequence mutants within DNA-protein complexes in
terms of their effect on DNA deformability.
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Background

The centromeres in the yeast,S. cerevisiae, are organized on
short DNA sequences (125 bp) on each of the 16 chromo-
somes consisting of 3 elements, CDEI, CDEII, and CDEIII,
as shown in Figure 1. CDEI is a conserved 8 bp element
(positions 1-8 in Figure 1) with a 6 bp palindrome. CDEII
is an approximately 78-86 bp A+T base rich, length con-
served sequence located between the other two elements.
CDElll is a 26 bp conserved element with a 7 bp core pal-
indrome-bold arrows in Figure 1. Following assembly
with sequence specific binding proteins, CDEI and CDEIII
are positioned near each other on a specialized nucleo-
some (inset in Figure 1) and are critical assembly sites for
additional specific protein-protein interactions necessary
for correct centromere formation [1,2]. The Cbflp protein
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binds as a homodimer to CDEI, while CBF3 is a multi-
protein complex that binds to CDEIII. There is also evi-
dence supporting a subsequent interaction between
Cbflp and CBF3 [3,4], although this may be mediated
through additional proteins [5]. These proteins form part
of the inner kinetochore structure that, with additional
protein kinetochore layers, is attached to the microtubule
[6]. The microtubule is part of a spindle apparatus in the
dividing yeast cell that is responsible for correct segrega-
tion of each chromosome into the daughter cells during
cell division.

In a detailed genetic mapping study of the centromere of
chromosome 6, Hegemann et al [7] produced 67 single
base DNA mutants within the critical CDEI and CDEIII
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CDEI & CDEIIll sequences, their associated mutant's chromosome loss rates, and approximate locations of the
DNA-protein components in a centromere nucleosome model. At the top the three main conserved wild type DNA
sequences, CDEI, CDEIl, and CDEIIl are represented. The core palindromes are marked by bold arrows and the symmetry
centers by asterisks. The flanking palindrome areas of CDEIIl are indicated by lighter arrows. Below each of the wild type
sequences, the different mutant bases tested for each wild type base position are shown. Beneath each mutant, the bold verti-
cal line indicates it's relative log, (loss) rate, of magnitude indicated by the log scale shown. These data are recreated from
Hegemann et al [7] Figure 3. The inset depicts a model of the yeast centromere showing the modified nucleosome formed by
wrapping the CDEl site into close proximity to CDEIIl. Also shown are their associated protein complexes that along with
additional binding proteins form the kinetochore, which bind the spindle microtubule [2].
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Figure 2

PD-scale profiles of native CDEIl & CDEIll compared with single mutant examples. PD magnitude profiles of the
positions in the core binding sites of wild type CDEI and CDElIIl, shown as filled circles. The 2 PD values altered by a single
selected base mutant in both core binding areas are shown as squares with the mutant base placed above the corresponding

base in the wild type sequence.

binding sites and measured chromosome fragment loss
rates for all the chromosome 6 mutants during mitosis.
While no specific error ranges were presented in this
study, the researchers indicated that repeated data points
were within 10% of each other [8]. All possible single base
mutants were tested for the 8 bp CDEI element which has
a center of symmetry between positions 5 and 6. Simi-
larly, all possible single base mutants were tested for posi-
tions 11-17 of the CDEIIl element, which forms the
highly conserved core 7 bp palindrome with a center of
symmetry at position 14. These areas are referred to as the
'core’ protein binding sequences in our study due to their
base conservation and elevated loss rates. In Figure 1
below we show each base position and present the magni-
tude of the measured chromosome loss rate for each base
mutant as vertical lines, where the length of each line is
proportional to the log, (chromosome loss rate).

