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Absence of TGF-P Receptors and Growth Inhibitory 
Responses in Retinoblastoma Cells 

The responses of retinoblastoma tumor cells and normal retinal cells to various growth 
inhibitory factors were examined. Whereas fetal retinal cells were highly sensitive to 
the antimitogenic effects of transforming growth factor P l  (TGP-Pl), retinoblastoma 
tumor cell lines were all resistant to this factor. Binding assays and sty labeling of 
these cells with radioiodinated TGF-P1 revealed that the cells did not have TGP-P 
receptors. The retinoblastoma cells lacked the three affinity-labeled proteins of 65,95, 
and 300 kilodaltons typically seen in human cell lines and thus differed from normal 
retinal cells and from other types of neuroectodermal tumors that display the normal 
pattern of receptors. Loss of TGF-P receptors, which is a rare event among tumor cells, 
may represent one mechanism through which these cells escape from negative control 
and form retinoblastomas. 

D URING THE PAST DECADE, SUB- 

stantial advances have been made 
in understanding the genes and 

proteins that act to promote normal cell 
growth. Aberrant forms of these genes, the 
oncogenes, participate in the formation of 
various types of tumors. Less well developed 
is the study of the molecular elements that 
act to constrain cell growth. Negative 
growth control depends on two types of 
components: signals that pass from cell to 
cell, often carried by diffusible molecules, 
and a receptor signal-transducing mecha- 
nism that enables a cell to recognize and 
respond appropriately to extracellular sig- 
nals. 

Work over the past years has provided 
examples of both types of components. 
Thus, interferons, tumor necrosis factors, 
and the transforming growth factors P l  and 
P2 (TGF-P1 and TGF-P2) are examples of 
secreted factors that may act physiologically 
to restrain normal cell proliferation after 

they interact with specific cell surface recep- 
tors (1, 2 ) .  The antimitogenic effects of 
these factors have been associated in some 
target cells with a selective reduction in 
expression of the c-myc nuclear proto-onco- 
gene, which may be one mechanism 
through which the cell responds to encoun- 
ters with these factors (3). Moreover, a 
genetic deregulation that led to resistance to 
one of these polypeptides, an autocrine in- 
terferon, disrupted the cessation of cell 
growth that normally occurs during termi- 
nal differentiation; this result indicated that 
loss of response to negative factors might in 
turn have an oncogenic effect on cells (4). 

In parallel with this work, studies of 
hereditary and somatically induced tumors 
have suggested the existence of a group of 
genes and gene products that are normally 
involved in the negative regulation of cell 
growth, perhaps by conferring cellular re- 
sponsiveness to growth inhibitory signals 
(5) .  The best studied example is the model 

of retinoblastorna, in which the homozy- 
gous loss of the RB gene function on hum& 
chromosome 13q14 appears to trigger tu- 
mor formation (6-8). We investigated the 
~ossibilitv that retinoblastoma cells have 
also lost the ability to respond to one or 
more of the well-studied growth inhibitors 
responsible for cessation of growth. We 
now report that retinoblastoma cells fail to 
respond to TGF-Pl. 

We initially examined the sensitivity of 
human fetal retinal cells to the antimitogenic 
effects of human interferons a,  p, and y, 
human tumor necrosis factor* (TNF-a), 
and TGF-P1. Two primary retinal cell cul- 
tures were obtained by dissection of fetal 
eyes (14 and 21 weeks of gestation). The 
cultures were ex~osed to these factors dur- 
ing the expone;ial phase of their growth. 
Highly purified preparations of the various 
growth inhibitors (9) were added at increas- 
kg concentrations to subconfluent mono- 
layers of the retinal cells and tested for their 
effects on DNA synthesis and on cell num- 
ber. 

Neither the various interferons nor TNF- 
a,  when applied in a wide range of concen- 
trations (0.1 to 10 nglrnl), substantially 
reduced these two growth-related parame- 
ters ( lo ) .  In contrast, human TGF-P1 re- 
duced the growth rate of retinal cells. The 
dose-response curve (Fig. 1) indicates that 
TGF-P1 is potent in inhibiting the incorpo- 
ration of [3~]thymidine into DNA; the 
half-maximal effect is detected between 0.2 
and 0.3 nglml (10 p w .  When treated con- 
tinuously with TGF-P1 (0.2 nM), these 
cultures remained arrested at subconfluent 
densities and showed no loss in cell viability 
even after 4 to 6 weeks of treatment. The 
retinal cells resumed proliferation upon re- 
moval of TGF-P1, an indication that this 
polypeptide exerts a reversible cytostatic ef- 
fect on these cells. 

