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SUMMARY

We have developed a three-dimensional quantitative spectrometric data-activity relationship (3D-QSDAR)
modeling technique which usesNM R spectral and structural information that iscombined in a 3D-
connectivity matrix. The 3D-connectivity matrix isbuilt by displaying all possible assigned carbon NMR
chemical shifts car bon-to-carbon connections and distances between the carbons. We selected 2D 13C-13C
COSY and atheoretical 2D 13C-13C distance connectivity spectral slices from the 3D-connectivity matrix to
produce arelationship among the 2D spectral patternsfor polychlorinated dibenzofurans (PCDFs),
dibenzodioxins (PCDDs), and biphenyls (PCBs) binding to the aryl hydrocarbon receptor (AhR). Werefer to
thistechnique as compar ative structural connectivity spectra analysis (CoSCSA) modeling. All the QSDAR
models wer e based on multiple linear regression analysis of the predicted 133C NMR structure-connectivity
gpectral patterns. A 2.0 ppm resolution CoSCSA model for 26 PCDF compounds had an explained variance
(r2) of 0.97 and a leave-one-out (L OO) cross-validated variance (g2) of 0.95. A 1.0 ppm resolution CoSCSA
model for 14 PCDD compounds had an r2 of 0.99 and a g2 of 0.95. The 1.0 ppm resolution CoSCSA model for
12 PCB compounds had an r2 of 0.97 and a g2 of 0.97. A 1.0 ppm resolution CoSCSA model for all 52
compounds had an r2 of 0.94 and a g2of 0.91. Conventional quantitative data-activity relationship (QSAR)
modeling suffersfrom errorsintroduced by the assumptionsfor dielectrics, partial charges, and using only
one structural conformation in calculated electrostatic potentials and the molecular alignment process. 3D-
QSDAR modeling is not limited by such errors since electrostatic potential calculations and molecular
alignment are not done.
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INTRODUCTION

Polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and biphenyls (PCBs) are industria
compounds or byproducts that are widely distributed in the environment. They are known toxicants having a

common receptor-mediated mechanism of action [1,2]. Many polychlorinated aromatic compounds cause toxic

effects after binding to an intracellular cytosolic receptor called the aryl hydrocarbon receptor (AhR) [3,4]. Thymic
atrophy, weight loss, immunotoxicity, acute lethality, and induction of cytochrome P4501A1 have all been
correlated with the binding affinity of PCDDs, PCDFs, and PCBsto AhR [5,6]. This receptor controls not only the
induction of the hepatic cytochrome P4501A 1 but also the associated aryl hydrocarbon hydroxylase and 7-
ethoxyresosufin O-deethylase activities [1]. Therefore, an important step in predicting the toxicity of PCDDs,
PCDFs, and PCBsis being able to estimate each of their binding affinities to the AhR.

Quantitative structure-activity relationships (QSAR) are attempts to quantify the observed relationships between the
structure of chemical compounds and the extent to which those compounds exhibit certain properties [7-14].
Quantitative spectrometric data-activity relationships (QSDAR) are based on the spectral-activity leg in the
triangular structure-spectra-activity relationship. We have developed QSDAR models for binding to the
corticosterone binding globulin [15], aromatase enzyme [16], and AhR [17]. One type of QSDAR, comparative
spectral analysis (CoSA), produced models for corticosterone, aromatase enzyme and AhR that yielded better
correlations and predictions than were seen with previous QSAR models.

These CoSA models were based on simulated 13C nuclear magnetic resonance (NMR) data. ACD Labs[18] now
sells software that takes a chemical's structure and from that predictsits 13C NMR one-dimensional spectrum. Other
13C NMR prediction packages include artificial neural network [19] and NM Rscape software from Spectrum
Research Labs [20]. Therefore, the process of building the CoSA models was simple and rapid compared to
correponding QSAR models.

