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Thyroglobulin (Tg, precursor for thyroid hormone synthe-
sis) is a large secreted glycoprotein composed of upstream
regions I-1I-1II, followed by the ~570 residue cholinesterase-
like (ChEL) domain. ChEL has two identified functions: 1)
homodimerization, and 2) binding to I-II-III that facilitates I-II-
III oxidative maturation required for intracellular protein trans-
port. Like its homologs in the acetylcholinesterase (AChE) fam-
ily, ChEL possesses two carboxyl-terminal a-helices. We find
that a Tg-AChE chimera (swapping AChE in place of ChEL)
allows for dimerization with monomeric AChE, proving expo-
sure of the carboxyl-terminal helices within the larger context of
Tg. Further, we establish that perturbing trans-helical interac-
tion blocks homodimerization of the Tg ChEL domain. Addi-
tionally, ChEL can associate with neuroligins (a related family of
cholinesterase-like proteins), demonstrating potential for Tg
cross-dimerization between non-identical partners. Indeed,
when mutant rdw-Tg (Tg-G2298R, defective for protein secre-
tion) is co-expressed with wild-type Tg, the two proteins cross-
dimerize and secretion of rdw-Tg is partially restored. More-
over, we find that AChE and soluble neuroligins also can bind to
the upstream Tg regions I-II-III; however, they cannot rescue
secretion, because they cannot facilitate oxidative maturation of
I-II-1II. These data suggest that specific properties of distinct Tg
ChEL mutants may result in distinct patterns of Tg monomer
folding, cross-dimerization with wild-type Tg, and variable
secretion behavior in heterozygous patients.

Thyroid hormone synthesis requires secretion of thyroglob-
ulin (Tg)? to the apical luminal cavity of thyroid follicles in the
thyroid gland (1). After secretion, Tg iodination (by thyroid
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peroxidase (2)) leads to a coupling reaction between di-iodoty-
rosyl residues 5 and 130 to form thyroxine within the amino-
terminal portion of the Tg polypeptide (3, 4). Hormonogenic
iodination depends not upon the specificity of the peroxidase
(5) but upon the sequence and structure of Tg (6, 7). No other
thyroidal proteins are known to effectively substitute for Tg in
this role. The Tg primary sequence (~2,750 amino acids after
signal peptide cleavage) encodes three disulfide-rich regions
comprising 80% of the overall Tg polypeptide, called I-II-III (8,
9), followed by ~570 residues of cholinesterase-like (ChEL)
domain (10) with homology to acetylcholinesterase (AChE)
(see Fig. 1A) (11-13). Although I-II-III contains the conserved
amino-terminal hormonogenic site, I-II-III by itself is incom-
petent for hormonogenesis, because its export from the endo-
plasmic reticulum (ER), leading to secretion, requires ChEL (10,
14).

The ChEL domain is a commonly affected site of mutation in
human congenital hypothyroidism with deficient Tg, including
the recently described A2215D (15, 16), R2223H (17), G2300D,
R2317Q (18), G2355V, and G2356R and the skipping of exon
45 (which normally encodes 36 amino acids), as well as the
Q2638stop mutant (19). Additionally, the homozygous Tg-
G2300R mutation in the ChEL domain (equivalent to residue
2298 of mature mouse Tg) is responsible for congenital hypo-
thyroidism in rdw/rdw rats (20, 21), whereas the Tg-L2263P
point mutation is responsible for congenital hypothyroidism
in the cog/cog mouse (22). Such mutations, when trans-
planted into AChE, inhibit enzyme activity (14), strongly
suggesting that they structurally perturb local folding within
this domain.

The present state of knowledge highlights the role of the
ChEL domain in two critical activities for Tg: 1) homodimer-
ization of Tg within the ER (23, 24) requires ChEL (25) and 2)
ChEL is linked to a rate-limiting process of Tg-oxidative folding
within the ER (26, 27). Specifically, although upstream regions
I-1I-III possess 116 of the 122 Tg cysteine residues (10), ChEL
binds to I-II-III, functioning as a molecular chaperone to facil-
itate I-II-III oxidative maturation (10). Indeed, ChEL is not only
contiguous with I-II-III in Tg, but the ChEL domain remains
associated with I-II-III throughout the secretory pathway and
after secretion (10).

green fluorescent protein; NL, neuroligin; endo H, endoglycosidase H;
AChE, acetylcholinesterase.
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As best as is currently known, all Tg mutants causing con-
genital hypothyroidism are defective for intracellular transport
(28). However, until now, no studies have explored the severity
of impairment of mutant Tg protein co-expressed in the pres-
ence of wild-type Tg, which is the situation found in simple
heterozygous patients who are vastly more common than new-
borns with congenital hypothyroidism from homozygous or
compound heterozygous Tg mutations (29). The potential for
interaction of non-identical Tg partners in trans is a complex
problem; for ChEL mutants this requires investigation of both
dimerization and chaperone/escort functions. Notably, ChEL is
part of a large family of cholinesterase-like proteins such as the
neuroligins, which subserve cell adhesion and neuronal inter-
action functions (30, 31). In this report we have studied non-
identical cholinesterase-like domains, either from structural
relatives or from ChEL mutants, to examine interaction in
trans with wild-type Tg domains and to examine the extent
to which they can substitute for ChEL function in Tg secre-
tion. Such studies shed new light on the folding, dimerization,
and export of mutant Tg protein in the presence of co-ex-
pressed wild-type Tg.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine 2000, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, penicillin, and strepto-
mycin were from Invitrogen (Carlsbad, CA); Zysorbin was from
Zymed Laboratories Inc.; complete protease inhibitor mixture
was from Roche Applied Science (Indianapolis, IN); brefeldin
A, N-ethylmaleimide, and protein A-agarose were from Sigma;
protein G-agarose was from EMD Chemicals (Gibbstown, NJ);
dithiobis(succinimidyl propionate) was from ThermoFisher
Scientific, Inc. (Waltham, MA); peptide-N-glycosidase F from
New England Biolabs (Beverly, MA); and Trans>*S-Label was
from MP Biomedicals (Irvine, CA). Chicken polyclonal anti-
Myc and rabbit polyclonal anti-FLAG were from Immunology
Consultants, Inc. (Newberg, OR); rabbit anti-chicken IgY was
from Jackson ImmunoResearch (West Grove, PA). Rabbit poly-
clonal anti-Tg (containing antibodies against epitopes at both
N- and C-terminal regions of the protein) has been previously
described (32).