The current state of knowledge in understanding DNA-
protein interactions posits that DNA sequence specific rec-
ognition by its cognate protein may happen by a combi-
nation of both direct and indirect readout of a DNA
sequence [9]. Direct readout would correspond to specific
functional groups in the DNA major and minor grooves,
including tightly bound waters of hydration, interacting
with specific amino acid residue features of the 3-D struc-

tured protein. Indirect readout would correspond to fea-
tures such as characteristic distortions of the DNA
sequence that may not be entirely sequence specific. A
type of indirect readout of DNA is that characteristic of the
deformation brought about by sequence specific protein
binding. Olson et al [10] have used crystallography data
on nearly 100 protein-DNA complexes to produce a type
of indirect readout scale, the dinucleotide protein deform-
ability energetic scale (PD-scale), that describes the aver-
age DNA deformability by sequence specific binding
proteins. The relative positions of adjacent planar base
pairs are calculated in terms of the 6 dimensional param-
eters: twist, roll, tilt, shift, slide and rise. From these calcu-
lations, each of the 10 unique dinucleotides was assigned
a single number that represents the multidimensional vol-
ume of energetic states found for that dinucleotide. That
numerical PD-scale value for each dinucleotide is a repre-
sentation of the average overall deformability for that
dinucleotide by sequence specific binding proteins.

In this study, we have demonstrated novel correlations
between the chromosome 6 single base pair mutants'
chromosome loss rate data obtained by Hegemann et.al.,
[7], expressed in the log, form, and the PD-scale differ-
ences for each single base mutant calculated from the dif-
ference between each mutant and the wild type DNA. The
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Table I: Correlation and Monte Carlo data values
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UNSIGNED PD Monte Carlo
Mutant Group Data Points R Value Slope Reg. P-Value Prob.(Better R- Prob.(Steeper
Value) Slope)
CDE | Core 24 54.6 0.186 .0057 .0l6 .009
CDE lll Core 21 54.7 0.427 .0103 .052 .044
CDE Il &Il 45 50.1 0.347 .0004 .003 .003
ALL 67 43.0 0.264 .0003 .020 .007
Non Core 22 1.3 0.018 .6100 .280 460
SIGNED PD
CDE | Core 24 -30.1 -0.08 .152 .098 .050
CDE Il Core 21 -68.0 -0.37 .0007 .059 0l
CDE [ &Il 45 -22.9 -0.11 .130 228 282
ALL 67 -30.1 -0.12 013 .083 .065
Non Core 22 15.4 493 206 .194

Results for plots of Log, (chromosome loss rate) vs UNSIGNED PD or SIGNED PD delta sums for various mutant groupings: CDEI Core = CDEI
positions | thru 8; CDEIIl Core = CDEIIl positions || thru 17; Non Core = All other position mutants. The R-value is the signed correlation, the
regression P-value is a statistical measure of the slope significance. The right 2 columns show the control P-value results from the Monte Carlo

method (see text).

correlations were observed for both CDEI and CDEIII
binding sites. We also examined each binding site posi-
tion's specific 4 data-point correlation, created using the
wild type sequence and the 3 associated alternate base
mutants' chromosome loss data for that position. Slope
magnitudes from these position-specific correlations were
found to be symmetric about the center of symmetry of
both the CDEI and CDEIII sites. The slopes quantitatively
represent symmetric energetic/functional aspects of the
assembled centromere in vivo and reflect the underlying
symmetry of the palindromic DNA binding sequences.
Monte Carlo statistical controls were performed to dem-
onstrate the significance of the observed correlations.

Results and discussion

Sequence specific protein-DNA binding events play many
key roles in cells, ranging from dominant roles in the reg-
ulation of gene expression to critical roles in correctly seg-
regating sister chromatids during cell division, the role
relevant to the system we examine here. The ongoing
efforts to leverage the growing numbers of high resolution
X-ray crystallography and NMR structures to identify a
useful DNA-protein 'interaction code' continues with
modest success [11]. Some authors have described recog-
nition in terms of direct and indirect readouts of DNA
binding sequences by the protein. A type of indirect read-
out of any sequence is provided by scales that describe
how the DNA is deformed by protein binding. One such
scale, the simple PD-scale determined from these high res-
olution structure data, forms part of that effort to identify
an 'interaction code'. Use of the PD-scale has achieved