Our original QSDAR models were based on 1D CoSA of 13C NMR spectral data from atraining set [15-17, 21].
Although the results of these QSDAR models were improvements compared to published QSAR results, we
believed there was room for improvement. We thought that one way to improve 1D CoSA modeling was to add
structural information to the model basis to produce a new technique modeling we called comparative structurally
assigned spectral analysis (CoSASA) of NMR data on a 2D structural template [15,16]. Suprisingly, the CoSASA
models were not as accurate as the structure-lacking CoSA models. We hypothesized that this inferior performance
was caused by several factorsincluding unanticipated nonlinear effects, a scale variation limitation that is also seen
with some QSAR modeling and the information that is lost for very long side chains not represented in the template
[15,16]. Another practical problem with CoSASA modeling was that each model was limited to structurally similar
congeners that could be represented in relation to a single templ ate.
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Most QSAR and QSDAR attempts to produce a single, predictive model across multiple chemical classes have met
with limited success. In the case of PCDDs, PCDFs, and PCBs, this challenge seems to be further aggravated by the
great dependency of each molecule's AhR binding activity on its chlorination sites and on the way in which its
molecular backbone conformation affects the spatial locations of the chlorine atoms. Estimation of molecular
conformation for QSAR models typically uses energy-minimized structures rather than weighted average structural
conformations. The latter arguably reflect more accurately the actual molecular characteristics. These factors explain
why conventional QSAR models based on a mixture of PCDD, PCDF, and PCB congers have not succeeded well
[2,22]. Our previous 1D CoSA model for PCDD, PCDF, and PCB congeners was significantly robust with an r2 of
0.85 and aq? of 0.71 [17], but we believed we could do better if we were able to add structural information to the
model. We did not disclose the CoSASA modeling results of PCDD and PCDF binding to the AhR because they
were not as good as the CoSA models[17].

The present research initiative avoids some of the foregoing problems by using the 13C NMR spectral data for atest
compound and adding the molecules structural connectivity information into a 3D-connectivity matrix. The 3D-
connectivity matrix is built by displaying all possible carbon-to-carbon connections (through-bond and through-
space) and their assigned carbon NMR chemical shifts. In this matrix representation the x-axis shows the chemical
shifts of carbon i, the y-axis shows the chemical shift of carbon j, and the z-axis the distance between carbon i and
carbon j (rj;). Representation of atypical organic compound in thisway dramatically extends the information content
available as a basis for pattern recognition. In fact, the information in a 3D-connectivity matrix over-determines the
compound's structure, so we can substantially reduce the information in the matrix that is used in amodel without
damaging the predictive power of the model. One way to reduce the information is to reduce the third (distance)
dimension of the 3D matrix into a set of only four distance categories or 2D spectral planes. Thefirst 2D plane
represented the nearest neighbor through-bond connectivity plane. The three other 2D planes were constructed from
compressing distance information on the z-axis, one for all short atom-to-atom through-space connections (2.0

A<r, j<3.0 A), one for all medium atom-to-atom through-space connections (3.0 A<r; j<5.0 A), and one for longer
atom-to-atom through-space connections (rj; > 5.0 A). The exact distance range used in amodel is not
predetermined and can be adjusted to optimize a model's performance. Similarities between the pattern of 2D
spectral data associated with the biological activity of the training set compounds and the corresponding spectral
datafor the test compound are detected to predict the extent to which the test compound should exhibit that
biological activity.

Standard NMR instrumental techniquesinclude 2D 1H-1H COSY [23] experiments in which connectivity
relationships through three bonds are found for nearest neighbor protons with an off diagonal cross peak. This
experiment is similar to 2D 13C-13C COSY experiments that contain anal ogous through bond connectivity spectral
patterns. For the 3D-QSDAR methods developed in this work, the information contents of such COSY experiments
are paralleled in the shortest distance layer of the connectivity matrix. Using the structurally assigned predicted
spectra and adding the nearest neighbor information as cross peaks produces this layer.

Our 3D-QSDAR predictive methods also bears comparison to several other multi-dimensional NMR experimental
techniques. 13C-13C COSY experiments have similarities to 2D 1H-13C heteronuclear single quantum correlation
(HSQC) [24] and 1H-13C heteronuclear multiple quantum correlation (HMQC) [25] NMR experiments that show
the connectivity for carbons and their attached protons. In practice, 2D 13C-13C COSY are seldom run because small

molecules are rarely fully 13C labeled. Even if the molecules were fully labeled, the 13C through-bond connections
usually are obtained directly from other NMR experiments like HCCH or indirectly by combining the information

from 1H-1H COSY with 13C-1H HMQC and HMBC [28] NMR experiments.
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In 3D-QSDAR, 2D 13C-13C distance spectrathat contain short, medium, and long through-space connectivity
spectral patterns that are also produced by using the structurally assigned predicted spectra and selecting a distance
range for nucleus to nucleus distance (r). Thisis analogous to 1H-1H two-dimensional nuclear Overhauser effect
spectroscopy (NOESY) NMR experiments where correlations through space are found for neighboring protons that
arelessthan 5 A away with an off-diagonal cross-peak. The size of the cross peak in the NOESY experiment is
dependent on the distance between the protons, the mixing time of the experiment, and the number of different NOE
spin diffusion pathways available for dipolar magnetization transfer. 13C-13C NOESY experiments are for all
practical purposes never executed, again because most small compounds are not fully 13C labeled.

