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ortho-Substituted polychlorinated biphenyls (PCBs) make up a
large part of the PCB residue found in the environment and
human tissues. Our laboratory as well as others have demonstrated
that ortho-substituted congeners exhibit important biological ac-
tivities by aryl hydrocarbon (Ah) receptor-independent mecha-
nisms, including changes in second messenger systems necessary
for normal cell function and growth. Previous structure-activity
relationship (SAR) studies on second messengers and transthyre-
tin (TTR; prealbumin) binding focused little attention on the
ortho-substituted PCBs. Disruption of thyroid hormone (TH)
transport is one potentially important mechanism by which PCBs
can alter TH homeostasis. A more systematic study of PCB bind-
ing to TTR, a major TH transport protein, was undertaken, in
which the role of ortho-substitution was more thoroughly investi-
gated. Results from this study indicated that the ortho-only sub-
stituted series showed significant binding activity and the relative
affinities were 2,2',6 > 2,2' = 2,6 > 2 = 2,2',6,6’. As anticipated
on the basis of steric considerations, bromine was shown to be
more active as an ortho-substituent where the relative affinity of
2,2'-Br was equivalent to 2,2',6-Cl. The congener patterns (di-
meta-substitution in one or both rings) most closely resembling the
diiodophenolic ring of thyroxine (T,) showed the highest binding
activity. Multiple ortho-substituents were shown to decrease bind-
ing activity in such patterns. Congener patterns (single meta-
substitution in one or both rings) more closely resembling the
monoiodophenolic ring of T, showed significantly lower binding

activity, consistent with the relatively low binding activity of T,
and smaller size of chlorine compared to iodine. The addition of
ortho-substitution to such patterns gave variable results depending
on the substituent relationship (adjacency or nonadjacency) to the
pattern. Some patterns such as 2,2',4,4’,5,5" showed good binding
activity and represent common congeners in the commercial Aro-
clor mixtures and in the environment. The binding potencies of
ortho-PCBs to TTR may represent a signature SAR that predicts
specific biologic/toxic effects. In this regard, the binding potencies
were consistent with measured biological activities of these PCBs,
including effects on cell dopamine content, Ca** homeostasis, and
protein kinase C translocation in neuronal cells and brain homog-
enate preparations. © 2000 Academic Press
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Polychlorinated biphenyls and related chemicals have be
reported to decrease circulating thyroid hormones (TH) durin
development (Morset al, 1993; Nes®t al, 1993; Goldeyet
al., 1995) and in adult animals (Bastomsky and Murphy, 197¢€
ATSDR, 1989; Porterfield, 1994; Kodavargt al., 1998a).
Developmental exposure to PCBs also causes behavioral alt
ations such as decreases in motor activity, hearing loss (Gold
et al, 1995), and cognitive deficits in rats (Schaetal,1995).

In humans, developmental exposure of infants to PCBs rt
sulted in decreased neurological optimality scores in childrer
delayed psychomotor development, and cognitive deficit
(Pluim et al, 1992; Rogan and Gladen, 1992; Koopman-
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Polychlorinated biphenyl (PCB) Thyroxine (Ty)

FIG. 1. The numbering system and common structural properties of thyroxifea@il polychlorinated biphenyl (PCB) molecules.