some successes; for example, in helping to understand the
energetic signature of transposon target sequences [12]
and receptor response elements [13]. Applying the PD-
scale to the CDEI and CDEIII core binding sites and their
single base mutants, we present in Figure 2 the PD-scale
energetic signatures for each site. There is a clear signifi-
cant difference between the two sites. CDEI has the char-
acteristic seesaw deformability pattern observed in other
protein binding sites [12] with a roughly uniform distri-
bution of pyrimidine (Y) and purine (R) bases. It is also
symmetric about the center of symmetry of the CDEI site.
CDEIII however is more unusual with its poly-Y, poly-R
half-site arms oriented toward a single critical peak at the
center of the palindrome. The deformability peaks in both
profiles correspond to the flexible YR dinucleotides that
are frequently utilized in protein-DNA binding sites and
are sometimes referred to as 'hinges.' [10] CDEIII DNA is
the primary factor in determining centromere location
[2,6]. However, this site possesses a relatively small
number of conserved bases, leading some to speculate
that additional indirect readout properties account for
this specificity [14]. The isolated large deformability peak
evident at the symmetry center of the palindrome is likely
to play a key role in this recognition system.

PD changes in mutant sequences correlate with measured
chromosomal loss rates

The signedPD and unsignedPD (see methods) are two
simple but very different ways of quantitatively represent-
ing the change in DNA energetic deformability associated
with protein binding to DNA due to a single base muta-
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Regression plots of chromosome loss rates vs PD changes for CDEI & CDEIIIl single mutants. Scatter plots and
regression lines for core binding sequences showing steeper slopes for CDElIl (open squares) as compared to CDEI (solid cir-
cles) for both (A) unsignedPD and (B) signedPD. Correlation values, R, are shown within text boxes. The position of the wild
type data point is plotted as a 'W'. Dashed lines show 95% confidence intervals for average predicted values.

tion in the binding sequence. The signedPD indicates the
net change in deformability; the lower the number the
greater the overall loss of deformability. By contrast, the
unsignedPD indicates the total magnitude of change in
deformability due to the mutation. The correlation results
for both measure types are given in Table I. Associated
regression plots for the most important core binding areas
are shown in Figure 3. The unsignedPD results exhibited
uniformly good, statistically significant, positive correla-
tions in both core protein binding areas as well as for the
entire mutant data group-labelled ALL. In general, the
greater the magnitude of change of energetic deformabil-
ity in either direction, the greater is the measured chromo-
somal loss rate. The overall correlation quality of the
CDEIII core area is not as good as for CDEI and this is
reflected in the regression P-values as well as visually in
Figure 3A. The unsignedPD correlations tend to be evalu-
ating two factors with respect to PD-scale perturbations:

the relative loss rates at a specific position and the com-
parison of average positional loss rates. This latter factor
could be thought of as the position specific sensitivity to
mutation. Both factors are significant contributors to the
overall correlations, but the extreme positional sensitivity
variation of the data in CDEIII probably lowers the corre-
lation quality to some degree.

It is worth noting that the intercepts of the regression lines
from both these unsignedPD CDEI and CDEIII core areas
yield values very close to the wild type chromosome 6 loss
rate point (marked as 'W' in Figure 3A). The wild type
point was not included in the determination of the corre-
lations and slopes. We believe that the closeness of the
intercepts to the true wild type chromosomal loss rate
value, along with the magnitudes of the correlations, sug-
gests that the PD-scale is an appropriate and valid method
for representing mutant DNA sequence differences that
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bring about consequent energetic and functional changes
for this DNA-protein system.