In 3D-QSDAR modeling the scientist can select which distance ranges to use in the model devel oping process.
2,3,7,8-tetrachlorodioxin is a strong binder in AhR and the presence of these four chlorine atomsis known to
constitute an important factor in determining the compound's toxicity. The distance between positions2 and 8is 7.0
A. 2,3,7,8-tetrachlorofuran is also a strong binder to AhR and the distance between its positions 2 and 8is6.76 A.
For these PCDDs, PCDFs, and PCBs we used a distance cutoff of 5.0 to 7.2 A to capture this important aspect of
their molecular geometry.

There are no NMR experiments that directly record structural distance information that is greater than 5 A apart.
This fact does not exclude the use of long distance in a 3D-QSDAR model, because the spectrum is simulated and
does represent or presume an energetically significant long distance interaction between the nuclei. The existence of
along range through-space in a particular i, j, rj; bin connotes only that the molecules contains two atoms at this

distance one hasi's and the other j's chemical shift. Thus, the 3D conformational information used in 3D-QSDAR
modelsis not registered with respect to an assumed structural backbone or assumed number of atomsin the
molecule. It follows that, unlike QSAR methods, the 3D-QSDAR models, in either building or model use for
prediction do not require any assumptions regarding the molecular alignment sequence or other docking events by
which a molecule interacts with a biological receptor.

We noticed in our 1D CoSA results that many of the carbons that can not have chlorine attached to them and were
attached to a oxygen in the middle of the ring system of PCDFs and PCDDs had high correlations to AhR binding
[17]. This observation was not expected based on a known structure-AhR activity relationship. It was explicable asa
consequence of certain NMR phenomena when applied to the ssmple 1D CoSA models. Because of the previous 1D
COSA observation, we constructed 3D-QSDAR models that used the 2.0 A<r; <3.0 A distance spectra between

positions 2 and 3 or positions 7 and 8 in PCDFs and PCDDs and these molecul€'s interior non-chlorinated atoms.
For PCBs, this plane represented distances from positions 3, 4, and 5 of one phenyl ring or positions 3, 4', and 5' of
the other phenyl ring.

This paper demonstrates that structural information combined with 13C NMR spectrain the form of through bond
and short and long range distances through space information can be used to produce areliable, quantitative
spectrometric data-activity relationship (QSDAR) model of PCDFs, PCDDs, and PCBs binding to the AhR. The
work also demonstrates combination of all three compound typesinto asingle, reliable model. We refer to this
technique as comparative structural connectivity spectraanalysis (CoSCSA).

PROCEDURES

Tables 1 column 3 contains previously reported [1,17] log ECs binding data used for training these models. Each
compound in Table 1 had their 13C NMR spectra simulated using the ACD Labs CNMR predictor software, version
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4.0[18]. For QSDAR CoSCSA and CoSA SA modeling we used the predicted 13C NMR spectra. There were no
chemical shift peaks outside of 107 to 159 ppm. The use of predicted rather than experimentally measured NMR
chemical shiftsis not necessary to build the QSDAR models, but it saves time, money and in this case prevents
possible toxic exposures. Predicted 13C NMR data points allow for the spectra to be independent of the solvent used.
The CoSCSA and CoSASA modeling, LOO cross-validation, and prediction processes were completely
computerized. The competitive in vitro binding affinities ECs of PCDF, PCDD, and PCB compounds have been

determined previously using [3H]-2,3,7,8-tetrachl orodioxin as the radioligand and rodent hepatic cytosol as a source
of the AhR [3,6,29-32].

Figure 1 shows the flow chart for the CoSCSA modeling procedure. The structures are used to predict 1D 13C NMR
spectra. We reduced the resolution of the 2D spectrato 1.0 or 2.0 ppm in both dimensions to populate many of the
NMR binsfor statistical analysis and to reduce the effects of uncertainties from the use of simulated spectra. These
spectral widths were chosen because of convenience and because the 1.0 ppm spectral bin width was used
successfully in prior QSDAR [15-17] and SDAR models based on experimental spectral data [33-35]. The 2D 13C -
13C NMR spectra were saved as two-dimensional bins under the peak within a certain spectral range and normalized
to an integer. A single carbon to carbon connectivity was assigned an area of 100, two carbon to carbon connections
in abin had an area of 200, and so forth. This was done so that all the carbon to carbon connections would have a
similar signal-to-noise ratio.