In contrast to the strong sensitivity of 
retinal cells to TGF-P1, four retinoblastoma 
cell lines established from independent tu- 
mors (Y79, -24, RB27, and Weri) were 
completely resistant to growth inhibition by 
this factor. No effect on DNA synthesis 
could be detected even at the highest con- 
centrations of TGF-P1 (Fig. 1). In addition, 
prolonged incubation of retinoblastoma 
cells with TGF-P1 (0.2 nM) had no detect- 
able effects on either cell number or cell 
morphology. 

The resistance of retinoblastoma cells to 
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the inhibitory effects of TGF-$1 on cell 
growth could result from deficiencies at the 
receptor or post-receptor level. Thus, either 
the absence of TGF-f3 receptors or the 
breakdown of intracellular transducing 
mechanisms could explain the lack of re- 
sponsiveness to TGF-$1. We therefbre ex- 
amined the ability of these cells to bind and 
become Wty-labeled with '251-labe1ed hu- 
man TGF-f31. As controls in these measure- 
ments, we used normal fetal retinal cells and 
other cell types of interest. 

We had previously identified, in many 
different cell types, three cell surface glyco- 
proteins that behave as high-Wty recep 
tors for human TGF-$1(2,11,12). Affinity 
labeling of the intact fetal retinal cells with 
'2SI-labeled TGF-$1 Mowed by cross-link- 
ing revealed the same pattern of TGF-$1- 
bin- proteins as described previously in 
other cell types (Fig. 2). Three components 

of approximately 65,95, and 300 kD were 
specifically labeled by picomolar concentra- 
tions of the ligand in the retinal cell cultures. 
This Dattem of labeled receotors was also 
obSer;ed with human emiryonic retinal 
cells imrnordized by the adenovirus type 12 
(7) (Table 1). These three receptor types 
have been operationally de6ned as TGF-$ 
receptor types I, 11, and III, respectively, on 
the basis of their distinct structural and 
functional properties (2, 13). 

Cells from various minoblastom lines 
displayed a completely different pattern of 
W t y  labeling. No detectable receptors 
could be observed in the Y79 tumor cell 
line, even after long exposures of the autora- 
diagrams; the Wen retinoblastoma cells dis- 
played two bands of labeling. The lower 
band was due to nonspecific labeling, as it 
was not removed in the presence of excess 
unlabeled, competing TGF-$1, whereas the 

inhibitory of ~ F - G .  The 1 / 
c e l l s ~ e r e a n w f o r ~ i ~ ~ ~ ~ l i ~  g loo,---+----*------3----4--t I 
Flg. 1. Rctinobhma tumor cell 
lines are n ~ h t  to the growth 

containing 10% fetal calf serum. 20 - 

For growing the two primary fetal 
retina d m  (14 and 21 weeks of 
p t i o n ) ,  this medium was sup 0.1 0.5 1 5 

plemented with vitamins and essen- TGF-pl (ngim~) 

tial and nonessential amino acids (Gibco). TGF-fi1 was added to aIls growing at densities of 1 6  ceIls 
per milliliter and 10' cells per squate centimctcr for retinoblanoma cells and yrirnary retina monolayem, 
respectively. After 72 hours, cells were pulse-labeled for 1 hour with [ Hlthymidine (5 pcilml) 
(Amersham). The 3H-incorporated into macromolecular material was dcrrrmined. The results are 
expressed as the percentage of incorporation of the 3H in control cells incubated without TGF-$1. 
Results are the average of mplicate determinations + SEM. 