Mutagenesis of Mouse Tg, Human AChE, and Human Neu-
roligin cDNAs—A c¢DNA encoding the “T-form” of hAChE
(matching the exon 4 to exon 6 splice form (33)) was employed
as template for further mutagenesis. AChE-Myc was con-
structed using the QuikChange site-directed mutagenesis kit
(Stratagene) with the following primer and its complement (5'-
CGGTGCTCAGATCTGGAACAGAAGCTCATCAGTGAAG-
AGGACCTCTAGGCGGCCGCTTCC-3'). The Tg-AChEACys
mutation was introduced with the same kit using Tg-AChE as
template (14) and the following primer and its complement (5'-
CCAGTTCGACCACTACAGCAAGCAGGATCGCAGCTC-
AGATCTGTGATAGTCGACTCTAG-3'). Tg-GFP, Tg-Myc,
Tg-AChE, truncated Tg regions I-II-1II and I-II-III-Myc, and
secretory ChEL, ChEL-Myc, ChEL-HA, ChEL-CD, and
ChELG-CD constructs have been previously described (10, 14,
25). Each final product was confirmed by direct DNA sequenc-
ing. The rdw mutation encoding Tg-G2298R (34) was intro-
duced to create rdw-Tg-GFP.

AV DN
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The cDNAs encoding epitope-tagged neuroligin 1, 2, 3, and 4
truncation constructs (devoid of splice inserts) have been
described previously (35); each were truncated before the
O-glycosylation attachment site and transmembrane domain
rendering them secretable proteins, and each construct is com-
posed of a cleavable pre-trypsin signal peptide followed by the
FLAG octapeptide (DYKDDDDK)), a linker peptide of 4 — 8 res-
idues, followed by the neuroligin sequence beginning with the
first amino acid of the mature protein. The precise truncation
points were made by introducing stop codons at NL1-639,
NL2-616, NL3-640, and NL4-620 generating the proteins
NL1-638, NL2-615, NL3-639, and NL4 - 619, respectively.

Sucrose Velocity Gradient Centrifugation Assay of ChEL
Dimerization—Transiently transfected 293 cells expressing
ChEL-CD and ChELG-CD (25) were pulse-labeled with 3°S-
amino acids for 30 min and chased in complete media for 5 h at
37 °C. Chase media were collected and treated with a protease
inhibitor mixture, and 0.5 ml of the treated media was overlaid
atop 11.5-ml 5 to 10% linear gradients of sucrose in 0.3 M NaCl,
0.05 M Tris, pH 7.5. The gradients were spun at 187,000 X g
(33,000 rpm) in an SW41 rotor for 18 h at 15°C. At the
conclusion of the velocity gradient centrifugation, 400-ul
fractions were collected sequentially by puncture from the
bottom of each tube, and each was diluted to 1 ml in 0.3 m
NaCl, 0.05 m Tris, pH 7.5. Each fraction was immunoprecipi-
tated with anti-Tg and analyzed by non-reducing SDS-PAGE
and fluorography.

Cell Culture and Transfection—HEK293 cells (simply called
293 cells) were cultured in DMEM with 10% fetal bovine
serum in 6-well plates at 37 °C in a humidified 5% CO, incu-
bator. Plasmids were transiently transfected using Lipo-
fectamine 2000 transfection reagent, following the manufactur-
er’s instructions.

Metabolic Labeling and Immunoprecipitation—Transfected
293 cells were starved for 30 min in Met/Cys-free DMEM, then
pulse-labeled with 180 wCi/ml **S-amino acids. The cells were
then washed with an excess of cold Met/Cys and chased in
complete DMEM plus serum. At each time point, cells were
lysed in buffer containing 1% Nonidet P-40, 20 mm N-ethylma-
leimide, 0.1% SDS, 0.1 M NaCl, 2 mM EDTA, 25 mm Tris, pH 7.4,
and a protease inhibitor mixture. For immunoprecipitation,
anti-Tg antibody was incubated with cell or media samples
overnight at 4 °C, and the immunoprecipitate was recovered
with protein A-agarose. For co-immunoprecipitation studies,
lysates prepared in the same lysis buffer lacking SDS were incu-
bated overnight at 4 °C with immunoprecipitating antibodies
and protein A- or protein G-agarose. Immunoprecipitates (or
co-precipitates) were washed three times before boiling in SDS
sample buffer with or without reducing agent, resolved by SDS-
PAGE, and analyzed by fluorography or phosphorimaging.