QSDAR models were produced by using the assigned 13C NMR chemical shifts at the 12 positionsin the PCDF and
PCDD molecules, as shown in Figure 2. Thisrequires 12 "bins' in which the corresponding intensity is each
carbon's simulated 13C NMR chemical shift. This model combines structural information with the assigned

simulated 13C NMR chemical shifts. We name this modeling procedure comparative assigned spectra analysis
(CoSASA).

The predicted NMR spectra were calculated by a substructure similarity technique called HOSE [36], which
correlates similar structures with ssmilar NMR chemical shifts. Therefore, the errors produced in the simulated
NMR spectra were propagated through the similar structures found in the training set of the QSDAR models. This
conveniently reduced the effective error when using the training set to predict unknown sample affinities for
compound spectra predicted using the sasme HOSE routine.

We used the structurally assigned 13C NMR spectrato produce a predicted 2D 13C-13C COSY and theoretical 2D
13C-13C distance spectra. The blue arrows in Figure 2A, 2D, and 2G show the through-bond neighboring carbon to
carbon connections of PCDF, PCDD, and PCB molecules. These through bond carbon to carbon connections were
used to simulate 2D 13C-13C COSY spectra of the PCDF, PCDD, and PCB compounds. The green arrows in Figure
2B and 2E show the short range through-space carbon to carbon connections that are 2.0 to 3.0 A apart from
positions 2 and 3 or positions 7 and 8 in PCDF and PCDD molecules. Similar techniques were used to define the
short distance spectra from positions 3, 4, 5or 3, 4', and 5' in PCB molecules. Likewise the red arrowsin Figure 2C,
2F, and 2I show the long range through space carbon to carbon connections that are 5.0 to 7.2 A apart in PCDF,
PCDD, or PCB molecules respectively. These carbon to carbon connections were used to produce a theoretical 2D
13C-13C distance spectrum that had cross-peaks when two carbon were 5.0 to 7.2 A apart for PCDF, PCDD, and
PCB compounds. The 2D 13C-13C COSY and 2D 13C-13C distance spectra are symmetrical across the diagonal and
for modeling purposes only half of each individual spectrum was used. The 2D 13C-13C COSY and distance spectra
for the compounds in the model were reduced to principal components of variation (PCs). The PCs from the 2D 13C-
13C COSY and distance spectra were combined. Forward multiple regression was performed on the combined set of
PCsto produce a CoSCSA model.
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All statisitical analysis was performed by Statistica version 6.0 software [37]. The 3D-QSDAR models were
produced such that the connectivity bins were evaluated with forward multiple linear regression analysis using only
the most correlated PCs from both the 2D 13C-13C COSY and 2D 13C-13C distance connectivity spectra. This
technique is known as principal component linear regression. We selected an optimal number of PCsin a CoSCSA
model by atrail and error process, increasing the number until the r2 either maximized or exceed 0.9 while
specifying that the overall F-test and g2 values were was till increasing. For several of the models we stopped
increasing the number of PCs at F-test maximum. For the other models the F-test continued to rise with the number
of PCs until the number of components equaled the number of compounds in the training set. For those cases we
limited the number of PCs used in the model to less than or equal to half the number of compoundsin the training
Set.

Evaluations of the QSDAR models were done by the leave-one-out (LOO) cross-validation procedure in which each
compound is systematically excluded from the training set and its inhibitor binding activity is predicted based on a

model missing any contribution from that compound [38]. The cross-validated r2 (termed g2) that results from fitting
predictions obtained by cross-validation experiments can be derived from ¢2=1-PRESS/SD. Here PRESS is the sum
of the differences between the actual and predicted activity data for each molecule during LOO cross-validation, and
SD isthe sum of the squared deviations between the measured and mean activities of each molecule in the training
set. We believe that g2 is amore valid measure than r2 for assessing the reliability of a mathematical mode! intended
for predictive applications.

