
nent longer than previously thought. The 
work leading to the formal recognition of 
the disease was begun in November 1975 
(5) .  Subsequently, earlier cases were identi- 
fied retrospectively that hlfilled the clinical 
criteria for Lyme disease in Wisconsin and 
on Cape Cod, Massachusetts (40, 41). Re- 
ports from senior medical practitioners in 
eastern Long Island indicate that "Montauk 
knee" and "Montauk spider-bite" have been 
in the vernacular of the local residents for 
many years (42). These descriptive terms 
could have referred respectively to the ar- 
thritic and dermatologic manifestations of 
Lyme disease, but they seem not to have 
been linked to each other or to tick-bite. 
Application of the same technology to pre- 
served, archived human samples, such as 
paraffin-embedded tissue sections, may 
someday provide additional clues to the 
antiquity of Lyme disease. 

REFERENCES AND NOTES 

1. A. Afielius, Arch. Dematol. Syphilol. 101, 404 
(1910). 

2. C. Garin-Bujadoux, J. Med. Lyon. 71, 765 (1922). 
3. A. Bannwarth, Arch. Psychiatr. Neruenkr. 117, 161 

(1944). 
4. A. W. Thone, Dematologica 36, 57 (1968). 
5. A. C. Steere et al., Arthn'tis Rheum. 20, 7 (1977). 
6. A. C. Steere et al., Ann. Intern. Med. 86, 685 (1977). 
7. A. C. Steere, N. Engl. J .  Med. 321, 586 (1989). 
8. Centers for Disease Control, Morb. Mortal. Wkly. 

38, 668 (1989). 
9. A. C. Steere, T. E. Broderick, S. E. Malawista, Am. 

J .  Epidemiol. 108, 312 (1978). 
10. A. Spielman, M. L. Wilson, J. F. Levine, J. Piesman, 

Annu. ,Rev. Entomol. 301, 439 (1985). 
11. L. Magnarelli, in preparation. 
12. A. C. Steere et al., N. Engl. J .  Med. 308, 733 

(1983). 
13. J. L. Benach et al., ibid., p. 740. 
14. R. C. Wallis, S. E. Brown, K. 0. Kloter, A. J. Main, 

Jr., Am. J .  Epidemiol. 108, 322 (1978). 
15. A. C. Steere and S. E. Malawista, Ann. Intern. Med. 

91, 730 (1979). 
16. E. M. Bosler et al., Science 220, 321 (1983). 
17. J. F. Anderson, R. C. Johnson, L. A. Magnarelli, F. 

W. Hyde, J .  Clin. Microbiol. 22, 36 (1985). 
18. A. Spielman, in The Biology of Parasitism: A Molecular 

6 Immunological Approach, A. Sher and P. Englund, 
Eds. (Liss. New York. 1988). 00. 147-165. 

19. K. B.' M h s  and F. A. ~aldo;;, Methods Entymol. 
155, 335 (1987). 

20. R. K. Saiki et al., Science 239, 487 (1988). 
21. D. H. Persing and M. L. L a n b ,  Yale I. Biol. Med. 

62, 159 (19g9). 
22. D. H. Persing, S. R. Telford 111, A. Spielman, S. W. 

Barthold, J. Clin. Microbiol. 28, 566 (1990). 
23. S. Paabo, J. A. Gilford, A. C. Wilson, Nucleic Acids 

Res. 16, 9775 (1988). 
24. S. Paabo, Proc. Natl. Acad. Sci. U .S .A .  86, 1939 

(1989). 
25. J. C. Bequaert, Entomol. Am. 25, 73 (1945). 
26. S. Bergstrom, V. G. Bundoc, A. G. Barbour, Mol. 

Microbiol. 3, 479 (1989). 
27. A. G. Barbour, R. A. Heiland, T. R. Howe, J. Infct. 

Dis. 152, 478 (1985). 
28. A. G. Barbour and M. E. Schrumpf, Zentralbl. 

Bakteriol. Parasitenkd. Infectionskr. Hyg. Abt. I. Orig. 
263, 83 (1986). 

29. G. S. Gassmann, M. Kramer, U. B. Gobel, R. 
Wallich, Nucleic Acids Res. 17, 3590 (1989). 

30. D. H. Persing, unpublished observations. 
31. J. F. Anderson, Ann. N.Y .  Acad. Sci. 539, 180 

(1988). 
32. S. R. Telford I11 and A. Spielman, J. Med. Entomol. 