Retinoblastomas 

F@. 2 TGF-fi receptors 6 

in various normal and 5 $ 
m c 

- - 
tumor cell lines. TGF-f3- 

I 
RI 1: - a  ,g F a  

bin* proteins were 2 2 
detected by incubation HML, wen 5 5  ,g 
of the various cell lines - + - + - +  - +  - + I - = +  - +  - +  - +  
with 50 pM '"I-labeled 300 kD - 
TGF-$1 alone (-) or in 

r-I r - 
kD 

the presence (+) of 10 I - -200 

nMTGF-$ 1. Afier b i d -  
ing had teached equilib- 
rium, cells were cross- --116 

linked to receptor- Type 11 - - -94 

bound ligand with di- 95 kD 

succinimidyl suberatc as kD - i 
previously described (I 1, Type I -68 

16). AfEnity-labeled rc- 
ccptor components were 
displayed by sodium dodecyl dke-polyacxylamide gel ekstqhomis  and autoradiography fbr 3 days 
(GM5877, GM316, schwannoma) or 6 to 7 days. The sample in each lane cornsponds to between 
2 x I d  and 4 x 1@ cells, depending on the cell type. AU samples were run in 5% to 8% 
polyacrylamide gradient gels except the GM316 samples, which were run on a 6% polyacrylamide gel. 
The positions of the molecular size markers are indicated on the right of each set of lanes. The origin of 
the cell lines is described in Table 1, except for the GM5877 and GM316 f i b m b h ,  which were 
supplied by the NIH Human Genaic Mutant Cell Repository. 

upper showed an anomalous migration rate, 
faster than that of type I11 receptor and of a 
type not seen in any previous labeling ex- 
periments (Fig. 2). These W t y  labeling 
experiments were then extended to six addi- 
tional retinoblastoma cell lines, all of which 
failed to display any detectable binding pro- 
teins (Table 1). Altogether, seven of eight 
retinoblastoma tumors tested showed no 
binding, and one displayed an unusual form 
of one of the TGF-pl-binding proteins 
(Table 1). A skin fibroblast cell line derived 
from a retinoblastoma patient (GM5877) 
also had a normal receptor profile when 
compared with a normal skin fibroblast line 
(GM316) (Fig. 2), an indication that the 
receptor deficiency in these patients is spe- 
cific for tumor cells. 

We contrast these data with our results on 
TGF-pl-binding proteins in more than 70 
distinct cell lines and tissues of normal and 
neoplastic origin. These stem from seven 
different mammalian species and indude a 
large number of cell types of mesenchymal, 
epithelial, hematopoietic, and neuroectoder- 
ma1 origin. In these cases, we have observed 
the presence of at least one or two types and 
most frequently the coexistence of all three 
types of cell surface TGF-f3 receptors. Other 
workers have also shown by binding experi- 
ments that high-&ty receptors for TGF-$ 
were present on all the different normal and 
tumor cell types tested, whether derived 
fhm adult or embryonic tissues [see (14) for 
review]. The single exception to this has 
been PC12 rat pheachromoqtoma cells in 
which we have been unable to detect the 
presence of TGF-$ receptors (15). We also 
tested other ceU, lines established from neu- 
roectodermal tumors and found that medul- 
loblastoma, schwannoma, and astrocytoma 
cells had a normal profile of labeled TGF-$ 
receptors (Fig. 2 and Table 1). Three neuro- 
blastomas tested, IMR32, NGP-1, and SK- 
N-SH, exhibited normal type I TGF-$ re- 
ceptors. In addition, each showed receptors 
classified as type 111, but these all had anom- 
alously rapid electrophoretic migration rates 
of the sort seen only once before when 
studying the Weri retinoblastoma cells. The 
SK-N-SH cells also showed type I1 recep 
tors (Table 1). In summary, we find that 
seven of eight retinoblastoma cell lines stand 
in sharp contrast to virtually all the cell types 
screened by us in that they have no detect- 
able TGF-$ receptors. An eighth retinoblas- 
t o m  line la& detectable expression of two 
of the TGF-$ receptor types and has anoma- 
lous type III receptors. 

The observed failure of most retinoblas- 
toma cell lines to b i d  labeled TGF-$1 
might be due to the continuous occupancy 
of their receptors by endogenously pro- 
duced ligand. To test this possibility, we 
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assayed serum-free medium conditioned for 
24 hours by 2 x lo8 cells of the -27 
retinoblastoma line for TGF-p1 receptor- 

lective receptor deficiency. Moreover, this 
deficiency can explain the resistance of the 
cells to growth inhibition by TGF- p 1. 