RESULTS

Figure 3 plots the predicted binding versus experimental binding for four CoOSCSA models of PCDFs that are based
on only the ten most highly correlated PCs selected by the principal component linear regression procedure
described above. Figures 3A and 3B are based on the COSY plus long range distance spectrausing 1 or 2 ppm bins
respectively. Figures 3C and 3D are based on the principal component regreesion of combined COSY, short- and
long-range distance spectra using 1 or 2 ppm bins respectively. In figure 3A, the explained correlation (r2) is 0.97
and aL OO cross-vaidated variance (g2) is 0.90. The model in Figure 3B has an r2 of 0.97 and ag? of 0.92. In figure
3C, the model has an r2 of 0.95 and a g2 of 0.94. The model in Figure 3D has an r2 of 0.97 and a g2 of 0.95. These
are excellent results and are comparable to or better than our previous 1.0 ppm resolution CoSA model with an r2 of
0.93 and a g2 of 0.90 and the 2.0 ppm resolution CoSA mode! that had an r2 of 0.82 and a g2 of 0.72. It is
noteworthy that 1 ppm bin widths produced superior performance for the 1D CoSA PCDF model but, with the
added distance information available in these 3D-QSDAR models, it appears that the wider chemical shift range
produces a more robust predictive model. The wider bin widths also produce a simpler pattern definition and reduce
the number of computations.

Figure 4 plots the predicted binding versus experimental binding for four CoSCSA models of PCDDs that are based
on seven to five PCs from principal component analysis. Figure 4A and 4B are the COSY plus long range distance
spectrausing 1 or 2 ppm bins respectively. Figure 4C and 4D are based on the linear regression of COSY, short-

range distance and long-range distance PCs using 1 and 2 ppm bins respectively. In figure 4A, the r2 is 0.99 and the
g2 is0.95. The model in Figure 4B has an r2 of 0.89 and a g2 of 0.85. In figure 4C, the model has an r2is 0.94 and
the g2 is0.83. The model in Figure 4D has an r2 of 0.91 and a g2 of 0.91. These modeling results range from to
excellent. Most are better than the corresponding previously published 1.0 ppm resolution CoSA model with an r2 of
0.87 and a g2 of 0.52 and the 2.0 ppm resolution CoSA model that had an r2 of 0.91 and a g2 of 0.81.
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Figure 5 plots the predicted binding versus experimental binding for four CoOSCSA models of PCBs that are based
on six or five PCs from regression analysis. Figure 5A and 5B are based on the combined COSY plus long range
distance spectrausing 1 or 2 ppm bins respectively. Figure 5C and 5D are based on the of COSY/, short- and long-
range distance spectra using 1 or 2 ppm bins respectively. In figure 5A, the explained correlation (r2) is0.98 and a
L OO cross-validated variance (g2) is 0.93. The model in Figure 5B has an r2 of 0.96 and a2 of 0.79. In figure 5C,
the r2is0.97 and the g2 is 0.97. The model in Figure 5D has an r2 of 0.98 and a g2 of 0.97. These are excellent
results and are much better than either our previous 1.0 ppm resolution CoSA model with an r2 of 0.87 and a g2 of
0.45 or the 2.0 ppm resolution CoSA model that had an r2 of 0.75 and a g2 of 0.27.

Figure 6 plots the predicted binding versus experimental binding for four CoSCSA models of PCDFs, PCDDs, and
PCBs that are based on 15 to 22 most correlated PCs from regression analysis. Figure 6A and 6B are the COSY plus
long range distance spectra using 1 and 2 ppm bins respectively. Figure 6C and 6D are based on the COSY, short-
range distance and long-range distance PCs using 1 and 2 ppm bins respectively. In figure 6A, ther2 is 0.93 and the
02 is0.88. The model in Figure 6B has an r2 of 0.83 and a g2 of 0.65. In figure 6C, the r2 is 0.83 and the g2 is 0.84.
The model in Figure 6D has an r2 of 0.94 and a g2 of 0.91. These are excellent results and are much better than our
previous 1.0 ppm CoSA resolution model with an r2 of 0.87 and g2 of 0.67 or the 2.0 ppm resolution CoSA model
that had an r2 of 0.77 and g2 of 0.61. The excellent results based on all three distance dimensions with 2 ppm bin
widths (Figure 6D) may point to a best practice for modeling structurally divergent sets of compounds. If there are
enough training set compounds (here 52) to represent the range of structural diversity (here PCDFs, PCDDs and
PCBs) then wider binsincluding several distance ranges may give the most rugged, reliable, and valid models.