Enzymatic Activity of Tg AChE Chimeras—For measurement
of the catalytic activity of recombinant Tg-AChE and Tg-
AChEACys, 293 cells expressing each construct to be tested
were lysed under native conditions (300 ul of 100 mm NaCl, 1%
Nonidet P-40,2 mm EDTA, 25 mm Tris, pH 7.5). One-sixtieth of
each cell lysates was then used directly for colorimetric acetyl-
thiocholinesterase activity as described before (36). Activity
measurements for each construct were performed at least three
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times with mean = S.D. values cal-
culated. Parallel samples of cell
lysate from the identical transfec-
tions were used for immunoblotting
with anti-Tg to examine recombi-
nant protein expression level nor-
malized to cell protein. The specific
activity was calculated as enzymatic
activity per unit of immunoreactive
protein.

Dithiobis(succinimidyl Propionate)
Cross-linking—Cells were incubated
in phosphate-buffered saline con-
taining 2 mMm dithiobis(succinimi-
dyl propionate) for 30 min at room
temperature. Cells were then washed
in phosphate-buffered saline con-
taining 20 mM N-ethylmaleimide
and then lysed in buffer containing
both 20 mm N-ethylmaleimide and
50 mm glycine to quench residual
cross-linker. The lysates were then
analyzed by immunoprecipitation
and SDS-PAGE under reducing
conditions.

RESULTS

Similarity of the Tg ChEL Domain
to Other AChE-family Members—
The Tg ChEL domain has 6 Cys
residues, which engage in 3 disul-
fide bonds shown schematically in
full-length Tg at the top of Fig. 1A.
Related constructs employed or
engineered for this study include
secretory ChEL (including modi-
fications such as carboxyl-termi-
nal Myc tag, extra unpaired Cys
residue, or N-linked glycosylation
site), AChE (bearing a carboxyl-
terminal Myc tag), FLAG-tagged
neuroligins 1, 2, 3, or 4, and a Tg-
AChE chimera (bearing or lacking
a carboxyl-terminal Cys residue)
(Fig. 1A). Amino acid sequence
alignment of the first ~500 residues
of the ChEL domains of mouse, rat,
and human Tg with rat, mouse,
and human AChE and human neu-
roligins 1—4 reveals areas of iden-
tity (Fig. 1B, green) as well as 80
and 60% conservation, respectively
(red and yellow). Comparison of the
three-dimensional structure of
ACHhE from crystal structure coor-
dinates, that of a representative
neuroligin and that predicted for
ChEL by ESyPred3D (Fig. 1C) (37),
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FIGURE 2. Availability of AChE dimerization helices within the context of
a Tg-AChE chimera. A, 293 cells were transiently co-transfected with empty
vector + vector (“Con”) or with plasmids expressing Tg-AChE (14) plus either
vector or human AChE. The cells were metabolically labeled with **S-amino
acids and chased for 5 hin the presence of 5 ug/ml brefeldin A. The cell lysates
were immunoprecipitated with anti-Tg and analyzed by non-reducing SDS-
4%-PAGE. Monomeric Tg-AChE migrated with an apparent molecular mass of
~300 kDa; the covalent Tg-AChE homodimer migrated at ~600 kDa; the
position of mixed Tg-AChE-AChE covalent dimers is shown. B, the Tg-AChE
chimera construct was mutagenized to substitute its extra unpaired Cys res-
idue with Ser near the carboxyl terminus to create Tg-AChEACys. Pulse-label-
ing and chase of co-transfected 293 cells included either Tg-AChE or
Tg-AChEACys with either empty vector (—) or a plasmid to co-express AChE
(+), as indicated. Samples were analyzed as in panel A.

supports a shared overall protein architecture between these
AChE paralogs.

The Carboxyl-terminal ChEL Domain in Tg Homodimeriza-
tion, and Cross-dimerization of Non-identical Partners—We
recently hypothesized that Tg homodimerization may be initi-
ated by noncovalent interactions involving two predicted
a-helices at the carboxyl terminus of each ChEL domain, with
the potential for Tg to form a 4-helix bundle similar to that
reported in the dimerization of AChE (25). However, upstream
regions of Tg, comprising >2000 amino acids, might poten-
tially interfere with accessibility of the a-helices in the ChEL
domain. We therefore examined a full-length Tg chimera in
which catalytically active AChE replaced ChEL in Tg (14), to
determine whether, in the context of Tg, these carboxyl-termi-
nal a-helices were available for dimerization with co-trans-
fected monomeric AChE. Formation of an AChE intermolecu-
lar disulfide bond engaging an unpaired carboxyl-terminal
cysteine, neighboring the a-helices, is a natural reporter of such
dimerization (38). Notably, Tg-AChE expressed alone already
formed covalent homodimers intracellularly (Fig. 24). When
co-expressed with AChE, more Tg-AChE monomers were con-
sumed (i.e. fewer Tg-AChE monomers were recovered), involv-
ing cross-dimerization (i.e. Tg-AChE—AChE) that appeared to
compete with Tg-AChE homodimerization (Fig. 2A4). The abil-
ity to form covalent homodimers or heterodimers was elimi-
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nated when expressing the Tg-AChEACys chimera that deleted
the unpaired cysteine at the carboxyl terminus (Fig. 2B), prov-
ing that the carboxyl-terminal segment must be accessible for
the apposition of monomer partners even when conjoined to
the large upstream Tg regions I-II-II1.