26, 118 (1989). 

33. , Am. J .  Trop. Med. Hyg. 41, 482 (1989). 
34. J. Piesman and R. J. Sinsky, J. Med. Entomol. 25, 

336 (1988). 
35. R. S: ~ a n i a n d  P. E. Lavoie, Ann. N .  Y .  Acad. Sci. 

539, 192 (1988). 
36. F. W. Hyde and R. C. Johnson. I. Clin. Microbiol. . - 

20, 151 ji984). 
37. D. E. Dodge, unpublished observations. 
38. J. F. Levine, M. L. Wilson, A. Spielman, Am. J. 

Trop. Med. Hyg. 34, 355 (1985). 
39. S. R. Telford 111, T. N. Mather, S. I. Moore, M. L. 

Wilson, A. Spielman, Am. J. Trop. Med. Hyg. 39, 
105 (1988). 

40. A. C. Steere, E. Taylor, M. L. Wilson, J. F. Levine, 
A. Spielman, J. Inf: Dis. 154, 295 (1986). 

41. R. J. Scrimenti, Arch. Dematol. 102, 104 (1970). 
42. R. Sernlear, Jr., personal communication. 

43. J. F. Anderson, L. A. Magnarelli, J. B. McAninch, J .  
Clin. Microbiol. 26, 2209 (1988). 

44. We thank H .  Levi and A. Johnston of the Depart- 
ment of Invertebrates at the Harvard Museum of 
Comparative Zoology and J. E. Keirans of the 
Smithsonian Institution for specimens from their 
repository of acarines. J. Anderson, S. Barthold, W. 
Weisberg, C. Pretzman, and P. DuEy provided 
isolates of Boweliae that demonstrated the specificity 
of our probes. We also thank J. Anderson and R. 
Flavell for a critical reading of this manuscript, G. 
Van Blaricom for technical assistance, and P. Jatlow 
for support of this project. Supported by NIH 
grants AM40452, AM10493, AM07107, and A1 
19693. D.H.P. is a Mayo Foundation Scholar. 

8 May 1990; accepted 18 Juiy 1990 

An Insertion in the Human Thyrotropin Receptor 
Critical for High Ailkity Hormone Binding 

Thyrotropin (TSH), lutenizing hormone (LH), and chorionic gonadotropin (CG) are 
structurally related glycoprotein hormones, which bind to receptors that share a high 
degree of sequence similarity. However, comparison of the primary amino acid 
sequences of the TSH and LH-CG receptors reveals two unique insertions of 8 and 50 
amino acids in the extracellular domain of the TSH receptor. The functional si&- 
cance of these insertions were determined by site-directed mutagenesis. Deletion of the 
50-amino acid tract (residues 317 to 366) had no effect on TSH binding or on TSH 
and thyroid-stimulatitig immunoglobulin (TSI) biological activities. In contrast, either 
deletion or substitution of the eight-amino acid region (residues 38 to 45) abolished 
these activities. This eight-amino acid tract near the amino terminus of the TSH 
receptor appears to be an important site of interaction for both TSH and TSI. 

T HYROTROPIN (TSH) REGULATES 

thyroid cell h c t i o n  by interacting 
with the TSH receptor on the plasma 

membrane (1). Auto-antibodies against the 
TSH receptor (thyroid-stimulating imrnu- 
noglobulins, TSI) are important in the de- 
velopment of the hyperthyroidism associat- 
ed with Graves' disease (2). The sites on the 
TSH receptor that interact with TSH and 
TSI are unknown. The TSH and LH-CG 
receptors each bind specific members of a 
family of glycoprotein hormones that are 
structurally related, suggesting that the re- 
ceptors may be highly similar. The molecu- 
lar cloning of the complementary DNA that 
encodes these receptor proteins has allowed 
comparison of the primary amino acid se- 
quences of the TSH (3-6) and LH-CG (7, 
8) receptors. The two receptors are highly 
related except for two unique insertions of 8 
and 50 amino acids in the extracellular do- 
main of the 764-amino acid TSH receptor 

(3). We have therefore focused on these two 
regions and used site-directed mutagenesis 
to determine their hnctional significance. 