DISCUSSION

Table 2 summarizes the four CoOSCSA and one CoSASA model for the PCDF compounds with respect to then
(number of PCs used), r2, g2, F and ¢. Table 3 summarizes the four CoOSCSA and one CoSASA model for PCDD
compounds. Table 4 summarizes the four CoOSCSA models for PCB compounds. Table 5 summarizes the four
CoSCSA models of all 52 compounds. From these results, we conclude that the PCDF, PCDD, PCB, and the all 52
compounds CoSCSA models had contained enough information to generalize about the relevant substances' binding
affinity to the AhR.

In Table 2 for PCDF compounds, al four CoSCSA models had a higher r2 and g2 than the corresponding 2D
CoSASA model that associated spectral features with specific structural locations. In Table 3 for PCDD compounds
three of four CoSCSA models had a higher r2 and g2 than the corresponding 2D CoSASA model. All four CoSCSA
models for the 52 compounds represent a significant improvement over previously published modeling approaches
(2,22, 17, 39, and 40).

Our previous CoSA modeling paper on binding to the AhR included a complete comparison of CoSA modelsto
other modeling techniques [2,17,22,37,38]. Almost all the CoSA models (for 26 PCDF, 14 PCDD, 12 PCB and
combined 52 compounds) produced results at least equivalent to, and often far superior to other modeling methods.
In this study almost all CoSCSA models showed some form of improvement over our earlier CoSA models. The
CoSA models were based on selected "bins' from a 1D spectrum whereas the CoOSCSA models were based on
selected PCs from 2D 13C-13C COSY and 2D 13C-13C distance spectra. Thus there was more structure and spectral
information available for the latter group of models. In many of the CoSCSA models the overall F score, r2, and g2
were still increasing with "n" when, based pn the PRINCIPAL COMPONENT REGRESSION selection rules, we
stopped model building and calculated the results. We never used for the number of PCs a value more than half that
of the number of compounds available for the training set. This choice avoided any possible criticism that the
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method over fit the data because it contained too many degrees of freedom. However, the continued increase in

overall F score and g2 values with n, argues that over fitting had not yet occurred and that some continued
improvement would still be possible and valid by using still more PCs.

From one point of view a 2D 13C-13C COSY spectrum may be considered as a 2D 13C-13C distance spectrum in
which the distances between nuclei are lessthan 1.5 A. The 2D 13C-13C COSY spectrum and 2D 13C-13C distance
spectra may be viewed as a reduced form of a 3D matrix where the 13C chemical shift comprise the x-axis and y-
axis and atomic distance lies along the z-axis. For the 2D 13C-13C COSY spectrum we are binning all distances less
than 1.5 A and projecting them onto a 2D plane. For the 2D 13C-13C distance spectrum in these CoSCSA models we
selected information from two short-range and along-range spectra from positions 2, 3, 7, and 8 for PCDF and
PCDD compounds or from positions 3, 4,5, 3, 4, and 5' in PCB compounds. We then compressed all the short-
range and long-range information into separate 2D planes. For this particular modeling task we did not choose to use
the structural information between 3.0 and 5.0 A. The main reason for this curious choice is that presently we did
not have NMR prediction software for 17O in PCDF and PCDD compounds. The chemical shifts of the oxygen
atom(s) are the major molecular structural effects between 3to 5 A distances from the 2 and 3 or 7 and 8 carbons.
Had this information been available it might have helped the models, but even without it the results were excellent.

CONCLUSIONS

The CoSCSA modeling system can be applied to receptor binding systems for which the structure-activity
relationship is unknown, a common situation faced by new drug discovery programs in the pharmaceutical industry.
Producing QSAR models without detailed structural information is very unreliable and based on intuition. Thiswork
demonstrates superior performance by CoSCSA (based on multiple measures of predictability) in comparison to
QSAR models, even those that include specific structural information such as CoOMFA. Because CoSCSA modeling
can be produced without subjective judgement and give very quick and accurate resultsit can be a valuable
modeling system for any project that requires predictive structural models, such as new drug candidate discovery
and qualification. CoOSCSA modeling isideally suited for dealing with high or medium throughput binding data.
NMR chemical shifts are excellent descriptors of the nearby surrounding environment for each atom. By adding to
the chemical shift information some nearest neighbor and distance-related structural information we have produced
very accurate models of binding to AhR.