We introduced an extra, unpaired Cys residue at the tail of
the ChEL domain to create a similar opportunity for covalent
dimerization of ChEL monomers (called “ChEL-CD”), while
also engineering an N-linked glycosylation site into the first of
the two dimerization helices (called “ChELG-CD”) that blocks
formation of the intermolecular covalent bond (Fig. 14) (25).
However, such an assay cannot exclude non-covalent dimeriza-
tion of ChELG-CD. To obtain stronger evidence of the a-heli-
cal contribution to homodimerization of the Tg ChEL domain,
we examined the migration of ChEL-CD and ChELG-CD
by centrifugation on sucrose velocity gradients. Secretion of
ChEL-CD was recovered as a combination of dimers and
monomers, and upon analysis of gradient fractions by non-re-
ducing SDS-PAGE, there was perfect correspondence between
the presence of an intermolecular disulfide bond and recovery
in a distinct peak of faster sedimentation (Fig. 3, upper gradi-
ent). By contrast, ChELG-CD was not only blocked in forma-
tion of the covalent inter-subunit linkage but was also blocked
in faster sedimentation in the sucrose-velocity gradient (Fig. 3,
lower). These data directly implicate the carboxyl-terminal
a-helices in ChEL dimerization, strongly supporting a 4-helix
bundle dimerization mechanism similar to that used by AChE
and other cholinesterase-like family members (39, 40).

Such a dimerization mechanism might render it possible to
obtain cross-dimerization of related cholinesterase-like pro-
teins (Fig. 1, B and C). We therefore extended our analysis to
include secretory versions of human neuroligins (NLs) 1, 2, 3,
and 4. FLAG-tagged NL1, NL2, NL3, and NL4 were each
secreted slowly but efficiently, with release from cells primarily
between 5 and 24 h after synthesis (Fig. 44, lower panel). Within
cells that co-expressed secretory ChEL-Myc and FLAG-tagged
neuroligins, after chemical cross-linking, ChEL could be ob-
served to interact with each of the NL proteins as detected upon
co-immunoprecipitation with anti-Myc and immunoblotting
with anti-FLAG (Fig. 4B, left panel). A similar interaction was
observed when secretory ChEL was co-expressed with AChE-
Myc (co-precipitated with anti-Tg and immunoblotted with
anti-Myc (Fig. 4B, right panel)). Even without cross-linker,
from media, secreted FLAG-tagged neuroligins could be co-
precipitated with ChEL-Myc (Fig. 4C, left) or with ChEL-HA
(Fig. 4C, right). The data underscore the ability of non-identical

FIGURE 1. Homologs of the Tg ChEL domain. A, constructs used in this study, in relation to the domain structure of Tg shown schematically. Top to bottom: the
concluding ChEL domain of wild-type Tg (uppermost) contains six Cys residues, and based on conservation of structure with AChE, the mature mouse Tg ChEL
domain is predicted to have three disulfide bonds engaging Cys?2**-Cys22%°, Cys>**'-Cys?**?, and Cys>*"°~Cys?°°*. Not shown in the schematic are engineered
Tg variants, including wild-type Tg bearing a carboxyl-terminal Myc epitope tag, and rdw-Tg (Tg-G2298R) bearing carboxyl-terminal GFP (see Fig. 5). A
Myc-tagged Tg construct lacking the ChEL domain is called “I-lI-lll-Myc.” Next shown is secretory ChEL bearing a carboxyl-terminal Myc tag. Thereafter,
secretory ChEL bearing an extra unpaired carboxyl-terminal Cys residue for covalent dimerization (ChEL-CD) was engineered to either include an Asn-linked
glycosylation site (called “ChELG-CD") or lack that site. Next, AChE bearing a carboxyl-terminal Myc tag is shown; note that AChE already contains a naturally
occurring seventh (extra, unpaired) Cys residue at its carboxyl terminus. Next, secretory (FLAG-tagged) neuroligins 1, 2, 3, or 4 are indicated. Finally, a Tg-AChE
chimera, which already contains a natural seventh (extra, unpaired) Cys residue at its carboxyl terminus (14), is shown; an identical Tg-AChE chimera lacking the
carboxyl-terminal Cys residue (called Tg-AChEACys) was also prepared. B, multiple sequence alignment with mouse Tg, listed in order of greatest homology, of
the primary structures derived from rat Tg, human Tg, rat AChE, mouse AChE, human AChE, and human neuroligins (NL) 3, 4, 1, and 2, respectively. Areas of
perfect homology are colored green; 80 and 60% conservation are colored red and yellow, respectively. C, a comparison of the known structure of human AChE
(PDB ID: 1B41) and human NL4 (PDB ID: 3BE8) with the three-dimensional structure of mouse ChEL predicted by the ESyPred3D structural prediction program.
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ChELG-CD polypeptide. However, because Tg
homodimerizes, there is more than
76 kDa— B one potential stoichiometry and ori-
Monomer > FEER entation of ChEL interaction with

Nonreducing SDS-PAGE

FIGURE 3. Tail-to-tail ChEL homodimerization. Upper gradient: 293 cells transiently expressing secretory
ChEL-CD were pulse-labeled with 3*S-amino acids and chased, and the secretion was resolved on 5-10% linear
sucrose velocity gradients as described under “Experimental Procedures.” Fractions collected from the bottom
(left side) were immunoprecipitated with anti-Tg antiserum and analyzed by non-reducing SDS-PAGE and
fluorography. Monomers sedimented between fractions 20 and 25; dimers sedimented between fractions 15
and 20. Monomeric ChEL-CD migrated by SDS-PAGE with an apparent molecular mass of ~70 kDa; covalent
ChEL-CD dimer migrated with an apparent molecular mass of ~140 kDa. Lower gradient: 293 cells transiently
expressing the secretory ChELG-CD mutant were analyzed as above. None of the ChELG-CD contained an
intermolecular covalent bond; all molecules migrated to the monomer peak in the gradient.