When we simply compare the raw signedPD data values
associated with the two core area mutant groups, the dif-
ferences are quite noticeable. The wild type average dinu-
cleotide PD value for each site is about the same, but the
average signedPD value for all mutants is about -3 for
CDEI vs +1 for CDEIIL This is explained by the fact that
CDEIII positions often have 2 of the 3 mutants introduc-
ing a YR hinge while many of the CDEI positions have 2
of 3 mutants eliminating YR hinges. Furthermore, the
CDEIII position 14 and 15 mutants tend to eliminate the
center YR hinge and therefore most have a high net loss of
deformability. These mutants also have the highest loss
rates (suggesting the biological importance of this YR
hinge to CDEIlI-protein binding and correct centromere
function). Since just the opposite is true of most of the
other CDEIII position mutants, this partly explains the
exceptionally high signedPD correlation value in Table 1.
This means that the poly-Y, poly-R CDEIII site creates a
tendency for higher correlation values in the signedPD
case as reflected in the Monte Carlo 0.059 probability of
higher correlation than the actual value and leaves the
general significance of the high signedPD correlation
debatable. Indeed the other signedPD results presented in
Table 1 showed much lower correlations. However, in
contrast to the unsignedPD results, there is a clear ten-
dency for these correlations to be negative. The only
exception is the non-core group, which has the only posi-
tive slope and, as in the unsignedPD case, has regression
values indicating that the correlation is not significant.
Therefore, although expressed statistically somewhat
weakly, these data suggest that using the PD-scale in the
signedPD metric, exhibiting a net lowering of energetic
deformability, correlates to a higher chromosomal loss
rate.

The slopes of these regressions are a representation of the
rate of change in log, (chromosome loss rate) per unit PD-
scale change. In other words, they measure the binding
site functional sensitivity to deformability changes aver-
aged over the entire site for which mutants were generated
and studied. The ratios of CDEIII to CDEI slopes, 2.3 for
unsignedPD and 4.7 for signedPD, echo's the greater sen-
sitivity of CDEIII compared to CDEI seen in the raw chro-
mosome loss rates. Besides the raw loss rates of the
Hegemann et.al,, [1] study, many other experimental
studies are in agreement with these slope ratios or binding
site sensitivities, clearly indicating the greater importance
of the CDEIII site compared to the CDEI site for correct
centromere functioning [2,6,7]. This way of viewing the
measured chromosomal loss rate data for different DNA
sites provides an underlying structural/energetic basis for

http://www.biomedcentral.com/1471-2199/7/12

understanding them and calculating their magnitudes in
terms of DNA deformation produced at those sites.

It is very clear from the group correlation values that the
correlations are much stronger in the known conserved
core protein binding centers as compared to strains with
mutations in the less critical flanking areas, i.e. the non-
core group. Although the mutant data is incomplete in
these areas, the loss rates are varied and there are a few sig-
nificant loss values. The lack of correlation here, in con-
trast to the core binding areas, may suggest a less critical
role played by energetic deformability changes in these
non-core DNA regions contributing to accurate biological
function.

Dual variable regression models, using both the signedPD
and unsignedPD, also reflect the overall weakness of the
signedPD correlations. Analysis of variance reveals that
none of the signedPD variable parameters are significant
as an additional parameter except for the CDEIII group.
There, the signedPD parameter is actually more significant
than the unsignedPD, but both are very statistically signif-
icant. This last correlation has an R-value of 82.4; a P-
value of 0.0027 reflects the significance of the
unsignedPD parameter added as a second parameter.

Monte Carlo simulation distributions demonstrate
significance of delta PD sum correlations

The Monte Carlo analysis (see methods) was done as both
a statistical crosscheck of the reported regression signifi-
cance as well as to reveal trends or bias inherent in the
data set. Dramatic differences between regression P-values
and Monte Carlo P-values are an indicator of bias and
question the validity of linear regression model assump-
tions. The Monte Carlo P-values are shown for both corre-
lation and slope in Table 1 and generally have the same
relative trends as the regression P-values. However, as
noted above we see the stark contrast in P-values in the
CDEIII signed case: 0.0007 vs 0.059 indicating significant
data set bias not reflected in the linear regression values.
Notably, from a pure statistical viewpoint, the best fit is
the combined core area (CDEI & CDEIII) group using the
unsignedPD metric. The regression P-value of 0.0004 and
associated Monte Carlo value of 0.003 suggest the appli-
cability of this approach to known sequence specific bind-
ing areas.