et al, 1994b; Goldey and Crofton, 1998) could be mediated by Studies in our laboratory (McKinnegt al, 1985; Ricken-
changes in TH byrtho-substituted PCBs. bacheret al, 1986) as well as others (Laes al,, 1993, 1994)
The molecular events leading to PCB perturbations in Thlave previously demonstrated that some PCBs and their h
homeostasis are not fully understood. The possible mecliaexylated derivatives (potential metabolites) bind strongly tc
nisms include (1) direct interaction with the thyroid hormon&ansthyretin and can potentially compete withiff biological
receptor either as an agonist or antagonist (Gordbral, systems. PCBs and, have several common structural features
1973); (2) increased ,Telimination through the induction of (Fig. 1). Our previous structure-activity relationship (SAR)
hepatic uridine diphosphate (UDP) glucuronysyltransferastudies indicated that lateral chlorine substitution on PCBS |
(Beetstreet al, 1991); and (3) alterations of serum transport afmportant for the binding. Strong binders were four to eigh
TH (Rickenbacheet al, 1986; Lanset al, 1994). Recently, times better than Jand ortho-substitution in the presence of
Cheeket al. (1999) investigated these mechanisms and colateral-substitution did not appear to appreciably lower bind
cluded that disruption of TH transport is one of the keing. Furthermore, it was observed that a single lateral chlorir
mechanisms by which PCBs alter TH homeostasis, althouglong with ortho-substitutions (2,4,6-pattern) could lead to
PCBs and their hydroxy metabolites have been shown to mignificant binding activity (McKinneyet al, 1985; Ricken-
teract with a T-specific nuclear receptor (McKinnest al, bacheret al, 1986). In our previous work, several biphenyl
1987; Cheeket al, 1999) as well as induce hepatic UDRhyroid hormone analogs were shown to bind strongly to TTR
glucuronidation (Beetstrat al, 1991; Barter and Klaassen,supporting the importance of the linear biphenyl system i
1992, 1994). In nonmammalian vertebrates, the major transpioteracting with the specific binding domain of the protein.
protein is prealbumin (transthyretin [TTR]), while some mamEonsistent with the suggestion of others (Someicél., 1982),
mals including humans have a second binding protein, thyroiodr previous molecular modeling studies (Rickenbaete,,
binding globulin (Larssoret al, 1985). However, TTR is a 1986; McKinneyet al, 1987) indicated thapara hydroxyla-
highly conserved TH binding and transport protein in all vetion was not necessarily required for binding and that a chlc
tebrate species including humans (Larsebmal, 1985). TTR rine atom could reasonably replace the hydroxyl group. Mc
may also serve as a model for othey-specific binding pre lecular modeling and energy calculations have also been us
teins such as the deiodinase responsible for conversioptof Tin our previous work (Pedersegt al, 1986) to assess the
T; in tissues (Rickenbachet al, 1989) and T-specific nd  binding mode and torsional angle (about PCB pivot bond
clear proteins, some of which may function as transcriptiaequirements for PCB binding to TTR.
factors (Abdukarimov, 1983; McKinnegt al, 1987; Wagner  Previous studies (McKinnegt al, 1985; Rickenbacheet
et al, 1995). In addition, TTR has other multifunctional propal.,1986; Lanst al,, 1993, 1994) on PCB binding to TTR have
erties, which justify its separate study, including transport oot adequately addressed the roledho-substitution relative
T,, retinol binding protein, and vitamin A (Blake and Oatleyto meta-or para-substitution and the relative importance of
1977), and its apparent important role in maintaining biocherhydroxyl group substitution compared to chlorine substitutior
ical thyroid status in tissues and cells (Ramaker and Wodgarticularly in thepara positions). Besides, the steric con-
1990). It has also been suggested that TTR contains a DN#aints imposed by the binding site and other possible diffel
interaction domain (Blake and Oatley, 1977). Although there &1ces in the binding assay conditions used in different labor:
good reason to believe that TTR and relateespecific bind tories have not been adequately addressed. Therefore,
ing proteins might be involved in the action of PCBs imbjectives of the present study are: (1) to optimize the cond
biological systems, direct evidence to establish such a linkatiiens of the binding assay, which included the choice of buffe
is lacking. (imadazole-acetate vs Tris—HCI) and temperature (4°C \
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room temperature); (2) to undertake a systematic evaluationggfilibrium [*3]T , Binding Assay

the competitive blndln_g behavior Wth&o”'y PCBs _tO TTR Equilibrium binding analyses were performed by evaluating competitive
and compare them witbrtho-only polybrominated biphenyls binding data of prototypical congeners from each class. The competitiv
(PBBs; monoertho and diortho) to obtain more stereochem-binding assays were conducted as previously described. The concentrati
ical information about the binding site; (3) to evaluate thesed for these prototypic PCBs ranged from 1 to 1000 nM. The bindin

P _ : potencies of 2,26 (ortho-only series), 3,35,5 (lateral-only series), and
binding of lateral-only PCBs for effects of varying theeta 2,2,4,4 .55 (ortho-lateral series) PCBs were compared witfi, andL-T in

_andpara_SUbSt'tuent pattern; and (4) to determine the ?ﬁeCts fAkse analyses. The ratio of free to bouffd]L-T, was calculated for each
introducingortho halogens into lateral-only PCBs by this modanalog at added concentrations and linear regression curves were plotted
ified competitive binding assay. the free/bound against the concentration f,, L-Ts, and PCBs.

Molecular Modeling

MATERIALS AND METHODS ) . )
The molecular modeling and calculation of torsional angles were performe

using the PC-based modeling program HyperChem (Release 5.1 Pro f

Windows copyright 1997, Hypercube Inc., Gainesville, FL). Gas-phase geon
All PCB and PBB congeners (purity 99%) were purchased from Accu €try minimization was accomplished with the molecular mechanics force fiel

Standard (New Haven, CT), with the exception of PCBs 162 (248,3,5) MM +. The Polak—Ribiere conjugate gradient was used with a terminatin

and 156 (2,3,34,4,5), which were previously synthesized and fully characdradient of 0.01 kcal/mol.

terized (Goldsteiret al, 1981).L-Thyroxine (T,), 3,5,3-triiodothyronine (7J),

and Sephadex G-25, particle size 50—150, were purchased from Sigma (St. Statistical Analyses of Binding Data