TGF-p is the prototype of a family of 
structurally related polypeptides that are ex- 
pressed and may control the development of 
different tissues in organisms ranging from 
humans to Drosophila [for review see (21 )I. 
It is therefore possible that some neuroecto- 
dermal cells may also be exposed to TGF-p- 

TGF-B receptors. While the loss of the RB 
gene has a hemonstrated causal role in tu- 
morigenesis, the role of the TGF-p recep- 

competing activity after acidification and 
100-fold concentration of the sample. Using 
a TGF-p radioreceptor assay (16) and mink 
lung epithelial cells as indicators, we found 

tors tumorigenesis remains a matter bf 
speculation. The available data allow little 
insight into the mode of action of the RB 
gene product and its involvement in growth 

that no detectable competing activity was 
present within the detection limits of 2 pM 
TGF-p1 or TGF-p2 (17). It is therefore 

Fegulatory circuits. The RB gene product is 
a nuclear phosphoprotein associated with 
DNA-binding activity (22). As such, the RB 

unlikely that endogenous production of 
TGF-p-related molecules by retinoblastoma 
cells was interfering with the affinity label- 
ing of any TGF-pl-binding protein. In- 
stead, it appears that the TGF-p receptors 
on most of these retinoblastomas are totally 
absent or present as low-afiity receptors in 
amounts so small that they elude detection 

related molecules during early stages of their 
development. A source of TGF-p in the fetal 
retina remains to be defined. The absence of 
normal TGF- pl-binding activity on all the 
retinoblastoma cell lines tested presents a 
marked contrast to the expression of this 

gene produc<may act to regulate the expres- 
sion of the TGF-p receptors. Another possi- 
bility is collaboration of the TGF-p recep- 
tors. and the RB product in mediati& 
growth inhibition of retinoblasts during 
normal development. This would require 

activity on normal fetal retinal cells. We 
suggest that the apparent absence of TGF-p 
receptors from retinoblastoma cells repre- 
sents a pathological change that occurs dur- 
ing tumorigenesis. This change may repre- 
sent a general mechanism through which 
evolving tumor cells escape the control of 

the of independent dereblat- 
ing kvents in triggering-tumor formation. 
The connections between these changes re- 
quire extensive experimental investigation. 

in our assay. We estimate that this assay can 
detect as few as 300 high-affiity receptor 
molecules per cell (18). 

The receptor for another growth inhibi- 
tory factor, the type I interferon receptor, 
functions normallv in these retinoblastoma 

REFERENCES AND NOTES 

1. P. Lengye1,Annu. Rev. Biochem. 51,251 (1982); A. 
Kimchi, in Interferon, I. Gresser, Ed. (Academic 
Press, London, 1987), vol. 8, pp. 85-110; P. Gray 
et d., Nature (London) 312, 721 (1984). D. Pennica 
et d., ibid., p. 724; R. Derynck et d., ibid. 316, 701 
(1985). 

2. S. Cheifetz et d., Cell48, 409 (1987). 
3. G. J. Jonak and E. Knight, Jr., Pmc. Natl.Acad. Sci. 

U.SA. 81,1742 (1984); M. Einat, D. Resnitzky, A. 
Kimchi, Nature (London) 313, 597 (1985); Proc. 
Natl. Acad. Sd. U.SA.  82, 7608 (1985); A. Yarden 
and A. Kimchi, Science 234, 1419 (1986); K. Take- 
hara et d., Cell 49, 415 (1987). 

4. D. Resnitzky, A. Yarden, D.  Zipori, A. Kimchi, Cell 
46, 31 (1986); A. Kimchi et d., in preparation. 

5. A. G. Knudson, CancerRes. 45, 1437 (1985). 
6. W. F. Benedict et d., Science 219, 973 (1983); R. 

Godbout et d., Nature (London) 304, 451 (1983); 
W. K. Cavanee et d., N.  Ewl. J.  Med. 314, 1201 
(1986). 

7. S. H .  Friend et d., Nature (London) 323, 643 
(1986). 

8. W. H. Lee et d., Science 235,1394 (1987); Y.-K. T. 
Fung et d., ibid. 236, 1657 (1987). 

9. Natural human interferons a, P, and y were pre- 
pared and purified to homogeneity as previously 
described [D. Novick, Z. Eshhar, M. Rubinstein, J. 
Immunol. 129, 2244 (1982); D. Novick et d., J. 
Gen. Virol. 64, 905 (1983); D. Novick, Z. Eshhar, 
D. G. Fischer, J. Friedlander, M. Rubinstein, 
EMBO J. 2, 1527 (1983)l. The specific activities 
were 2 x lo8, 1 x lo8, and 4 x lo7 Ulmg for 
interferon-a, -p, and -y, respectively. Purified 
recombinant human nunor necrosis factor-a was 
supplied by Cetus at specific activity of lo7 Ulmg. 
TGF-P1 was purified to homogeneity from human 
platelets as previously described (11). 

