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ABSTRACT. Three of the five disulfide bonds in the glycoprotein hormansubunit (GPHe)) form a

cystine knot motif that stabilizes a three-loop antiparallel structure. Previously, we described a mutant
(o) that contained only the three knot disulfide bonds and demonstrated that the cystine knot was necessary
and sufficient for efficient GPHx folding and secretion. In this study, we usigdas a model to study the
intracellular GPHe. folding pathway. Cystine knot formation proceeded through a 1-disulfide intermediate
that contained the 2882 disulfide bond. Formation of disulfide bond-160, then disulfide bond 32

84, followed the formation of 2882. Whether the two non-cystine knot bonds31 and 59-87 could

form independent of the knot was also tested. Disulfide bon817formed rapidly, whereas 587 did

not form when all cysteine residues of the cystine

knot were converted to alanine, suggesting3hat 7

forms early in the folding pathway and that-587 forms during or after cystine knot formation. Finally,

loop 2 of GPHet has been shown to be very flexible, suggesting that loop 2 does not actively drive
GPH-a folding. To test this, we replaced residues-3% in the flexible loop 2 with an artificially flexible
glycine chain. Consistent with our hypothesis, folding and secretion were unaffected when loop 2 was
replaced with the glycine chain. Based on these findings, we describe a model for the intracellular folding
pathway of GPHa and discuss how these findings may provide insight into the folding mechanisms of

other cystine knot-containing proteins.

The common glycoprotein hormonmesubunit (GPHe)*
is a 92-amino acid subunit that combines with 4 distinct

is common to a number of proteins, including h@G-
transforming growth factop, nerve growth factor, platelet-

B-subunits. The four resulting hormones are human chorionic derived growth factor [for reviews, see ref3, (4)], and

gonadotropin (hCG), luteinizing hormone, follicle-stimulating
hormone, and thyroid-stimulating hormone. GBHontains
five disulfide (S-S) bonds in its native conformation. The
cysteine pairings, based on crystallographic date2), are
Cys'—Cys¥, Cy$°—Cys7, Cyg8—-Cys?, Cys9—Cys*, and
Cys*?>—Cys* (Figure 1). Two of these SS bonds (2882
and 32-84) create an 8-amino acid ring by bridging adjacent
polypeptide strands. A third-SS bond (16-60) penetrates
this ring. This structural motif is termed a cystine knot and

T This material is based upon work supported in part by NIH Grant
CA32949 (to E.B.), by a National Science Foundation Graduate
Fellowship (to R.J.D.), and by NCI Cancer Center Support Grant P 30
CA36727 to the Eppley Institute.

vascular endothelial growth factds)( While the topologies

of these molecules are strikingly similar, the biological
functions are diverse, suggesting that the cystine knot is a
molecular scaffold upon which numerous functional domains
are built @). The functional significance of the cystine knot
is demonstrated by the loss-of-function that results following
site-directed mutagenesis of cystine knot resid6e®j and
naturally occurring mutationd (—12) that disrupt the cystine
knot motif. A similar cystine knot is also present in the family
of macrocyclic peptides (cyclotides) isolated from plants.
Recently, folding studies of acyclic permutants of kalata B1,
a prototypic cyclotide, have demonstrated that folding is
dependent upon an intact cystine knt)( This is consistent

*To whom correspondence should be addressed at the Eppleywith our previous reports where disruption of either the

Institute for Research in Cancer and Allied Diseases, University of

Nebraska Medical Center, 986805 Nebraska Medical Center, Omaha,

NE 68198-6805. Tel.: 402-559-6074; Fax: 402-559-4651; E-mail:
ebedows@unmc.edu.

* Department of Pharmacology.

§ Department of Biochemistry and Molecular Biology.

'Current address: Corporate Office of Science and Technology,
Johnson & Johnson, 410 George St., New Brunswick, NJ 08901.

U Department of Obstetrics and Gynecology.