Louis, MO). Sephadex was deaerated by boiling for attlédsin Tris buffer

(pH 8.0) and gradually cooled to 4°C. For gel filtration, minicolumns (2 ml bed 1€ binding data using the two different buffers at RT and the data usin
volume in graduated glass pipets) were used. Tris buffer at two different temperatures for different PCBs (22'-,

[3#(]L-T, with a specific activity of 125Q.Ci/ug and radiochemical purity 2:2+5:5 2,244 .,5,5-0r3,3,4,4,5,5-) andL-T, were analyzed by separate
of >99% was purchased from New England Nuclear (NEN). Human predYo-way ANOVA for each compound with buffer or temperature as one facto

bumin (transthyretin [TTR], 95%) was purchased from Calbiochem (La Jolldd concentration as the other. The competitive binding data (three expe
CA). ments done in duplicates) with different series of PCBghp-, lateral-,

ortho-lateral-chlorines, orortho-bromo series) were analyzed by separate
two-way ANOVAs with PCB as one factor and concentration as the other. Po
Preparation of Stock PCBs hoc comparisons were made using Dunnettsst. The level of significance
was set ap < 0.05. IC50 (concentration that inhibits the control activity by
Stock solutions of PCB congeners were prepared by dissolving themgf9s) values were calculated from the regression line fit to the linear portion ¢
dimethyl sulfoxide (DMSO). A 1l (0.2% of total incubation volume) aliquot the curve using GraphPad Instat Software. The binding potencies of ea
of stock solution (different concentrations) was added to the incubation mixnalog relative to that of thyroxine were calculated by the ratio of unlabeled T
ture to yield the desired final concentrations. DMSO at this concentration digincentration at 50% of total binding (ICS0T,) vs competitor concentration
not affect {*I]T, binding to TTR. at 50% of total binding (IC50, competitor) [IC50-T,)/IC50 (competitor)].

Chemicals

Competitive [*I]T, Binding Assay RESULTS

A modification of the gel filtration binding assay described by SonscK. . . itive? L
(1982) was used to measure the ability of various PCBs to compete wigPtimizing Conditions for the Competitiv 11T, Binding

[¥I]L-T, for the high-affinity TTR binding site. The assay mixture was Assay with Prealbumin (TTR)

comprised of 0.1 M Tris—HCI buffer (pH 8.0) containing 0.1 mM NaCl and 1 . . . . o

mM EDTA, 10 nM TTR, 20 nML-T, (including 0.66 nM of [*]L-T,, 150,000 _The results in Fig. 2 summarize the competitive binding o
cpmy), and competitors (cold,Tor PCBs) with increasing concentrations (1 tof “]L-T, by selected PCBs along with coldT, in two buffer
1000 nM). The final volume of the assay mixture was 0.5 ml. After incubatiogystems (imidazole acetate [IA] and Tris—HCI buffer) at roon
at 25°C for 1 h, the mixtures were quickly cooled to 4°C, and a 0.4-ml pomofémperature (RT). The two-way ANOVA indicated a significant

was filtered at 4°C on Sephadex G-25 minicolumns. With an additional volume, . .
of 1.2 ml Tris buffer (pH 8.0), the protein-bountf]L-T, and the competitor interaction of the effects in two buffers tested for each of th

were removed from the column (total 1.6-ml fraction). Slight nitrogen pressu2CBS; however, there was no significant interaction w4,
was applied to achieve an elution time of this fraction of 4060 s, minimizinigidicating that the effects of PCBs, but net ,, were different in
the dissociation of the complex. Radioactivity was counted by Packard Colffese two buffers. The post hoc comparisons for each PCB inc
autogamma counter (Packard Instruments, Meriden, CT). Nonspecific bindEQted a significant effect of concentration starting at 3-30 nM. Tt

was determined in the presence of 1000 nM cofd, and this value was . T .
subtracted from the total binding to get the specific binding. Competiti\gecreases in fl] L-Ts b|nd|ng to TTR by PCBs were greater in

binding curves were made by plotting specific TTR-bouki¥]L-T, (percent  11iS buffer compared to IA buffer (Fig. 2). Likewise, a significant
age of control) against added nM competitorT(, PCBs, or PBBs) concen difference was observed for assays in Tris buffer performed at

tration. To optimize the conditions for the competitiv€’l[L-T, binding, vs 4°C (Fig. 3). The two-way ANOVA indicated a significant
125 Lo - o ) )