In this paper, we have not systematically optimized the size of the three-dimensional chemical shift/chemical
shift/distance bins used in the 13C-13C 2D distance spectra. In any event, without serious optimization efforts we
have developed very accurate models of PCDD, PCDF, and PCB binding to AhR. Optimizing the bin dimensions
and the number of distance categories spectra used in a CoSCSA model may be necessary in making predictive
models for other biological endpoints.
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TABLES
# Compound Experimental
Log ECgj
1 1-Cl-dibenzofuran -5.53
2 2,8-diCl-dibenzofuran -6.05
3 2,3,7-triCl-dibenzofuran -8.10
4 2,3,8-triCl-dibenzofuran -7.00
5 2,6,7-triCl-dibenzofuran -7.35
6 1,2,3,6-tetraCl-dibenzofuran -7.46
7 1,2,3,7-tetraCl-dibenzofuran -7.96
8 1,2,4,8-tetraCl-dibenzofuran -6.00
9 2,3,4,6-tetraCl-dibenzofuran -7.46
10 2,3,6,8-tetraCldibenzofuran -7.66
11 2,3,7,8-tetraCl-dibenzofuran -8.60
12 1,2,3,7,8-pentaCl-dibenzofuran -8.12
13 1,2,3,7,9-pentaCl-dibenzofuran -7.40
14 1,2,4,7,9-pentaCl-dibenzofuran -5.70
15 1,3,4,7,8-pentaCl-dibenzofuran -7.70
16 2,3,4,7,8-pentaCl-dibenzofuran -8.82
17 1,2,4,6,7,8-hexaCl-dibenzofuran -6.08
18 2,3,4,6,7,8-hexaCl-dibenzofuran -8.33
19 1,2,3,4,7,8-hexaCl-dibenzofuran -7.64
20 1,2,3,6,7,8-hexaCl-dibenzofuran -7.57
21 2,3,4,7,9-pentaCl-dibenzofuran -7.70
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22 2,3,4-triCl-dibenzofuran -5.72
23 2,3-diCl-dibenzofuran -6.33
24 2,6-diCl-dibenzofuran -4.61
25 2-Cl-dibenzofuran -4.55
26 4-Cl-dibenzofuran -4.50
27 1-Cl-dibenzodioxin -5.00
28 2,8-diCl-dibenzodioxin -6.49
29 2,3, 7-triCl-dibenzodioxin -8.15
30 1,3,7,8-tetraCl-dibenzodioxin -7.10
31 2,3,7,8-tetraCl-dibenzodioxin -9.00
32 1,2,3,4,7-pentaCl-dibenzodioxin -6.19
33 1,2,3,4,7,8-hexaCl-dibenzodioxin -7.55
34 1,2,3,7,8-pentaCl-dibenzodioxin -8.10
35 octaCl-dibenzodioxin -6.00
36 1,2,3,4-tetraCl dibenzodioxin -6.88
37 1,2,4,7,8-pentaCl-dibenzodioxin -6.96
38 1,2,4-triCl-dibenzodioxin -5.88
39 2,3,6,7-tetraCl-dibenzodioxin -7.79
40 2,3,6-triCl-dibenzodioxin -7.66
41 2,2'4,4' 5,5-hexaCl-biphenyl -5.10
42 2,2',4,4'-teraCl-biphenyl -4.89
43 2,3,3',4,4' 5-hexaCl-biphenyl -6.30
44 2,3,3,4,4'-pentaCl-biphenyl -6.15
45 2,3,4,4'5,5'-hexaCl-biphenyl -5.80
46 2,3,4,4' 5-pentaCl-biphenyl -6.04
47 2,3,4,4' 5-pentaCl-biphenyl -6.38
48 2',3'4,4' 5-pentaCl -biphenyl -5.85
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49 2,3,4,4'-tetraCl-bipheny! -5.55
50 2,3,4,5-tetraCl-biphenyl -4.85
51 3,3',4,4' 5-pentaCl-bipheny! -7.92
52 3,3,4,4'-tetraCl-biphenyl -7.37

Table 1. In column two is the structures used in 3D-QSDAR models of binding to AhR and column three isthe
structure's experimental binding affinity.

Model Size N (PC) r2 q? F
1D CoSA (17) 1 ppm 5Bins 0.93 0.90 54.7

2D CoSASA -- 6 Atoms 0.74 0.70 9.1
COSY +(5.0-7.2) A 1 ppm 10 0.97 0.90 49.2
COSY + (5.0-7.2) A 2 ppm 10 0.97 0.92 52.6
COSY + (2.0-3.0) A + (5.0-7.2) A 1 ppm 10 0.95 0.94 28.9
COSY +(2.0-3.0) A + (5.0-7.2) A 2 ppm 10 0.97 0.95 53.4

Table 2: 26 PCDF compound model performance parameters bin size, n (parameters used), r2, ¢, and F.