! Abbreviations: GPH, glycoprotein hormonex-subunit; hCG,
human chorionic gonadotropin;-S5, disulfide; DTT, dithiothreitol,
PBS, phosphate-buffered saline; NEN-ethylmaleimide; PAGE,
polyacrylamide gel electrophoresis; HPLC, high-performance liquid
chromatography; WT, wild type.

10.1021/bi002046a CCC: $20.00

GPH-a cystine knot 6) or the hCGp cystine knot 7, 14
resulted in subunit misfolding. These observations demon-
strate that the cystine knot motif is vital to the biological
function of numerous proteins.

GPH-a also contains two non-cystine knotS bonds (7
31 and 59-87) that are located in the N- and C-terminal
domains, respectively (Figure 1). Recently, we reported that
removal of S-S bond 731, bond 59-87, or both (leaving
only the cystine knot) did not disrupt GP&d-cystine knot
formation, folding, or secretior6j. This was, to the best of
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our knowledge, the first report of a protein constructed to
contain a growth factor cystine knot without any additional
S—S bonds. Here, we used this modifieesubunit (termed

Darling et al.

56—67) was used with SP6 primer in a polymerase chain
reaction. The product was ligated into pcDNA34+singXbd
and Apd sites. DNA sequencing confirmed the fidelity of

o) as a model to determine the mechanism of cystine knot the desired mutations. Plasmid DNA was purified using a

formation. Additionally, we investigated the importance of
the cystine knot in the formation of the two non-cystine knot
GPH-o. S—S bonds, #31 and 59-87. Because the cystine
knot is a common motif in more than 30 proteins, the results
presented in this study may provide insight into folding
mechanisms of cystine knot-containing proteins in general.

Another particularly interesting domain of GRkis loop
2, which consists of residues 338 (Figure 1). Loop 2 is
flexible in the free GPHx subunit, containing an undefined
structure 15, 16. This flexibility also has interesting
implications for understanding the mechanism of G&#H-
folding because it links the more structurally rigid N- and
C-terminal domains. This type of conformational arrange-
ment (i.e., two structural domains linked by a flexible region)
implies that GPHa folding may fit a diffusion-collision
model of folding (7). In this model, two structural domains
diffuse randomly until proper interactions are stabilized by
interdomain contacts. Thus, formation of a flexible loop is
a byproduct of the folding process. Replacement of flexible
loops with artificially flexible poly-glycine linkers has been
used to study the role of loops in the folding of proteins
such as Rop1@8, 19 and chymotrypsin inhibitor-220), as
well as the SH3 domain afi-spectrin 21). In this report,

Maxi Plasmid Kit (Qiagen) according to the manufacture’s
protocol and was used for transient transfection as described
below. The construct containing only the six cysteine residues
that form the cystine knot-SS bonds was termedy and
contained C7A, C31A, C59A, and C87A mutations. Further
removal of S-S bonds fromoy was designated asCx-
yA, wherex andy indicate the cysteine residue numbers that
were converted to alanine. The variant containing only
cysteines 7, 31, 59, and 87 (lacking all cysteine residues that
form the knot) was termed7—31/59-87.

Transient Transfectior293T cells (1.9x 1) were plated
into 60-mm plastic dishes and grown overnight at°87to
70—80% confluency. Plasmid DNA was precipitated as
described previously6j. For coexpression of hCB-with
GPH-, pcDNA3-hC@ (6) was included in the precipitation.
The resulting precipitate was added dropwise to a 60-mm
dish of 293T cells and agitated gently to mix. To ensure a
uniform precipitate exposure, one large-scale precipitation
was used and distributed equally among all dishes. The cells
were incubated for 2 days at 3€ and used for metabolic
labeling.