[1 rEnLATé SJ'TFZ"CV%;”C% ;1 xrg'iizg:ﬁa?ﬁgetaeT(r'@b‘?;;ff;‘iréf':o;ﬁ)tgz‘”;:'r:&?lnteract|on of the effects in two temperatures tested for each of t
(RT). Also, using Tris buffer, an incubation temperature of 4°C for 24 h wdEs)CBS' indicating that the eftects of these PCBs were greater_at F
compared with RT for 1 h. The control-specific binding in Tris buffer at RfOr 1 h when compared to 4°C for 24 h. The post hoc comparisor

was 2.81+ 0.36 pmol [*I]L-T, /5 pmol TTR/1 h incubation( = 10). for each PCB indicated a significant effect of concentration star
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FIG.2. Competitive binding of selected PCBs witi*[]L-T, to transthyretin in Tris buffer (pH 8.0; filled circle) and imidazole-acetate (IA) buffer (pH 7.4
open circle). The insert shows competitive binding, to transthyretin in these two buffers. The incubation was at 25°C (room temperature [RT]) for 1 h. T
binding was represented as percentage of control (2.8136 pmol [*I]L-T, /5 pmol TTR/1 h incubationn = 10). Data points are mean values of three
experiments done in duplicate. Asterisks indicate that these values are significantly different from the respective cprtrdisOat

ing at 10-30 nM. These preliminary results indicate that Trisee/bound {I]L-T, vs competitor concentration (pmol) dem
buffer and incubation at RT are better conditions for this assay amistrated the competitive nature of the displacement’dfi-

all further competitive binding experiments were conducted undgy from TTR by different classes of PCBs (Fig. & he slopes
these conditions. Under these conditions, the IC50 value-Tar  of the regression lines clearly indicate the affinity of PCBs tc
on the TTR binding is 49 nM (Table 1), which is in agreemerfiTR (steeper slope= greater affinity).

(15-62 nM) with previous reports from our lab (McKinnetyal,

1985; Rickenbacheet al, 1986; Lanset al, 1993) as well as Competitive {*1]T, Binding to TTR with ortho-Only PCBs
others (Cheelet al, 1999) The solvents (DMSO, methanol, or The results from Competitive blﬂdlng studies with titeho-

isopropanal), at the concentrations (0.2%) used in this assay, Sir‘ﬁy series are presented in Fig. 5. The two-way ANOVA
not alter [*1].-T, binding to TTR. indicated a significant interaction of concentration and thi
testedortho-only PCBs. The effect obrtho-only PCBs on
specific [*]T, binding increased with addeartho-chlorine
substitutions but was completely abolished upon @utho-
Results for prototypical PCBs indicate that all three classeabstitution, as seen for 2,8,6'-tetrachlorobiphenyl. In the
(ortho-only, lateral-only,ortho-lateral) represented bind com-ortho-only series, monmrtho PCB (2-Cl) was inactive, with
petitively to TTR. Intersection of the regression lines at zero @icreased effect on{l]T , binding seen for the dirtho PCBs

Equilibrium Binding Assay with Prototypical PCB
Congeners
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FIG. 3. Competitive binding of selected PCBs witi°[|L-T, to transthyretin at 4°C for 24 h (filled circle) and room temperature (RT, 25°C) fo(open
circle) in Tris buffer. The insert shows competitive binding , to transthyretin at these two temperatures. All other details are as mentioned in the legen
Fig. 2. Data points are mean values of three experiments done in duplicate. Asterisks indicate that these values are significantly differergsjpentiviee r
controls atp < 0.05.

(2,2- and 2,6-C)), reaching a maximum with the tdrtho ring system of T, there was close spatial correspondence of th
PCB (2,2,6-Cl;), and then becoming inactive again with thg@henyl rings with the iodine atoms when the pivot bond axi
fully ortho-substituted PCB (2,%6,6-Cl,) (Fig. 5A). The was oriented perpendicularly to the axis passing through tt
unique binding behavior of thertho-only PCBs suggests thatether oxygen and the 4-hydroxy group. This secondary bindir
steric interactions may be important, and this was evaluatediopde appears to be limited to certantho-only-substituted
molecular modeling (Fig. 6). As expected, the torsional angteéphenyls and can be compared with the primary binding moc
for the ortho-only series was seen to increase from about 3Big. 7A) for lateral-substituted PCBs, in which the lateral
degrees for the 2-Cl up to about 82 degrees for the&&-Cl, chlorines show close spatial correspondence with the pheno
compound (Fig. 6). This has the effect of lowering the rotaing iodines. As anticipated on the basis of steric considel
tional degrees of freedom about the pivot bond and changiations, bromine was shown to be more active asogho-
the overall shape in the longest dimension from one that ssbstituent. The two-way ANOVA indicated a significant in-
more ellipsoid (cigar) shaped to one that is more cylindricégraction of concentration for the testedrtho-only
shaped. Such properties may affect access of the molecul@dtybrominated biphenyls. The 2-bromo biphenyl was activ
the binding site of the protein as well as the fit to the bindingith increasing activity seen on dirtho substitution (2,2 and
site. When 2,2Cl, was overlayed (Fig.B) with the phenolic 2,6-dibromobiphenyls) (Fig. 5B). Twortho-bromines on the



ICy, Values and Relative Potencies of L-Thyroxine, L-T3, Dif-
ferent Classes of Polychlorinated Biphenyls (PCBs), and Polybro-
minated Biphenyls (PBBs)