The cDNA that encodes the two unique 
segments in the extracellular domain of the 
human TSH receptor, amino acids 38 to 45 
and 317 to 366 (3), were deleted by site- 
directed mutagenesis, singly or together 
(Fig. 1). These segments are near the NH2- 
and COOH-terminal regions of the 418- 
amino acid extracellular domain of the TSH 
receptor (3), respectively (Fig. 1). Chinese 
hamster ovary (CHO) cells were stably 
transfected with the cDNAs that encoded 
mutated TSH receptors and were then test- 
ed for their ability to bind TSH and to 
respond to TSH stimulation, measured by 
an increase in intracellular cyclic adenosine 
monophosphate (CAMP) content. 

Although the 50-amino acid deletion 
(hTSHR-Dl) represented 12% of the 418- 
amino acid extracellular domain of the TSH 

Depamnent of Medicine and the Thyroid Molecular 
receptor, high-affinity TSH binding to the 

Biology Unit, Veterans Administration Medical Center, R333mbinant human TSH receptor was not 
San Francisco, CA 94121, and Depamnent of Medicine, reduced (Table 1). Consistent with this 
University of California, San Francisco, CA 94143. high-affinity TSH binding, TSH addition 
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expressed hTSHR-Dl, with an ECso that 
was similar to values observed for cells that 
expressed the wild-type receptor. In con- 
trast, deletion of the eight-amino acid inser- 
tion near the NH2-terminus (hTSHR-D2) 
completely abolished high-affinity TSH 
binding. Again, consistent with the absence 
of high-affinity TSH binding, TSH stimula- 
tion did not increase intracellular cAMP 
concentrations. The CHO cells transfeaed 
with a TSH receptor cDNA that lacked 50- 
and 8-amino acid segments (hTSHR-D3) 
had neither high-affinity TSH binding nor a 

CAMP response to TSH stimulation. 
Because the eight-amino acid deletion in 

hTSHR-D2 might have altered the overall 
protein conformation, the observed loss of 
biological activity may not be attributable to 
the loss of a critical hormone binding site, 
but to formation of an abnormally folded 
protein. We therefore constructed a mutant 
receptor (hTSHR-S1) in which the eight 
critical amino acids were substituted with 
eight residues (Fig. 1) that would not be 
expected to alter the generally hydrophilic 
nature of this region or its likely presence on 

Table 1. Hormone bindmg and function in CHO cells that stably expressed the TSH receptor mutants 
in Fig. 1. Each value represents the mean of data obtained with pools of clones from two separate 
transfections, each transfection measured in duplicate. The range from the mean &d not exceed 25%. 
TSH binding studies were performed as described (13) with the exception that TSH was labeled with 
'''I to -80 kCi of protein per milligram with the Bolton-Hunter reagent. Nonspecific "'I-labeled 
TSH binding was determined in the presence of unlabeled TSH M), and this value was 
subtracted from total binding to yield specific TSH binding. Measurements of the intracellular cAMP 
response to hormone stimulation (1  hour at 37°C) was as described (14). Kd, dissociation constant; M, 
mutant; WT, wild type; ECSo, effective concentration of hormone that produces a 50% response; ND, 
not detectable; pSV2-NEO-ECE, vector without cDNA insert. 

High-affinity 
TSH binding 

Receptor - 
COnStNCt Kd 

Kd-M 

( d )  Kd-WT 

TSH 
stimulation of cAMP 

Fig. 1. Schematic repre- 1 38 45 317 366 41 8 
sentation of the extracel- hTSHR-Dl I I 

lular domains of the mu- 
tant human TSH recep- ~ T S H R - D ~  I H I 
tors. The solid bars rep- 
resent segments in the hTSHR-D3 r-I 
TSH receptor that are 

--I I 

not present in the LH 
receptor. Lines inter- hTSHR-Sl 1 h\\~ 

rupting the open bars 
SASSSSAS represent deletions in 

the TSH receptor. The / \UI ISRHCMENLODSNGWEKSWQDTH~FFEEEDEW 

hatched bar indicates hTSHR-WT 
substitution rather than 
deletion of eight amino 
acids in the TSH recep- pLH/CGR 
tor. The amino acids are 