Metabolic Labeling with °S]CysteineTransiently trans-
fected 293T cells were pulse-labeled for the times indicated

we use a similar strategy to show that replacement of 20 in the text with.-[**S]cysteine {1100 Ci/mmol; NEN Life

residues to the flexible GPH-loop 2 with 20 glycine

Science Products), at a final concentration of-@60uCi/

residues has no detectable effect on the subunit folding ormL in serum-free medium lacking cysteing) (For experi-
secretion, suggesting that loop 2 plays a passive role inments using dithiothreitol (DTT), DTT was added with the

folding.
In this study, we describe the intracellular folding pathway
of GPH-« and the mechanism for GP#-cystine knot

formation. These novel findings now extend our understand-

ing of cystine knot formation and should aid in understanding
the folding of the growth factor superfamily of cystine knot-
containing proteins.

EXPERIMENTAL PROCEDURES

Cell Culture.293T cells 22) were grown in Dulbecco’s
modified Eagle’s medium (Life Technologies, Inc.) supple-
mented with 10% fetal bovine serum, and penicillin (100
units/mL)/streptomycin (10Q:g/mL) (Life Technologies,
Inc.).

[3°S]cysteine at a final concentration of 2.0 mM. Pulse
incubations were carried out as described previol&|29,

and the cells were incubated for the chase times indicated
in the text. For secretion studies, the chase medium was
saved. Cells were harvested by rinsing with cold phosphate-
buffered saline (PBS) and immediately lysed in 2.5 mL of
PBS containing detergents (1.0% Triton X-100, 0.5% sodium
deoxycholate, and 0.1% SDS), protease inhibitors (20 mM
EDTA and 2 mM phenylmethanesulfonyl fluoride), and 5
mM N-ethylmaleimide (NEM), pH 7.0, to trap free thiols in
the GPHe folding intermediates that contained unformed
S—S bonds. Cell lysates were incubated for-RD min at
room temperature in the dark followed by disruption through
a 22-gauge needle (5 times) and centrifugationifch at
10000@. For secretion studies, the chase medium was

Site-Directed Mutagenesis and Expression of Recombinantclarified by centrifugation for 10 min at 10000

GPH-o.. To remove a particular SS bond, cysteine pairs

Immunoprecipitation of Cell Lysates and Culture Media.

were converted to alanine. Since all cysteine residues arelmmunoreactive forms of GPld-were immunoprecipitated

paired in GPHe, substitutions to alanine were generated in
pairs so that free thiols were not generated, which could
facilitate S-S bond rearrangements. Previously, mutation to
either alanine or serine gave the same results when RCG-
folding was studied43), suggesting the changes in folding
were indeed due to disrupting=S bond formation. Conver-

with a polyclonal rabbit antibody that recognizes all known
forms of GPHe (6). Immunoprecipitations were carried out
at 4 °C for 16-20 h with rotation in the dark. Immune
complexes were precipitated with protein—&epharose
(Sigma) and prepared for SB$olyacrylamide gel electro-
phoresis (PAGE) or reversed-phase high-performance liquid

sion of cysteine residues to alanine was performed using achromatography (HPLC) as described below.

megaprimer polymerase chain reaction methodoldty). (

A 410-base pair fragment was cloned into the pcDNA3
vector (Invitrogen) usingdindlll and Apd restriction sites.
To create thex(GlyL2) construct, a sense primer containing
a 5 Xbad site (corresponding to codons -335) followed

by 20 Gly codons and a omplementary region (codons

Reversed-Phase HPLC Analysi&adiolabeled GPHe
forms that adsorbed to protein-/Sepharose beads were
prepared as described previousIg5). Briefly, protein
A—Sepharose beads/antibeggntigen immunocomplexes
were washed 3 times with PBS containing detergents (1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS)
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followed by 3 washes with PBS lacking detergents. Immu-
nocomplexes were pelleted between washes by centrifugation
for 1 min at 200@. To dissociate the precipitated immuno-
complexes, pellets were treated v M guanidine hydro-
chloride, pH 3.0 (sequenal grade; Pierce), for-26 h while
rotating at room temperature. Then 188 of myoglobin

was added as a carrier. The guanidine eluates were injected
onto a Vydac 300-A Greversed-phase column equilibrated
with 0.1% trifluoroacetic acid and eluted using an acetonitrile
gradient as described previousi®6|. Fractions were col-
lected in 1-min intervals, and aliquots of each fraction were
quantitated by scintillation counting. Unused portions were
stored at—20 °C for further characterization.