Histograms of the actual Monte Carlo distributions allow
one to see the subtle bias reflected in the P-values. Figure
4 displays histograms of R-value distributions calculated
for 105 randomizations of the PD-scale dinucleotide val-
ues for the core sites. The true R values using the correct
PD-scale are marked on the x-axis for comparison. Note
that the Monte Carlo values presented in Table 1 include
both tail areas. For example, the A panel histogram area to
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Histograms of Monte Carlo R-value distributions for CDEIl & CDEIII sites as a result of randomizing the PD-
scale. Histograms of the Monte Carlo distributions of R values are shown calculated from 105 randomizations of PD-scale val-
ues. In each histogram the actual value from the true PD-scale is marked by a triangle along the x-axis. Shaded dual tail areas
correspond to probabilities of better correlations than the actual value reported in Table |. The normal curve, superimposed
on each of the histograms using the mean and standard deviation of the distribution, reveals the normal character of the CDEI
distributions (A) & (C) and contrasts with the bimodal CDEIIl distributions (B) & (D).

the right of the triangle marker is only the positive part of
the 0.016 probability area that contributes to a more sig-
nificant correlation. The negative portion area is high-
lighted on the left side of the histogram.

The superimposed normal curve created from the mean
and standard deviation of each dataset in panels A-D
reveals that the CDEI distribution is closer to a normal
form than the CDEIII and the unsignedPD distributions
are closer to normal than the signedPD. Therefore, the
least amount of bias attributed to the PD-scale is found in
the unsignedPD CDEI case. It is striking that both CDEIII
distributions show a tendency toward a bimodal form
with the signedPD version having a more pronounced
effect and a significant negative bias. The exact shapes of
these distributions are a complex interplay between the
mutant loss rate pattern and the overlaps of the PD-scale
delta sum calculations.

The CDEI and CDEIII paired scatter plots presented in Fig-
ure 5 also reveal the influence of the bimodal behavior of
CDEIIL. The unsignedPD distribution in Figure 5A is
almost normal (circular), but reveals a subtle gap in the
center right area. The signedPD distribution in Figure 5B
shows a small but clear lean towards a diagonal orienta-
tion across the like signed quadrants. Although this latter
behavior can be partly explained by both the bimodal
CDEIII as well as the bias of both distributions toward the
negative side, these plots are showing more information
than is evident in the individual distributions. Namely,
that the signedPD plot indicates a small bias toward like
signed correlation values whereas the unsignedPD distri-
bution does not. The real PD-scale R-values are marked in
each scatter plot and can be seen to be extreme values rel-
ative to the distribution that the 10> Monte Carlo rand-
omized PD-scale simulations produce. Expressed
quantitatively, the probability of a Monte Carlo pair being
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Paired R-value distributions for CDEIl & CDEIlll from Monte Carlo results. Monte Carlo distributions of paired R val-
ues from CDEIIl vs CDEI core binding area regressions are presented for 105 randomized PD-scale values for unsignedPD (A)
and signedPD (B). The actual values obtained from the true PD-scale are indicated by arrows and marked by '+' signs. The
probabilities of better pair values in the respective quadrants are .0001 and .0044 for unsignedPD and signedPD respectively.

more extreme than the real pair in their respective quad-
rants, that is having an equal or better R-value, is only
0.0001 and 0.0044 for unsignedPD and signedPD met-
rics, respectively.