cholinesterase-like partners (Fig. 1, B and C) to cross-dimerize.
Cross-dimerization of non-identical partners could have im-
portant physiological consequences, as demonstrated when
NL3 was co-expressed with secretory ChEL-HA, resulting in
increased release of NL3 to the media (while the intracellular
amount decreased), indicating enhanced secretion (Fig. 4D).
Congenital hypothyroidism with defective Tg is an autoso-
mal recessive trait; thus heterozygous individuals in the popu-
lation go largely undetected. Because mutant Tg ChEL is more
similar to wild-type Tg ChEL than is AChE or neuroligins, it
seemed plausible that cross-dimerization between mutant and
wild-type Tg partners also might take place. To test the poten-
tial for mutant rdw-Tg to be rescued by wild-type Tg, the two
proteins were co-expressed in 293 cells and incubated for 24 h
to examine secretion. To distinguish these proteins unequivo-
cally, rdw-Tg was tagged with GFP at the carboxyl terminus.
When expressed along with an empty vector, rdw-Tg-GFP was
recovered in cells but was undetectable in the medium. How-
ever, when co-expressed with wild-type Tg-Myc, rdw-Tg-GFP
began to be recovered in the medium (Fig. 5, left panels). To
confirm that this reflected authentic secretion, rdw-Tg-GFP
was subjected to endoglycosidase H (endo H) digestion to
assess modification of any of the N-linked glycans of Tg by
Golgi glycosylation enzymes. Intracellular rdw-Tg-GFP was
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I-II-III. We proceeded to test the
stoichiometry when the two are
expressed as separate secretory pro-
teins. After co-transfection of I-II-
II-Myc and secretory ChEL, 293
cells were radiolabeled continu-
ously at fixed specific radioactivity
with [**S]cysteine in complete
medium for 2 days to approach
steady state. The medium was then
collected and immunoprecipitated
with anti-Myc to recover I-II-III-Myc and co-precipitated
ChEL. The relative band intensities were quantified from
scanned SDS-PAGE fluorograms (Fig. 6). An equimolar
ChEL:region I-II-III binding stoichiometry binding should
be seen as an intensity ratio of 6:116, reflecting precisely the
number of Cys residues in each polypeptide. Indeed, from
quadruplicate samples, the molar ratio measured was 1.17 *
0.28, i.e. an equimolar binding stoichiometry (Fig. 6).

ChEL and structurally similar cholinesterase-like family
members exhibit potential for cross-dimerization, raising the
question of whether such family members could also substitute
for ChEL in I-II-III binding. Indeed, AChE-Myc was also found
able to associate with I-II-III (Fig. 7A), and this was similarly
true for FLAG-NL1, -NL2, -NL3, or -NL4 (Fig. 7B). However,
the efficiency of I-II-III interaction, as measured by co-precip-
itation, was weaker, i.e. only approximately half of that observed
for ChEL itself (Fig. 7C).

ChEL Is Unique in Its Ability to Rescue I-II-1II Secretion—
The ability of structurally related cholinesterase-like family
members (Fig. 1, B and C) to physically interact with regions
I[-1I-11I raised the question of whether such interactions could
rescue the secretion of region I-II-III lacking their own ChEL
domain (10). In side-by-side comparisons, AChE could not pro-
mote significantly more I-II-III secretion than was observed
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FIGURE 4. Cross-dimerization with ChEL. A, 293 cells were transiently transfected with empty vector or
plasmids to express secretory ChEL-Myc (ChEL) or secretory FLAG-NL1, -NL2, -NL3, or -NL4. Transfected cells
were pulse-labeled for 30 min with 3*S-amino acids and chased for either 5 h (upper panel, a time when ChEL
secretion has gone to completion) or 24 h (lower panel, a time when neuroligin secretion has gone to comple-
tion). The cells were lysed, and both cells and media were immunoprecipitated with anti-Myc (for ChEL) and
anti-FLAG (for neuroligins). B, the left panel shows 293 cells co-transfected with plasmids expressing secretory
ChEL-Myc and either empty vector (Con) or secretory FLAG-NL1, -NL2, -NL3, or -NL4. Cell lysates were immu-
noprecipitated (/P) with a-Myc antibody, resolved by SDS-PAGE and immunoblotted (WB) with anti-FLAG
antibody. The right panel shows 293 cells co-transfected with plasmids expressing secretory ChEL and either
empty vector (Con) or AChE-Myc (AChE). The cells were lysed in the presence of 1 mm dithiobis(succinimidyl
propionate) cross-linker, immunoprecipitated (/P) with a-Tg antibody, resolved by SDS-PAGE and immuno-
blotted (WB) with anti-Myc antibody. C, the left panel shows 293 cells co-transfected as in the left panel of B, or
transfected with empty vector (Con). The right panel shows 293 cells co-transfected with plasmids expressing
secretory ChEL-HA plus secretory FLAG-NL3, or secretory FLAG-NL3 alone, or transfected with empty vector
(Con). Media were collected from transfected cells for 24 h; the upper left panel shows the comparable expres-
sion of secretory ChEL partner in each sample; the upper right panel shows comparable expression of the
secretory NL3 partner. Media were immunoprecipitated (IP) with a-Myc (lower left) or anti-HA (lower right); the
immunoprecipitates were resolved by SDS-PAGE and immunoblotted (WB) with anti-FLAG antibodies. D, cells
were transfected to either singly express secretory FLAG-NL3, singly express secretory ChEL-HA, or co-express
both constructs, or neither. After 24 h, the cells were lysed and the media were collected; samples were
analyzed by Western blotting with anti-FLAG antibodies.