Model Size || N(PC) r2 o? F
1D CoSA (17) 2 ppm 5 Bins 0.91 0.81 15.9

2D CoSASA -- 5 Atoms 0.81 0.53 6.7
COSY + (5.0-7.2) A 1 ppm 7 0.99 0.95 92.4
COSY + (5.0-7.2) A 2 ppm 7 0.89 0.85 6.8
COSY + (2.0-3.0) A + (5.0-7.2) A 1 ppm 5 0.94 0.83 235
COSY + (2.0-3.00 A + (5.0-7.2) A 2 ppm 5 0.91 0.91 16.2
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Table 3: 14 PCDD compound model performance parameters bin size, n (parameters used), r2, g2, and F.

Model Size N (PC) r2 9 F

1D CoSA (17) 2 ppm 5 Bins 0.87 0.45 8.1
COSY + (5.0-7.2) A Distance 1 ppm 6 0.98 0.93 44.6
COSY + (5.0-7.2) A Distance 2 ppm 5 0.96 0.79 6.9
COSY + (2.0-3.0) A + (5.0-7.2) A 1 ppm 5 0.97 0.97 44.3
COSY + (2.0-3.0) A + (5.0-7.2) A 2 ppm 5 0.98 0.97 47.0

Table 4: 12 PCB compound model performance parameters bin size, n (parameters used), r2, g2, and F.

Model Size N (PC) r2 q? F
1D CoSA (17) 1 ppm 15 Bins 0.87 0.67 16.6
COSY + (5.0-7.2) A Distance 1 ppm 22 0.93 0.88 185
COSY + (5.0-7.2) A Distance 2 ppm 15 0.83 0.65 115
COSY + (2.0-3.0) A + (5.0-7.2) A 1 ppm 18 0.83 0.84 11.9
COSY + (2.0-3.0) A + (5.0-7.2) A 2 ppm 15 0.94 0.91 28.8

Table5: All 52 PCDF, PCDD, and PCB compound model performance parameters bin size, n (parameters used), r2,
g2, and F.
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Figurel. The procedural flow chart for CoOSCSA modeling.
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Figure 2. The arrows represent the 2D 13C-13C COSY spectrafor PCDFs A. PCDDs D. and PCBs G.
The arrows represent short range 2.0< rij <3.0 A 2D 13C-13C distance spectrafor PCDFs B. PCDDs

E. and PCBs H. The arrows represent long range 5.0< rij <7.2 A 2D 13C-13C distance spectrafor
PCDFs C. PCDDsF. and PCBs|.
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Figure 3. Plot of the predicted binding versus experimental binding for 26 PCDF compounds using 2D
COSY pluslong range distance spectrawith 1.0 ppm (A) and 2.0 ppm bins (B). Plot of the predicted
binding versus experimental binding for 26 PCDFS compounds using 2D COSY plus short and long
range distance spectrawith 1.0 ppm (C) and 2.0 ppm bins (D).
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Figure 4. Plot of the predicted binding versus experimental binding for 14 PCDD compounds using
2D COSY pluslong range distance spectrawith 1.0 ppm (A) and 2.0 ppm bins (B). Plot of the
predicted binding versus experimental binding for 26 PCDFS compounds using 2D COSY plus short
and long range distance spectrawith 1.0 ppm (C) and 2.0 ppm bins (D).
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Figure 5. Plot of the predicted binding versus experimental binding for 12 PCB compounds using 2D
COSY pluslong range distance spectrawith 1.0 ppm (A) and 2.0 ppm bins (B). Plot of the predicted
binding versus experimental binding for 26 PCDFS compounds using 2D COSY plus short and long
range distance spectrawith 1.0 ppm (C) and 2.0 ppm bins (D).
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Figure 6. Plot of the predicted binding versus experimental binding for 26 PCDF, 14 PCDD, and
12PCB compounds using 2D COSY plus long range distance spectrawith 1.0 ppm (A) and 2.0 ppm
bins. (B). Plot of the predicted binding versus experimental binding for 26 PCDFS compounds using
2D COSY plus short and long range distance spectrawith 1.0 ppm (C) and 2.0 ppm bins (D).
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