10. A. Kimchi, unpublished data. 
11. J. Massaguk and B. Like, J. Biol. Chem. 260, 2636 

(1985). 
12. J. Massaguk, ibid., p. 7059; S. Cheifetz, B. L ie ,  J. 

Massaguk, ibid. 261, 9972 (1986). 
13. J. Massaguk, S. Cheifetz, R. A. Ignotz, F. Boyd, J. 

Cell. Plyswl. (suppl. 5) (1987), p. 43. 
14. L. M. Wakefield, D. M. Smith, T. Masui, C. C. 

Harris, M. B. Sporn, J. Cell Bwl. 105, 965 (1987). 
15. S. Cheifetz and J. Massagu6, unpublished obsetva- 

uons. 
16. J. Massaguk, Methoh Enzymol. 146, 174 (1987). 
17. - and S. Cheifetz, unpublished data. 
18. M. Ohta et al., Nature (London) 329, 539 (1987). 
19. A. Kimchi et al., Proc. Natl. Acad Sci. U S A .  76, 

3208 (1979). 
20. A. Kimchi, unpublished data. 
21. J. Massaguk, Cell 49, 437 (1987). 
22. W. H. Lee et d., Nature (London) 329,642 (1987). 

growth inhibitory factors. Other mecha- 
nisms including defects in the production of 
active factors (14) and the breakdown of 

cells. We have assessed the functioning of 
interferon receptors by measuring induction 
of expression of the gene that encodes 2',5'- 
oligoadenylate synthetase (19). The dose- 
response induction of this enzyme by hu- 
man interferon-a in two retinoblastoma cell 

signaling pathways would also yield the 
same end result. 

A question provoked by the present re- 
sults is the relations between the two pecu- 

lines was indistinguishable from that mea- liar attributes of retinoblastoma cellslthe 
sured in primary fetal retinal cells (20). inactivation of the RB gene and the absence 
Retinoblastoma cells therefore display a se- of display of the normal complement of 

Table 1. Receptors for TGF-P in neuroectodermal nunor cells. Specific binding of 50 pM 'Z51-labeled 
TGF-P was determined by subtracting the number of counts per minute bound in the presence of excess 
(10 unlabeled TGF-P1. Affinity-labeled TGF-P receptors were detected as described in legend to 
Fig. 2. The retinoblastoma lines Y79, Weri, Rb 13-24, and Rb 27 were previously described (7, 23). 
Human neuroblastoma NGP-1 was provided by G. Brodeur. The neuroblastomas IMR32 and SK-N- 
SH and the medulloblastoma TEG71 were provided by the American Type Culture Collection. 
Astrocytoma cells were provided by D. Stravrou. The HS430T schwannoma cells (referred to as HS4) 
were provided by the Cell Culture Laboratories, University of California in Oakland. 

Cells Specific binding Affinity-labeled receptors 
(% of total) Type I Type I1 Type I11 

Normal fetal retina (21 weeks) 
Ad 12-transformed retinal cells 
Retinoblastomas 

Y79 
RB13 
RB18 
RB20 
RB22 
RB24 
RB27 
Weri 

Neuroblastomas 
IMR32 
NGP- 1 
SK-N-SH 

- 
Anomalous 

Anomalous 
Anomalous 
Anomalous 

Medulloblastoma 
TE671 

Schwannoma 
HS4 

Astrocytoma 
79Hf-4 
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sis on uracil'kontaining M13 ;empla;es (3) 
containing portions of the polA gene. After 
characterization in M13, the mutations were 
transferred to an overproduction plasmid 
(Fig. 2). In each case the subcloned frag- 

Genetic and Crystallographic Studies of ment was sequenced in its entirety to check 

the 3 ',5 ' -Exonucleolytic Site of DNA Polymerase I that there were no additional mutations. 
Our first purification of the D355A,E357A 
protein indicated that this protein was sub- 