Double mutant groups

Three small double mutant groups were also tested [4,8]
where a primary mutation is held constant and a second-
ary mutation is created. These groups can be evaluated as
previously described by using the PD-scale delta sums cor-
responding to the secondary areas. The first group was the
CDEIII position 15 base 'T" (15T) group and had as their
second mutation a changed base in the CDEI position 3,4,
or 5. The group consisted of 8 of the possible 9 CDEI
mutant variants. The 15T group had no correlation using
unsignedPD and a signedPD correlation value of 62.3
with a positive slope of 0.0262. The signedPD correlation
was of poor quality; the regression P-value was 0.099. The
second group was the CDEIII position 18 base 'A' (18A)
group and consisted of the three possible CDEIII position
15 secondary mutations. Here we simply note that this
group's 4 point unsigned position specific plot is a bit bet-
ter than the single mutant version and maintains the gen-
eral correlation trends previously discussed. The last
group consists of 2 CDEIIl double mutants which also fol-

low previously discussed unsignedPD correlation trends.
Although the first group results are contrary to the previ-
ous findings, it should be noted that this group is com-
prised of only 8 data points, and includes a high loss rate
primary mutant. Use of the latter mutant forces an alter-
nate loss rate assessment method to be used and involves
mutations in both binding sites, which may introduce
additional energetic factors in the chromosome loss rates
involving changes in protein-protein interactions. Thus,
these limited double mutant data do not provide a clear
test of the utlility of the PD-scale representation.

Position specific binding site sensitivities possess symmetric
features mirroring the binding site sequence

Both CDEI and CDEIIl DNAs contain palindromes. Con-
sistent with these features are the following facts. CDEI is
known to be a binding site for a homodimer protein; the
loss rate magnitudes of CDEIII reflect the DNA symmetry;
and both sites possess symmetric PD representations.
Therefore, we examined the chromosome loss rates vs
unsignedPD in a position specific way in both CDEI and
CDEIII in order to see if the DNA deformability depend-
ence we already observed also reflected this sequence sym-
metry. The slopes of the position specific correlations
reflect the general sensitivity of that position to changes in
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Position specific regression plots for CDEI position 5. Representative examples of two, position specific, 4 data-point
linear correlations along with the regression slopes are presented. These are comprised of the 3 associated alternate base
mutant data points along with the wild type data point for the CDEI position 5. This position possesses unusually good corre-

lations for both unsignedPD (A) and signedPD (B) plots.

energetic deformability. An example of these 4 point
regressions are given in Figure 6 for CDEI position 5. Note
that both the unsignedPD and signedPD correlations
shown for position 5 are quite good. However, they are
not representative of the entire group of positions as these
regressions are quite varied in terms of significance. Nev-
ertheless, as a group the unsignedPD 4 point correlations
are uniformly more significant than the signedPD 4 point
correlations. As is readily apparent in Figure 7 where the
unsignedPD data is presented, the slope magnitudes for
each site position are symmetric about the center of sym-
metry of each binding site. In the case of the CDEI palin-
drome, similar slope magnitudes exist for position pairs
(5,6; 4,7; 3,8) that are symmetric about the center of sym-
metry of this sequence. For the CDEIII palindrome, the
slope magnitudes are similar for position pairs (13,15;
12,16; 11,17), symmetric about position 14, the central
conserved cytosine that is the exact center of symmetry. As
we have already discussed in Figure 2, the cytosine at posi-
tion 14 is the most highly deformable of all site positions
in CDEIII. It is thought to be the position where critical
protein interactions occur involving the p64 and p58 pro-
teins [3,14]. That these slope magnitudes and position
symmetry trends, calculated from PD-scale changes for
position specific mutants, reflect their underlying DNA
binding site symmetries provides strong support for the

PD change approach being a useful method for under-
standing quantitative experimental aspects of DNA-pro-
tein interactions. Should sufficient confidence be gained
in applying the PD approach to other systems, it may be
possible in the future to make informed speculations
about unknown aspects of a specific protein binding sys-
tem based upon the behaviour of single base mutants in
the underlying DNA binding site.