TABLE 1

ROLE OF ortho-SUBSTITUTION ON PCB BINDING TO TTR 15

IUPAC ICs % Control
No. Competitof (nM)  Relative potency at 1000 nM
L-Thyroxing 49 1 15
LT, 614 0.08 28
1 2CP NA® <0.01 88
4 2,2-DCB >1000 <0.04 66
10 2,6-DCB >1000 <0.04 66
19 2,2,6-TCB 820 0.06 45
54 2,2,6,6-TeCB NA <0.01 98
2-Br biphenyf >1000 <0.04 68
2,2-Br, biphenyl 914 0.05 50
2,6-Br, biphenyl 657 0.08 36
11 3,3-DCB >1000 <0.04 50
12 3,4-DCB >1000 <0.04 56
14 3,5-DCB 84 0.59 22
15 4,4-DCB NA <0.01 91
35 3,3,4-TCB 854 0.06 50
37 3,4,4-TCB NA <0.01 74
38 3,4,5-TCB 26 1.9 15
39 3,4,5-TCB 289 0.17 41
77 3,3,4,4-TeCB NA <0.01 60
80 3,3,5,5-TeCB 7 7.05 16
126 3,3,4,4,5-PeCB >1000 <0.04 92
127 3,3,4,5,8-PeCB 6 8.23 14
169 3,3,4,4,55-HCB 43 1.15 73
28 2,4,4-TCB 950 0.05 47
33 2,3,4-TCB 796 0.06 50
34 2,3,5-TCB 199 0.25 25
43 2,2,3,5-TeCB 884 0.06 50
47 2,2,4,4-TeCB 918 0.05 45
48 2,2,4,5-TeCB 651 0.08 36
52 2,2,55-TeCB 699 0.07 40
85 2,2,3,4,4-PeCB 96 0.51 37
94 2,2,3,5,6-PeCB >1000 <0.04 68
95 2,2,3,5,6-PeCB 97 0.51 44
99 2,2,4,4,5-PeCB 244 0.2 30
100 2,2,4,4,6-PeCB 256 0.19 33
101 2,2,4,5,8-PeCB 243 0.2 41
102 2,2,4,5,6-PeCB >1000 <0.04 51
104 2,2,4,6,6-PeCB >1000 <0.04 65
105 2,3,3,4,4-PeCB >1000 <0.04 92
110 2,3,3,4',6-PeCB 19 2.6 23
111 2,3,3,5,5-PeCB 18 2.74 15
118 2,3,4,4,5-PeCB >1000 <0.04 70
128 2,2,3,3,4,4-HCB NA <0.01 90
133 2,2,3,3,5,5-HCB >1000 <0.04 62
136 2,2,3,3,6,6-HCB >1000 <0.04 63
138 2,2,3,4,4,5-HCB 28 1.76 34
153 2,2,4,455-HCB 90 0.55 40
155 2,2,4,4,6,6-HCB >1000 <0.04 63
156 2,3,34,4,5-HCB >1000 <0.04 69
162 2,3,34',5,5-HCB 21 2.35 35
180 2,2,3,4,4,55-HeCB 690 0.07 48

Equilibrium Binding Assay

3355
226
224455
L-T3

L-T4

mRJ4080

Free/bound

0 100 200 300 400 500 600
Competitor Concentration (pmol)

FIG. 4. Equilibrium competition binding assay for,,TTs, and prototypic
congeners representing different classes of PCBs. These and further ass
were conducted in Tris buffer at RT. Unlabeled ; L-T,; 2,2,6; 3,3,5,5;
and 2,2,4,4 5,5 were tested for their ability to displac&q]L-T, from high
affinity binding sites as described under Materials and Methods. The steer
the slope, as seen withT, and 3,3,5,5-, the greater the affinity to TTR,
whereas the shallow slope, as seen withi3, 2,2,6-, and 2,24,4,5,5-,
indicates relatively lower affinity to TTR.

biphenyl molecules were approximately equivalent to thre
ortho-chlorines in terms of their effects orf*J]JT, binding
(Fig. 5; Table 1).

Competitive [I]T, Binding to TTR with Lateral-Only PCBs

For the sake of clarity, the lateral-only PCBs were dividec
into lightly (=3 chlorines) and heavily%£4 chlorines) chlo-
rinated groups. For both the groups, the two-way ANOVA
indicated a significant interaction of concentration and th
appropriate PCBs. For lateral-only lightly chlorinated PCB:t
(Fig. 8A; Table 1), competitive binding was observed in the
order of 3,4,5> 3,5> 3,4,56> 3,3,4> 3,3 > 3,4,4/4,4
indicating the significance ohetaandpara substitutions on
PCB congeners. For lateral-only heavily chlorinated PCB
(Fig. 8B; Table 1), competitive binding was observed in the
order of 3,3,45,5 > 3,355 > 3,3,44,5> 3,3,44.
Combined evaluation of lateral-only series (Figs. 8A anc
8B), clearly indicated that having bofiara (4,4’) positions
substituted contributes to decreased binding activity,whil
having allmeta(3,3,5,5) positions occupied contributes to
increased activity. The lateral-only PCB series as a grou

2 Abbreviations: CB, chlorobiphenyl; DCB, dichlorobiphenyl; TCB, trichlo Showed greater binding affinity when comparedattho-

robiphenyl; TeCB, tetrachlorobiphenyl PeCB, pentachlorobiphenyl; HCRInly PCBs (Table 1). These results are consistent wit
hexachlorobiphenyl; HeCB, heptachlorobiphenyl.