dative maturation of I-II-III at dif-
ferent times, while retaining all
folding partners within the early
secretory pathway by treatment
with brefeldin A. In the presence of
secretory ChEL (Fig. 94, lanes 7-9),
[-II-1II oxidative maturation had
progressed nearly to completion at
5 h after synthesis, and the mature E
band was already predominant by
2 h after synthesis. By contrast, I-1I-
I1I expressed alone became blocked
at the immature D isoform (the
mobility shift between lanes I and 2
is caused by carbohydrate trim-
ming) and thereafter became unsta-
ble (lane 3). Co-expression of AChE
offered little benefit to I-II-1II: the E
isoform never predominated, and
I-II-III again became unstable (Fig.
9A, lanes 4—6). The story was simi-
lar in the absence of brefeldin A. For
a positive control we now used
secretory ChEL-KDEL (which is
fully functional for association with
I-1I-1II yet is retained intracellularly
(10)). This allowed a majority of I-II-
III to progress to the mature E form
by 2 h of chase, whereas co-expres-
sion of AChE did not result in effi-
cient I-II-III oxidative maturation
(Fig. 9B).

Rescue of I-II-III folding and
secretion is augmented when the
relative abundance of ChEL in the
ER is increased (10). We wished to
confirm that failure to rescue I-1I-III
was not caused by insufficient AChE
expression. To directly compare
protein production levels of AChE
and secretory ChEL, we appended a
carboxyl-terminal Myc tag to both

with empty vector alone, and indeed, intracellular recovery of
[-II-1II appeared diminished (Fig. 8, A and B). Likewise, the
secretory neuroligins, despite excellent expression, could not
promote I-II-III secretion (Fig. 8C). The data suggest that
sequence-specific differences among cholinesterase-like family
members alter their ability to rescue I-1I-1II secretion.

Why is association of AChE or neuroligins unproductive
for Tg? Like full-length Tg, regions I-II-III go through a
series of oxidative folding intermediates, including transient
mixed disulfides with ER oxidoreductases (termed “A,” “B,”
and “C” (41)) followed by further oxidative folding of imma-
ture “D monomers” to the mature “E isoform” (10). A major
function of ChEL is as a molecular chaperone, stabilizing the
oxidatively mature I-II-III, which includes formation of up to 58
potential intrachain disulfide bonds (10). To examine the rela-
tive chaperone activity of ChEL versus AChE, we examined oxi-
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proteins, and then repeated the pulse-chase experiment. We
were able to achieve expression of AChE-Myc exceeding that
obtained for ChEL-Myc (Fig. 9C, lower panel), yet AChE-Myc
still did not support enhanced oxidative maturation of newly
synthesized I-II-III, and instead led to I-II-III instability
comparable to that seen in the presence of empty vector (Fig.
9C, upper panel). Moreover, we found that the Tg-AChE
chimera, in which AChE is built in at a 1:1 ratio with I-II-III,
could not be secreted from cells (Fig. 104). We considered
that lack of secretion might conceivably be caused by thiol-
mediated ER retention (42) of those Tg-AChE molecules
that exposed an extra unpaired carboxyl-terminal Cys resi-
due rather than engaging it in an intermolecular disulfide
bond (31). However, Tg-AChEACys (which maintains similar
cholinesterase specific activity (Fig. 10B)) also could not
be secreted (Fig. 10A). Indeed, neither Tg-AChE nor
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FIGURE 5. Secretion rescue of mutant rdw-Tg by co-expressed wild-type
Tg. Side-by-side, identical wells of 293 cells were co-transfected with plas-
mids encoding empty vector plus wild-type Tg-Myc (wt-Tg-Myc) and rdw-Tg-
GFP such that total plasmid DNA and rdw-Tg-GFP DNA was held constant in
all samples (wt:rdw plasmid ratio 6:1); Control lanes were transfected only
with empty vector. At 48 h post-transfection, the medium was changed, and
cells were cultured for an additional 24 h in complete growth medium. The
cells were lysed, and 3.33% of each cell lysate and 1% of each collection of
medium were resolved by SDS-PAGE and analyzed by immunoblotting with
anti-GFP antibody. Left panels: direct immunoblotting of lysates and media.
Middle panels: endoglycosidase H (Endo H) digestion of the samples indicated
prior to immunoblotting. Note that the small mobility shift observed after
endo H digestion of the medium is distinct from the larger shift seen for
intracellular Tg, indicating Golgi sugar modification of Asn-linked glycans on
all secreted rdw-Tg-GFP molecules (although some sugar chains on each mol-
ecule remain endo H-sensitive). Right panel: media from co-transfected or
control cells were immunoprecipitated with a-Myc antibody, and co-precip-
itated rdw-Tg-GFP (co-IP) was analyzed by immunoblotting as in the other
panels.

I-ll-lll-myc + ChEL

1
1 2 3 4 5
Hi--mye —> 0 N s e
181 kD -
74 kD -
ChEL — #& #  sw b
ChEL/I-lI-1Il stoichiometry: 1?8 0.8_39 177 1;
FIGURE 6. Equimolar ChEL:I-1I-1ll binding stoichiometry. 293 cells were
co-transfected to express I-lI-1lIl-Myc and secretory ChEL. In quadruplicate,

transfected cells were metabolically labeled in complete growth medium
(containing serum) plus 1 mCi/ml pure [3>*S]cysteine at fixed specific radio-
activity. One day later, the medium was removed and replaced with fresh
labeling medium for a further day before collection of secretion with anal-
ysis by immunoprecipitation with anti-Myc antibody, SDS-PAGE, fluorog-
raphy, and scanning densitometry of the relevant bands. The stoichiom-
etry of co-precipitated ChEL:I-1I-Ill was quantified by correcting for relative
isotope abundance. (6:116 reflects the ratio of Cys residues present in
each binding partner. For purposes of easy visualization we increased
exposure of the ChEL bands shown in the figure.) From these measure-
ments, the average molar ratio was 1.17 = 0.28, i.e. an equimolar binding
stoichiometry. Lane 5 shows results from untransfected control cells.
Results shown here were repeated and confirmed in two independent
experiments (not shown).