The overall position specific symmetry for both core sites
can be described with one number by using the six pair
relative closeness sum (see methods). The value can range
from O to 6, the lower the number, the more symmetric
the result. For the unsignedPD representation, this sum is
1.02, indicating a highly symmetric set of slope values for
the combined core sites. Monte Carlo techniques using
random PD-scale values as described in methods were
used to count the number of values less than the real
value, giving a probability of obtaining better overall sym-
metric patterns than the actual. It is understood that these
unsignedPD 4 point regressions have a natural tendency
to produce significant positive correlations and, even
worse, the slope magnitudes would tend to reflect the
combined loss rates of the 3 mutants. Yet despite this, the
computed Monte Carlo probability for a more symmetric
value is a relatively low 0.012 and this is conservative, as
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Figure 7

Symmetric position specific regression line slope magnitudes for CDEI & CDEIII sites. A bar chart of the position
specific regression lineslopes from plots of log, (chrom. Loss rates) vs. unsignedPD change for both CDEI and CDElIl sites.
Symmetry centers for both sites are marked with an asterisk and palindromic regions with bolded arrows. In the case of CDEI,
symmetry is between positions 5 and 6. For CDEIll, symmetry centers on position 14, the central conserved cytosine.

it allows for a fairly wide range of individual pair 'relative
closeness' values. It drops to 0.007 if all six pair values are
required to be no worse than the worst actual single pair
value. Therefore, we see the single site position changes in
log, (chromosomal loss rate) with respect to sensitivity to
energetic deformability significantly reflecting the interac-
tive protein-DNA symmetry of these systems.

The same symmetry analysis using the corresponding val-
ues for the signedPD yield much poorer results than for
unsignedPD. The individual position specific slopes are
less significant, and the overall symmetry is much worse;
the six pair symmetry value is 2.59. Therefore, from a
number of results we have presented, the unsignedPD is
the more useful representation, producing significant cor-
relations of the log, (chromosome loss rates) dependence
on changes in the binding site deformability for both
CDEI and CDEIIL.

Applicability to other systems

It is clear from the mutant loss rates in Figure 1 that the
CENG6 wild type CDEI & CDEIII sequences possess supe-
rior levels of function compared to all the single base pair
mutant sequences. In order to carry out their function,
these native sequences must fulfill multiple energetic
requirements that are dynamic in nature. The centromere

formation process involves many proteins, some binding
to both DNA as well as other proteins. Then, the resulting
DNA-multiprotein complex must sustain the energetic
forces of the chromosome separation process. Since the
DNA dinucleotide based PD-scale represents the average
deformability energetics expressed by dinucleotides
involved in sequence specific protein binding, it is not
that surprising to find general correlations between the
magnitude of the energetic perturbations associated with
the mutants and their resulting loss of function. While we
have found that the PD sensitivity is roughly doubled in
the CDEIlI site, the unsigned PD regression combining all
45 mutants in these two core sequences with clearly differ-
ent PD-scale signatures is still very significant. The low
regression p-value implies the effects of PD change are rel-
atively close in magnitude and highlights the general
applicability of the PD-scale to this system. Our study
(data not shown) using the Cbflp/CDEI binding con-
stants [15] shows correlation at selected DNA site posi-
tions. However, using this simple approach with all
preserved site positions does not provide an overall signif-
icant level of correlation. Currently, we do not understand
the reason for this. Certainly the binding constants for
Cbf1p/CDEI complexes are quantities of far simpler phys-
icochemical systems than are the DNA-multiprotein com-
plexes involved in the in vivo chromosome segregation
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functional data we analyzed in this study. We do not yet
know whether the types of correlations observed here will
be a general type of behavior found in different DNA-pro-
tein systems where functional or energetic measurements
of complexes possessing single base mutations have been
carried out. We are interested in determining whether the
PD change effects for other completely different DNA-
protein systems exhibit correlations and also whether they
are roughly linear as we observed here.