®|-T, and analogs were purchased from Sigma (St. Louis, MO).

¢ All the PCBs and PBBs were purchased from Accu Standard (New Hav

CT).

9NA, not active.

previous molecular modeling studies (Pederstal., 1986;
eRnickenbacheret al, 1986; McKinneyet al, 1987) that
emphasized the importance ofeta, parasubstitutions in

PCB binding to TTR.
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FIG. 5. Competitive binding obrtho-only chloro-biphenyls (A) an@rtho-only bromo-biphenyls (B), as evaluated by TTR-dompetitive binding assay.
Data points are mean values of three experiments done in duplicate. All other details are as mentioned in the legend to Fig. 2. Asterisks ihdisateaibatt
are significantly different from the respective controlgpat 0.05.

Competitive [*I]T, Binding to TTR with ortho-Lateral lected. They arertho-substitution ormetaPCBs (Fig. 9A),
PCBs ortho-substitution onpara PCBs (Fig. 9B), andrtho-sub-

To understand the relative importance atho-substitu- Stitution onmetapara PCBs (Fig. 9C). For all three cate-
tion on lateral PCBs, three categories of PCBs were sgories, the two-way ANOVA indicated a significant inter-

PCB Congener and Twist angle

2-CB 2,2’-DCB 2,2’,6-TCB 2,2°,6,6’-TeCB
38.56 60.69 68.76 82.45

y & & &

FIG. 6. Effect of ortho-chloro substitution on stereochemistry showing the twist anglefitro-only PCBs. As the number a@frtho chlorine substitutions
increases, there is a tendency toward lower rotational degrees of freedom about the pivot bond and increased torsional angjléh@<eiteB®verall molecular
shape and size.
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observed (3,5> 2,2,3,5 > 2,2,3,5,6), thus showing the
effect of ortho-substitution adjacent tometachlorines.
However, increased binding activity could be observe
when ortho-substitution was introduced in positions not
adjacent tometachlorines, such as seen (44 2,44 <
2,244 < 2,2,4,4,6) when the 4,4congener is substi-
tuted inortho positions (Fig. 9B). In this case, the binding
potency of the fully ortho-substituted compound
2,2,4,4,6,6 decreased compared to 24£4,6 and
2,2,4,4. This trend toward reversal of binding properties
depending on adjacency or nonadjacency of chlorine we
confirmed by studying the effects @frtho-substitution on
the 3,3,4,4 pattern, i.e., 2,23,3,4,4 was less active,
while 2,2,4,4 5,5 was more active (Fig. 9C).

A T,- lateral PCB overlay

Relative Potency of Tested PCBs Compared-1qQ on
[**T, Binding to TTR

FIG. 7. Proposed mode of binding for lateral-substituted (primary, A) and The relativ n f PCBs o1T . bindin TTRw.
ortho-substituted (secondary, B) PCBs. The primary binding mode is shown b e relative potency of PCBs o E[I] 4 bind gto as

superpositioning lateral PCB on, phenolic ring system, whereas the secondc)élcu'awd by dividing the IC50 of-T, by the IC50 of the
ary binding mode is shown by superpositioning ghenolic ring system on tested PCB, which exhibited parallel behavior (Table 1). PCB
ortho-PCB. which did not produce 50% inhibition, even at 1000 nM, were
not directly compared with PCBs which produced more thal
50% inhibition. Also, the activity of each congener at 1000 nV
action of concentration and the tested PCBs. When the &%pressed as a percentage of control was presented in Table
(metasubstituted PCB) congener was tested for the effect Sfgnificant binding activity $0.04 relative potency) was
ortho-substitution (Fig. 9A), decreased binding activity wasund among the congeners tested in all three binding class
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FIG. 8. Competitive binding of lateral-only PCBs with low (A) and high (B) chlorination, as evaluated by T,T¢dMpetitive binding assay. Data points
are mean values of three experiments done in duplicate. All other details are as mentioned in the legend to Fig. 2. Asterisks indicate that taese v
significantly different from the respective controlspat< 0.05.
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theorthoand lateral-only and the mixeattho-laterals. Table 2
supports the view that good binders tend to show structural