VICTORIA DERBYSHIRE, PAUL s. FREEMONT,*  ARK R. SANDER SON,^ stantially exonuclease-deficient. However, 
LORENA BEESE, JONATHAN M. FRIEDMAN, CATHERINE M. JOYCE,* the sensitivity of our assay was affected by 
THOMAS A. STEITZ other cellular nucleases, including wild-type 

Klenow fragment from the chromosomal 
Site-directed mutagenesis of the large fragment of DNA polymerase I (Klenow copy of polA. We therefore constructed a 
fragment) yielded two mutant proteins lacking 3',5'-exonuclease activity but having host strain for overproduction that was defi- 
normal polymerase activity. Crystallographic analysis of the mutant proteins showed cient in exonuclease I11 and carried the 
that neither had any alteration in protein structure other than the expected changes at D355A,E357A mutant allele of polA. The 
the mutation sites. These results confirmed the presumed location of the exonuclease overproduced proteins were purified to ap- 
active site on the small domain of Klenow fragment and its physical separation from parent homogeneity as described for wild- 
the polymerase active site. An anomalous scattering difference Fourier of a complex of type Klenow fragment with one modifica- 
the wild-type enzyme with divalent manganese ion and deoxythymidine monophos- tion (4). 
phate showed that the exonuclease active site has binding sites for two divalent metal While the homogeneous mutant proteins 
ions. The properties of the mutant proteins suggest that one metal ion plays a role in have normal levels of polymerase activity, 
substrate binding while the other is involved in catalysis of the exonuclease reaction. their exonuclease activity is reduced by 

about five orders of magnitude when com- 

T HE LARGE PROTEOLYTIC FRAGMENT The binding of dNMP is accompanied by pared with a wild-type preparation of equiv- 
(Klenow fragment) ofEscherichia coli additional electron density that lies between alent purity (Table 1). The exonuclease ac- 
DNA polymerase I is the only DNA- the phosphate of dNMP and the carboxylate tivity present in the mutant protein prepara- 

synthesizing enzyme for which high-resolu- of Asp424. The identity of the molecule tions, although extremely low, is definitely 
tion structural information is available (1).  giving rise to this extra density could not be above the background for the exonuclease 
This makes it an ideal experimental system established with certainty at 3.3 A resolu- assay. We do not know whether this residual 
for a detailed molecular analysis of template- tion, but the possibility that it corresponds activity is an intrinsic property of each mu- 
directed DNA synthesis. A large body of to a second metal ion was raised. The prox- tant protein or is due to a very low level of 
evidence (2) indicates that the two domains imity of Asp424 and the associated small contamination by cellular nucleases. There- 
seen in the crystal structure correspond to molecule or ion to the phosphate of dNMP fore, the values shown in Table 1 represent 
separate polymerase and 3',5'-exonuclease (and thus, by inference, to the phosopho- an upper limit for the 3',5'-exonuclease 
functions. The smaller (NH2-terminal) do- diester bond to be cleaved in a DNA sub- activity of the mutant proteins. 
main was proposed to contain the exonucle- strate) suggested a role for these groups in To  establish whether the loss of exonucle- 
ase active site, since it binds deoxynucleoside the exonuclease reaction. To  investigate this ase activity in these two mutant proteins was 
monophosphate (dNMP) (1). A prominent possibility, we used site-directed mutagene- due directly to the altered residues or was 
feature of the dNMP complex with Klenow sis to change Asp424 to Ala (D424A muta- caused by some more general change in the 
fragment is a divalent metal ion that is tion). Further, to examine the role of the protein structure, the two mutant deriva- 
coordinated by the carboxylate groups of 
Asp355, G ~ u ~ ~ ~ ,  and AspS0', together with 
the phosphate of dNMP (Fig. 1, site A). 
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Friedman, T. A. Steitz, Department of Molecular Bio- 
physics and Biochemistry and Howard Hu hes Medical Fig. 1. The 3',5'-exonuclease active site 
Institute at Yale University, New Haven, C% 06511. with the bound product molecule, de- 

oxycytidine monophosphate (dCMP) 
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tPresent address: CRC Biomolecular Structure Unit, chains of residues interacting with the 
The Institute of Cancer Research, Belrnont Sutton, metal ions and dCMP are shown. The 
Surrey, United Kingdom. two binding sites for divalent metal ions 
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