Tg-AChEACys allowed for normal oxidative maturation of
I-II-I1I as judged by mobility upon non-reducing SDS-PAGE
(Fig. 10C). Thus, the cholinesterase family members can fold
as an independent unit within Tg, but information specific to
the Tg ChEL domain is required for its function as an
intramolecular chaperone to promote Tg oxidative matura-
tion, stability, and secretion.

DISCUSSION

The major hormone-forming site in Tg resides in the first
130 residues of the mature protein, yet homozygous (or com-
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pound heterozygous) mutations in the carboxyl-terminal ChEL
domain result in a devastating impact on thyroid hormone for-
mation (15-19). All evidence points to the notion that such Tg
mutants exhibit impaired secretion (28). ChEL can fold as an
independent domain within the full-length Tg protein, yet,
ChEL is strongly implicated in the behavior of the overall Tg
polypeptide within the ER. ChEL has structural similarity to
AChE and the neuroligins (Fig. 1, B and C), and accumulated
evidence strongly suggests that the carboxyl-terminal a-helices
of the ChEL domain can allow for tail-to-tail homodimerization
(Fig. 3) even in the context of full-length Tg (Fig. 2), most likely
utilizing the 4-helix bundle mechanism common to AChE and
neuroligins.

We now find that ChEL can also cross-dimerize with non-
identical cholinesterase-like partners (11-13, 43, 44), including
ACHhE or neuroligins 1, 2, 3, or 4 (Fig. 4, B and C). Dimerization
plays an intricate role in the physical contact between the cat-
alytic domains of cholinesterases, affecting overall protein
architecture that allows members of the «/B-hydrolase fold
family to associate with their heteromeric partners (45). Failure
to achieve appropriate overall protein architecture of such fam-
ily members is already recognized as the cause of at least 17
distinct disease entities (46). For AChE, dimers ensure their
own stability by creating an intersubunit covalent bond that
drives the association-dissociation equilibrium toward dimer-
ization. However, for Tg and other members within the large
cholinesterase-like family that do not utilize an intermolecular
disulfide bond, stabilization of the dimer may employ ancillary
mechanisms. Bi-directional stabilization (ChEL stabilizing I-II-
111, and I-II-1II stabilizing ChEL) appears to be such a potential
mechanism (25), which may be involved in extra-allelic sup-
pression of Tg mutations (that would be otherwise incompe-
tent for secretion in homozygotes or compound heterozy-
gotes). Dimerization is also critical for neuroligin function and
may be important for its secretion (40), while cross-dimeriza-
tion with wild-type ChEL enhances NL3 secretion efficiency
(Fig. 4D).

The cross-dimerization of non-identical partners highlights
a point of crucial pathophysiological significance. Specifically,
most patients bearing Tg ChEL domain mutations (as well as
mutations in other domains of Tg) are heterozygotes, creating
intrathyroidal co-expression of wild-type and mutant Tg. As an
autosomal recessive disease, it is generally assumed that Tg
expression from a single allele would be sufficient for a com-
pletely normal phenotype; however, this assumption could only
be tested experimentally by creating a Tg heterozygous null
animal. We consider it possible that such animals might not be
completely normal and might develop a substantial goiter
caused by chronic thyroid stimulation throughout life. More-
over, we have considered, that in heterozygous patients bearing
Tg mutations, there might be intragenic extra-allelic suppres-
sion of the mutation that operates at the level of the co-ex-
pressed proteins. In this study we found that when mutant
rdw-Tg (Tg-G2298R) was co-expressed with wild-type Tg, the
two proteins cross-dimerized, and secretion of rdw-Tg was par-
tially restored (Fig. 5). This implies that, depending upon the

cross-dimerization potential of the particular mutant Tg alleles
expressed, different degrees of overall Tg secretory efficiency
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brefeldin A (to block all protein export). At the conclusion of the experiment, the cells were lysed in a non-denaturing lysis buffer containing 1% Nonidet P-40
but lacking SDS, and then immunoprecipitated with either anti-Tg or anti-Myc antibodies for analysis by SDS-PAGE and fluorography. Anti-Tg antibodies
directly immunoprecipitated I-lI-l1l; anti-Myc antibodies could recover I-II-1ll only if co-immunoprecipitated with a Myc-tagged binding partner. Note (from Fig.
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cells were co-transfected with plasmids expressing I-lI-lll and either empty vector or secretory FLAG-NL1, -NL2, -NL3, or -NL4. At the 6-h chase time after pulse
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FIGURE 8. ChEL is unique in its ability to promote I-lI-lll secretion. A, in two independent transfections, 293
cells were co-transfected with the plasmids indicated at the top. The cells were pulse-labeled with 3*S-amino
acids for 30 min and chased for 4 h in complete medium. The cells were lysed and the media collected; both
were immunoprecipitated with anti-Tg and analyzed by reducing SDS-PAGE and fluorography. B, from three
experiments like those shown in panel A, secretion efficiency of I-II-1ll in the presence of empty vector, secretory
ChEL, or AChE was quantified. C, 293 cells were co-transfected with plasmid expressing I-ll-lll and secretory
FLAG-NL1, -NL2, -NL3, or -NL4 as indicated. Co-transfection with secretory ChEL was included as a positive
control. The cells were pulse-labeled with 3*S-amino acids for 30 min and chased for 4 h in complete medium.
The cells were lysed, and the medium was collected; both were immunoprecipitated with a combination of
anti-Tg plus anti-FLAG and analyzed by reducing SDS-PAGE and fluorography. As shown, secretory neuroligins
could not rescue I-II-ll secretion.

may exist in different patients heterozygous for mutant Tg, i.e.
with cross-dimerization to wild-type Tg tending to suppress
the disease phenotype of congenital hypothyroidism from
mutant Tg. More broadly, intragenic extra-allelic suppression
might help to account for a lack of phenotype in many autoso-
mal recessive diseases involving cholinesterase family members
or, potentially, other secretory proteins that oligomerize in the
ER.