resemblance to ,[Tin terms of the substitution pattern of the TABLE 2
phenolic ring. Classification of PCBs Resembling T,- and T,-like Patterns
Based on Their Structure
DISCUSSION
T.-like
Initial studies aimed at optimizing the conditions for the
competitive binding assay indicated that Tris buffer and inct/PAC ICs0 Relative % Control
bation temperature at RT (25°C)rfd h are optimal for the _N° PCB ("M)  potency  at 1000 nM
competititive binding of PCBs to TTR. Reproducible compet- ,, 3,5-DCB 84 059 2
itive binding activity was observed for all the three basic PCB 34 2 3.5-TCB 199 0.25 25
structural classes tested (i.ertho, orthclateral, and lateral) 38 3,4,5-TCB 26 1.9 15
as demonstrated by equilibrium binding assay analysis (Fig. 4) .39 3,4,5-TCB 289 0.17 41
Current results demonstrate that parent PCBs can also bind t42 2.2,3,5-TeCB 884 0.06 50
TTR, but generally have less affinity compared to the hydroxy- 50 3355-TeCB ! 7.05 16
: i : 94 2,2,3,5,6-PeCB >1000 <0.04 68
PCBs, reported previously (Rickenbactetral, 1986). How- 111 2.3,355-PeCB 18 274 15
ever, some PCBs such as 335-TeCB (IC50= 7 nM) and 126 3,3,4,4,5-PeCB >1000 <0.04 92
3,3,4,5,5-PeCB (IC50= 6 nM ) are several times more potent 127 3,3,4,5,5-PeCB 6 8.23 14
in binding to TTR when compared to the natural ligand;, igg ;ggff?}rgs iiggg ig-gj 23
(IC50 = 49 nM). Although present data support the interaction; ., 2:3:314,"515,_,_'(33 21 235 35
of all three classes of PCBs with the same high-affinity binding; g9 3,344 55-HCB 43 1.15 73
site in TTR, our results also suggest that trého-only class T, like
may be adopting a different binding mode (see secondaty
7 X o) . : 3,4-DCB >1000 <0.04 56
binding mode, Fig. 7B) within that site, since all the other 5, 234-TCB 796 0.06 50
congeners tested contain some degremefa, parasubstitu- 35 3,3,4-TCB 854 0.06 50
tion analogous to the dinetaiodine, para-hydroxy substitu- 37 3,4,4-TCB NA <0.01 74
tion pattern of T, (see primary binding mode, Fig. 7A). Itis 77 3,3,4,4-TeCB NA <0.01 60
clear that binding can occur in the absence of hydroxy substit%® 2,3,34,4-PeCB >1000  <0.04 92
. . ) : : 2,3,4,4 ,5-PeCB >1000 <0.04 70
tution on the biphenyl ring system. Hydroxybiphenyls in the g 2233 4,4-HCB NA <001 %

absence of chlorine substitution also failed to show any sig
nificant binding activity (data not shown). 2 Relative potencies are compared to that faT 1.00.
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The ostensibly unique binding properties of treho-only hexachlorobiphenyl congener has been shown to account for
PCBs are not easy to explain in the context of its resemblanoeich as 22% of the total PCB residue in human tissue (Jens
to the phenolic ring in the usual way (see Fig. 7A) as indicateshd Sundstrom, 1974). The 224 ,5,5-hexabromobiphenyl
earlier. However, rotating the ring 90 degrees to place tlean account for as much as 55% of commercial polybrom
phenyl rings in an overlay proximity to the iodines in, T nated (PBB) mixtures, which may be of interest in view of the
provides another interpretation of these data (Fig. 7B). Thisapparent increased activity of the bromine-substituted cong
further supported by the lack of binding activity of the fullyners. These types of lateral-substituted congeners as a grc
ortho-only-substituted congener, which maximizes the sterare significantly better binders than theho-only series.
constraints which might limit access to the site, fit in the site, Experimental evidence (Brouwet al, 1990; Darnerucet
or both. The increase in binding with fewertho-bromines is al., 1996) and molecular modeling (Rickenbackeal.,, 1986)
consistent with the larger size of bromine and more rapgludies provide additional support for the direct binding o
widening of torsional angles. Previous work has suggested tiR4IBs to TTR, as suggested by the displacement studies in tl
the phenolic-ring iodine binding pockets in TTR can be occuvork. We believe the results of the present study provid
pied by other organic groups in certain classes of nonhalogkefinitive evidence that nonhydroxylated PCBs can effectivel
nated aromatic compounds (Cody, 1978), as suggested in thirsd to TTR at physiological concentrations. Total PCB level
work for the phenyl rings of certainrtho-only PCBs. The in maternal and fetal cord blood were reported to be 2.4 to 3.
inactivity of the mono- and fullyortho-substituted congener, ppm (equivalent to 7 to 12M) in mothers from Upstate New
while the di- and triertho congeners are active binders of TTRYork (Bushet al, 1984, 1985). Similar blood concentrations
may represent a signature SAR that predicts specific biologicakre also reported in animals (offsprings and dams) exposed
toxic effects. PCBs (Takaget al, 1986; Nimset al,, 1994). Specific PCB