Conclusion

The PD-scale represents DNA dinucleotide based deform-
ability energetics by sequence specific protein binding. We
have investigated the use of calculating changes in the PD
value of single base mutant sequences relative to the wild
type sequence to demonstrate correlations with measured
chromosome loss rates for these single base mutants
within the core CDEI and CDEIII protein binding sites in
the centromere of yeast chromosome 6. We have pro-
duced novel results that lead us to the following conclu-
sions. The greater the magnitude of change in energetic
deformability of a given mutant, the greater is its meas-
ured chromosome loss rate. Generally this is linear for the
rate of log, (chromosome loss rate) increase per PD-scale
unit change, with the value for CDEIII being over twice
that of CDEI. This higher deformation sensitivity reflects
the conclusions from the data presented in Table 1 and
agrees with numerous experimental studies, indicating
that CDEIII is more critical to correct chromosome segre-
gation than is CDEI. A net decrease in energetic deforma-
bility tends to correlate to a higher loss rate. This is
strongly expressed in the CDEIII site. The position specific
site sensitivities, or slope magnitudes, reflect the underly-
ing sequence symmetries of these two sites. Taken
together, these data suggest that the PD-scale representa-
tion of the deformability energetics of a DNA sequence, is
an important simple attribute of the DNA sequence that
could be used in future studies to quantitate and under-
stand the functional consequence of alterations in a DNA
recognition sequence upon interaction with its sequence
specific recognition protein.

Methods

We used the PD-scale of Olson et. al. [10] in the following
way. The single base change in a mutant causes two adja-
cent dinucleotide PD-values to differ from the wild type
(Figure 2). Let deltal and delta2 be these differences, cal-
culated by Mutant - Wild Type. Then deltal+delta2 is the
signed PD-scale delta sum (signedPD), and is the net
directional change in the PD scale attribute of the mutant
with respect to the wild type. Similarly, |deltal|+|delta2|
is the unsigned PD-scale delta sum (unsignedPD), and is
the magnitude of the PD scale change. Each mutant's PD-
scale delta sum is paired with the natural log of the chro-
mosome loss rate forming a data point in our plots. The

http://www.biomedcentral.com/1471-2199/7/12

PD-scale delta sums and the log, (chromosomal loss
rates) are used as the predictor and response values,
respectively, for correlations using various groupings of
these data points. Two types of groupings were used:
larger groups of mutant data points without inclusion of
the wild type data point and position specific, 4 data-
point groups, comprised of the 3 associated alternate base
mutant data points for a single position along with the
wild type data point.

All of the correlations used standard linear techniques
with a constant term. For each group, two separate regres-
sions were performed: one using unsignedPD and one
using signedPD. Additionally, 2 variable linear regres-
sions were done for the larger groups using both signedPD
and unsignedPD as predictor variables. While P-values for
all parameters in the single and dual variable regressions
were produced, control Monte Carlo based P-values were
also calculated. This Monte Carlo method first randomly
reassigned the 10 PD-scale values to the 10 unique dinu-
cleotides and then performed the same correlations done
with the real PD-scale values. This randomization process
was repeated 100,000 times producing a distribution of R-
values and, independently, slope values for each specific
real-value regression performed. From these distributions,
the probabilities of encountering a better correlation or a
steeper slope than the actual values were obtained.

The position specific data are mainly only applicable to
the core palindromic areas in CDEI & CDEIII, where all 3
mutants at the following positions were tested: CDEI 1-8
and CDEIII 11-17. The patterns of these regression values,
relative to the center of symmetry, were the focus of our
interest. Numerically, this symmetry is expressed by find-
ing pairs of slope values close in magnitude. For CDEFI, the
symmetric position pairs are (5,6), (4,7), and (3,8); for
CDEIIl they are (13,15), (12,16), and (11,17). We
expressed the relative closeness of two values, vl and v2 as
|[v1-v2|/(|v1]|+|v2|) allowing for a measure of the symme-
try pattern by summing these 'relative closeness' values for
all six pairs of symmetric positions. The value can range
from O to 6, the lower the number, the more symmetric
the result. Then, Monte Carlo techniques using random
PD-scale values as described above were used to count the
number of values less than the real value, giving a proba-
bility of obtaining better overall symmetric patterns than
the actual.

The Mathworks' MATLAB® version 7.0.1 programming
software and statistics toolbox was used to calculate
regressions and results.

Abbreviations
Y - DNA pyrimidine base
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R - DNA purine base
YR - DNA pyrimidine-purine dinucleotide
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