CF< 
shown in the single letter code (15). Numbers indicate amino acid positions in the wild-type human 
TSH receptor (3). The full-length human TSH receptor cDNA in Bluescript (Stratagene) was subjected 
to oligonucleotide-directed mutagenesis (Muta-gene kit, Bio-Rad) (16). Nucleotides that coded for 
amino acids 38 to 45 and 317 to 366 were deleted, separately and in combination, with oligonucleo- 
tides with bases corndementam to the nucleotides flanking these regions (5'-CGGTAAGCTGGG- 
GATGCGGAAGTC&CCTC~GATG-3' and 5 ' -GGG~G~GCTCCTGGCCAIITCACAG- 
A?TTTCTCTGGC-3'. resoectivelv). Amino acids 38 to 45 (RVTCKDIO) were substituted with the 
sequence SASSSSAS with the o~i~dhucleotide, 5 '-AAGCTGGGGATGCG~GAAGCAGAACTGCTG- 
GACGCACTGAAGTCCTCCTCCT-3', that contained 14 bases complementary to the nucleotides 
f l b g  either side of the substituted sequence. The nucleotide sequences of the mutagenized and 
adjacent regions were determined (17) and confirmed to be correct. The cDNAs that encoded the 
mutagenized TSH receptor were excised with Eco RI and subcloned into the expression vector, pSV2- 
NEO-ECE (3). These mutants, the wild-type receptor in the same vector and a vector without a cDNA 
insert, were transfected by the calcium-phosphate method (18) into CHO cells. Surviving colonies were 
selected by G418 (400 pgiml) and pooled for study of their ability to bind to TSH and increase 
intracellular CAMP. 

the surface of the globular protein. There is 
evidence that normal folding may be unaf- 
fected by substantial alterations of hydro- 
philic regions at the surface of globular 
proteins (9) ,  as suggested by the 50-amino 
acid deletion mutant (hTSHR-Dl). As with 
hTSHR-D2, hTSHR-S1 expressed neither 
high athity TSH binding nor a CAMP 
response to TSH stimulation. 

Sera from patients with Graves' disease 
that contain thyroid-stimulating irnmuno- 
globulin (TSI) stimulated the mutant TSH 
receptor clones in a manner similar to that of 
TSH. Thus, only the wild-type TSH recep- 
tor and the TSH receptor with the 50- 
amino acid deletion (hTSHR-Dl) exhibited 
a CAMP response to a pool of sera from four 
patients with Graves' disease, which con- 
tained potent TSI activity as measured in the 
conventional TSI bioassay (10) (Fig. 2). 
Deletion or substitution of the eight-amino 
acid tract (residues 38 to 45) in the TSH 
receptor abolished the cAMP response to 
TSI stimulation. These data indicate that the 
50-amino acid tract I d  not contain an 
epitope that was important for TSI action. 
In contrast, as for TSH action, the eight- 
amino acid segment appeared to be an im- 
portant site of TSI h c t i o n .  

Because the 8- and 50-amino acid seg- 
ments in the TSH receptor are absent from 
the LH-CG receptor (3,  8) it was conceiv- 
able that their deletion from the TSH recep- 

u a g % I I I  
c V ) V ) V ) c "  $ g 2 2 2 %  
c - 

TSI stimulation 

Fig. 2. Measurement of the intracellular CAMP 
response to TSI stimulation in pooled clones of 
stably transfected CHO cells. WT-hTSHR, wild- 
type human TSH receptor; the structures of 
hTSHR-Dl-3 and hTSHR-S1 are shown in Fig. 
1. Each bar (with the exception of hTSHR-S1, 
which was tested once in duplicate) represents the 
mean ? standard error of values obtained in du- 
plicate dishes, in three separate experiments, with 
immunoglobulin G prepared (19) from pools of 
four indvidual TSI-positive sera or TSI-negative 
sera (the control value). TSI stimulation was for 2 
hours at 37°C. Intracellular CAMP concentrations 
were measured as described (14). 
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tor would alter its hormone binding speci- 
ficity and allow it to respond to human CG 
(hCG). This was not the case. As with the 
wild-type TSH receptor, these mutant TSH 
receptors were unresponsive to M 
hCG, as measured by CAMP production 
(11). 