Evaluation of the lateral-only series revealed that havingpngeners such as PCBs 138 and 153, which bind to TT
both para positions (4,4) filled, in general, contributes to effectively (IC50= 28-90 nM), were detected as high as 12
decreased competitive binding, while havingraitapositions ppm (equivalent to 3000—-6000 nM) in the plasma of mother
(3,3,5,5) filled with halogens contributes to increased activirom industrialized areas in the Netherlands (Koopman-Ess
ity. Although occupiedpara positions are not essential forboomet al, 1994a) and in the Aland/Turku Archipelago (Hag-
binding, they do not prevent binding, and in some cases camar et al., 1998). Current results strongly support the hypoth
increase binding (compare 3,4,5-TCB with 3,5-DCB). Twaesis that binding of PCBs to TTR is a major contributing factol
para-chlorines appear to decrease aqueous solubility of cdor the reduction in circulating thyroid hormones and possibly
geners, which in turn may affect availability to the binding sitéor certain biological effects related to PCB exposure.
under assay conditions. Most of the PCBs studied can beA predictive model based on TTR binding activity might be
classified in this way as flike (chlorine substitutions at 3 anduseful in screening other classes of compounds for their p
5 positions on one or both phenyl rings) os-like (chlorine tential to interfere with TH transport and availability. Such a
substitutions at 3 or 5 positions only on one or both rings) model might also be useful in a broader sense for screenit
their behavior. In this contexpara-chlorine-substitution is the compounds with potential for binding the larger family of
steric equivalent opara-hydroxylation. T,-specific binding proteins with TTR-like properties. Such

When ortho-substitution was introduced to the lateral-onlstudies could, in turn, help link TH antagonism at the level o
PCBs, decreased competitive binding was observed for mosspecific binding proteins with certain biologic/toxic effects. In
the compounds tested. The variability in the magnitude diis regard, it is interesting to note that certain classes,of 1
decreased activity was dependent on the substitution pattexntagonists (e.g., certain flavones and flavonols) have also be
However, in some cases significant binding activity could shown to be dioxin-receptor antagonists (Aufmkak al,
restored byortho-substitution, especially in situations where i1982; Gasiewicet al,, 1996). The significance of this connec-
is introduced in nonadjacent positions (as in introdua@rto-  tion remains to be shown.
substitution on the 3;34,4 structure to generate the The combined, unique, and subtle binding properties (
2,2,4,4 5,5 congener or on the 3,3tructure to generate thepossible signature pattern) with th@rtho-only and ortho-
2,2,5,5 congener). This difference, depending on adjacentsteral PCB series parallel the proposed neuroactive properti
or nonadjacency of addaartho-chlorines, is undoubtedly the of these PCBs as determined undeyitro conditions(Shairet
result of introducing additional steric constraints on bindingl., 1991; Kodavantet al, 1995, 1996; Fischeet al, 1998)
which in some cases favors and in others discourages it. Tharallel features include (1) the size and/or shape limite
importance of this observation lies in the fact that patterns sulsimding properties/activities of thertho-only PCBs; (2) the
as the 2,5 and 2,4,5 are favored in commercial PCB mixtusgong binding properties/activities of the mietaonly (in
preparations (Framet al, 1996; Kodavantiet al, 1998) as same ring) PCBs; (3) the different effects of addioigho-
well as preferred for accumulation in several target organklorines to poor and strong binding/activity patterns; and (4
(Nims et al, 1994; Johansemt al, 1996; Kodavantiet al, the consistent finding of decreased binding/activity for an
1998b). It is also interesting to note that the '242',5,5- patterns, which also contained twmara substituents. These
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parallel features suggest involvement of an intracellular site(spompounds with thyroid receptor, transthyretin, and thyroid-binding glob
for neuroactivity that may have similar properties to the TTR ulin- Environ. Health Perspectl07,273-278.

binding domain. These results further support the hypothe§1’%dyr V. (1978). Thyroid hormones: crystal structure, molecular conforma
that certain neurological effects of PCBs may be the result c)'tion, binding, and structure-function relationship. Recent Progress in

. oL L. . Hormone Researchyol. 34 (R. O. Green, Ed.), pp. 437-447. Academ
altered thyroid hormone availability to critical tissues and press New York. g

Ce”u_lar_ systems. The overall f'ndmgs_have |mpI|cat|ons fcr\_garnerud, P. O., Morse, D., Klasson-Wehler, E., and Brouwer, A. (1996)
predicting new classes of chemicals with potential for neuro-ginding of a 3,34,4-tetrachlorobiphenyl (CB-77) metabolite to fetal
toxicity as well as for providing new insights into mechanisms transthyretin and effects on fetal thyroid hormone levels in micsicology

of action for these classes of chemicals. 106, 105-114.
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