Cholinesterase-like proteins are implicated in mediating het-
erophilic protein binding (30). The Tg ChEL domain, for
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instance, physically associates with
I-II-1II with an equimolar binding
stoichiometry (Fig. 6); identical to
that found for neuroligin-1 and its
binding partner 3-neurexin (40). In
this report, we found that AChE and
secretory neuroligins also can bind
to upstream Tg regions I-II-1II (Fig.
7), mimicking interactions that may
occur in cis. Evidently, conserved
structural features between these
AChE paralogs are sufficient to
encode simple binding to the region
I-II-III partner. However, neither
ACHhE nor secretory neuroligins can
promote secretion of Tg regions
[-1I-11I (Fig. 8), because neither can
facilitate formation of a stable, oxi-
datively mature I-II-III (Fig. 9).
Moreover, we correct the finding
of a previous report (14) to estab-
lish that folding of AChE to an
enzymatically active conformation
within the context of a Tg-hAChE
chimera does not promote secretion
from cells (Fig. 10). Indeed, a careful
and systematic analysis of nine addi-
tional Tg-AChE chimeras, each dif-
fering by the fusion boundary
between the domains, produced no
secreted protein (data not shown).

Further, lack of secretion could not be accounted for by thiol-
mediated retention in the ER (31, 42), because Tg-AChEACys
was also incompetent for oxidative maturation and secretion
(Fig. 10). The inability to support I-II-III secretion cannot be
accounted for by insufficient expression of secretory neuroli-
gins (Fig. 8C) or AChE (Fig. 9C). Rather, the data in this study
support the idea that ChEL not only binds to I-II-III but engages
in additional protein-specific chaperone-like interactions that
promote its oxidative maturation and stability (10). We believe
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were pulse-labeled with **S-amino acids for 30 min and chased in the presence of brefeldin A (5 wg/ml) in complete
medium for the times indicated. At each chase time, the cells were lysed, immunoprecipitated with anti-Tg, and
analyzed by non-reducing SDS-PAGE and fluorography. Bands A, B, and C have been described previously but are
quantitatively minor (10); the positions of immature (D) and oxidatively mature () forms of I-II-lll monomers are
indicated. Untransfected cells (a negative control) are shown in lanes 10-12. B, 293 cells transfected to express I-lI-1ll
alone (middle lane) or co-express AChE-Myc (left) or secretory ChEL-KDEL (right), were pulse labeled as in A and
chased (without brefeldin A) for 2 h. The cells were lysed and immunoprecipitated with anti-Tg; the immunopre-
cipitates were digested with PNGase F and analyzed by non-reducing SDS-PAGE and fluorography. The positions of
immature (D) and mature (E) forms of I-lI-lll are indicated. C, 293 cells expressing I-lI-ll co-transfected with either
empty vector (lanes 1-3) or secretory ChEL-Myc (lanes 4-6) or AChE-Myc (lanes 7-9). The cells were pulse-labeled
with **S-amino acids and chased as indicated. At each chase time, the cells were lysed, immunoprecipitated with
anti-Myc, and analyzed by reducing SDS-PAGE (lower panel, the position of a 77-kDa molecular mass standard is
shown on the left) to demonstrate relative production of ChEL-Myc (slower migrating) and AChE-Myc (faster migrat-
ing), or immunoprecipitated with anti-Tg and analyzed by non-reducing SDS-PAGE (upper panel, the position of a
190-kDa molecular mass standard is shown on the left) to examine the extent of oxidative maturation of Tg I-II-lIl.
Note that, although AChE expression exceeds that of ChEL, stable, oxidatively mature I-l-lll are recovered only in the
presence of ChEL.

that intramolecular chaperone func-
tion of the ChEL domain is likely to
require three-dimensional determi-
nants, because it is impaired by dis-
tinct single point mutations such as
those found in cog or rdw mutants
(10); whereas initiation of cross-
dimerization may require only satis-
factory exposure of the dimeriza-
tion helices (Fig. 5).

In summary, we have discovered
the potential for cross-dimerization
between the Tg ChEL domain and
cholinesterase-like relatives, with
functional consequences for pro-
tein transport through the secre-
tory pathway. At the present state
of knowledge, we presume that,
within each Tg monomer, the
ChEL domain binds in cis to its
own contiguous I-II-III to service
its folding needs. However, associ-
ation in trans between wild-type
and mutant Tg may provide an
alternative opportunity for chaper-
one function provided by the dimer-
ization partner bearing wild-type
ChEL. We conclude that the evolu-
tion of ChEL involves adaptation of
its AChE-like structure to the spe-
cific folding and transport needs of
upstream Tg regions I-II-III, and
the dimeric structure of Tg subunits
provides an additional potential
means to suppress Tg protein

defects through cross-dimerization of wild-type and mutant
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has a smaller molecular mass than ChEL, Tg-AChE and Tg-AChEACys run
slower (higher), because they are oxidatively immature. Untransfected cells
(Control) are shown in the first two lanes of panels A and C. The position of a
205-kDa molecular mass marker is indicated.
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