The pituitary-placental glycoprotein hor- 
mone receptors represent a distinct sub- 
group in the G protein-coupled receptor 
family, whose members contain seven trans- 
membrane spanning regions. The majority 
of the members of this receptor family, such 
as the a-adrenergic, p-adrenergic, muscarin- 
ic acetyl choline, and dopamine receptors 
(which we term group A), interact with 
small ligands and have insignificant extracel- 
lular regions. In contrast, the receptors for 
the very large glycoprotein hormones TSH, 
LH, CG, and follicle-stimulating hormone 
(FSH) (group B) have large extracellular 
domains (348 to 418 amino acids) (3-5, 8, 
12). The largest extracellular domain is in 
the TSH receptor, primarily because of the 
presence of the 50-amino acid insertion. It 
is remarkable that this 50-amino acid tract 
that is unique to the TSH receptor was not 
important for TSH binding or signal trans- 
duction (CAMP generation). It is possible 
that this region serves a negative hnction, 
such as to prevent the binding of other 
ligands to the TSH receptor. However, de- 
letion of the 50-amino acid segment did not 
allow the receptor to respond to hCG. 

The data in this report provide strong 
evidence for the ~ocalEatioi of a site f i r  
TSH binding to the eight-amino acid inser- 
tion of the TSH receptor. The amino acid 
sequence of the rat FSH receptor (12), 
reveals a unique ten-amino acid segment in 
the same general region (residues 21 to 30) 
as the eight-amino acid segment in the 
human TSH receptor. However, like the 
LH receptor, the FSH receptor does not 
contain the unique 50-amino acid segment 
of the TSH receptor (3, 12). The signifi- 
cance of this ~ ~ ~ - r e c e ~ t o r  segment remains 
to be determined. 

Identification of the epitopes on the TSH 
receptor that are recognized by auto-anti- 
bodies to the receptor in the sera of patients 
with Graves' disease is a subject of interest. 
These epitopes, which may or may not be 
identical to the TSH binding sites, may 
permit new diagnostic and therapeutic ap- 
proaches to the management of patients 
with this common autoimmune disorder. 
The data in this report identify the eight- 
amino acid insert as an important site of 
action for both TSH and TSI. 
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Anatomy of a Conformational Change: Hinged "Lid" 
Motion of the Triosephosphate Isomerase Loop 

Triosephosphate isomerase (TIM) is used as a model system for the study of how a 
localized conformational change in a protein structure is produced and related to 
enzyme reactivity. An 1 l-residue loop region moves more than 7 angstroms and closes 
over the active site when substrate binds. The loop acts like a "lid" in that it moves 
rigidly and is attached'by two hinges to the remainder of the protein. The nature of the 
motion appears to be built into the loop by conserved residues; the hinge regions, in 
contrast, are not conserved. Results of molecular dynamics calculations confirm the 
structural analysis and suggest a possible ligand-induced mechanism for loop closure. 

C ONFOW~ATIONAL CHANGES IN 

proteins are often an essential part of 
enzyme mechanisms (1, 2). Al- 

though x-ray crystallography provides struc- 
tural data for highly populated species, such 
as the initial and the final states in a confor- 
mational change, other experiments and 
computer simulations are necessary to ex- 
plore the motions involved. In this report, 
we combine molecular dynamics (MD) sim- 
ulations with structural and sequence data to 
obtain a description of the so-called "loop 
transition" in the enzyme TIM. We show 
that the localized loop closure involves an 
essentially rigid-body type displacement, 
analogous to that implicated in the hinge 
bending domain motions of certain proteins 
(3, 4) .  
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Yeast TIM is a diner with two identical 
subunits, each composed of 247 residues. 
Although the monomers have identical non- 
cooperative sites, only the dimer is catalyt- 
ically competent. Each subunit contains a 
loop region (residues 166 to 176) (5) that 
projects into solvent in the unliganded en- 
zyme and closes over the active site when 
substrate binds (Fig. 1) (6). Earlier low- 
resolution studies (7) and simulations (8) 
suggested that the loop was disordered in 
the open structure. The refined high-resolu- 
tion structure of native TIM shows a single 
predominant conformation for the loop 
with high thermal parameters (9). In the 
refined high-resolution crystal structure of 
TIM complexed with the transition-state- 
intermediate analog phosphoglycolohydrox- 
arnate (PGH), the loop is closed and appears 
to be in the same position as in the enzyme- 
substrate complex (10). Mutagenesis experi- 
ments have shown that the loop is essential 
for catalysis (11). 

When the open and closed structures of 
TIM are superimposed by least-squares opti- 
mization (12) of all a-carbons of subunit 1 
(excluding residues 166 to 176), the root- 
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