SDS-PAGE and Autoradiographyradiolabeled GPHx
forms that adsorbed to protein-/Sepharose beads were
prepared as described previoushp) Briefly, GPH-o was
eluted with twice-concentrated SDS gel sample buffer (125
mM Tris-HCI, pH 6.8, containing 2% SDS, 2% mercap-
toethanol, 20% glycerol, and 4@/mL bromophenol blue).
Samples were boiled for 5 min, loaded on polyacrylamide
gradient slab gels (520%), and run by the method of
Laemmli €7). The gels were dried in vacuo on filter paper pggygpe 1: Schematic diagram of GPH:- The crystal structurel(
and exposed to a phosphor screen (Molecular Dynamics).2) of GPH-. indicates that the native conformation contains five
The phosphor screen was scanned on a Molecular DynamicsS—S bonds: 731, 10-60, 28-82, 32-84, and 59-87. These SS
Storm 860, and bands were quantitated using the Molecularbonds stabilize the three-loop topology of GRiThe three loops

: ; are L1, L2, and L3. The cysteine residues displayed as filled circles
Dynamics ImageQuaNT (version 5.0) volume report. form a cystine knot motif; 2882 and 32-84 form a ring structure

Amino Acid Analysis To Determine-S Bond Content.  through which 16-60 penetrates.731 and 59-87 (open circles
A modified protocol, similar to that used in determining the and dotted lines) are non-cystine knotS bonds present in the
S-S folding pathways for potato carboxypeptidase inhibitor N-términal loop 1 domain and the C-terminal loop 3 domain,
(28) and human epidermal growth fact@®, was used 3S]- respectively.

Cysteine/cystine-containing folding forms isolated from
reversed-phase HPLC were dried in vacuo and hydrolyzed
as described previouslg). Quantitation of {°S]cystine and
succinylP®S]cysteine (hydrolysis product of NEM-alkylated
cysteine residues) was performed using a modification of

: : mechanism of cystine knot formation.
the method described by Cohen and Michas@.(Hydroly- L
sates were resuspended in 40 of 10 mM HC. To this Exposure of 293T cells to 2 mM DTT reversibly inhibits

was added 7@L of 0.2 N borate buffer, pH 8.8. Derivati- GPH-a. S—S bond formation®). Importantly, DTT treatment

. . : . to have no effect on glycosylation, vesicular
zation of amino acids was performed by adding:30 of appears . C .
6-aminoguinolyIN-hydroxysuccinimidyl carbamate (8 mg/ transport, or secretion of non-S containing proteins3().

mL in anhydrous acetonitrile). Samples were dried in vacuo. To bIQCk the onset of SS bond formatiqn in pulsechase .
Before injection, samples were resuspended in ALL®f experiments, 2 mM DTT was used during the pulse period

buffer A (140 mM sodium acetate, 17 mM triethylamine, (6, 3)). This strategy allowed for characterization of folding

oo - : - _.intermediates during the chase because removal of DTT
pH 4.9). Derivatized amino acids were separated by gradient . : .
elution as described previousl§) (using buffer A and buffer _petrmltsd_SrtS b?lnd. f(l)r:nzngn to progeeﬁl. ThHeP[oCI:d:cniq
B (60% acetonitrile in water). The column was eluted at 1.0 M€rMediates obu isolated by reversed-phase ol
mL/min at 30°C, and 1-mL fractions were collected and lowing a .10.—m|n pulse in the presence of DT.T af‘d chases
quantitated by scintillation counting. The peak containing Zf 0-5 min |r|1 the ab?ecrj]c?hof IgTT_arehshown n 'I:t'g(l;r? 2@}'
[35S]cystine represented cysteine residues involved ir@ S ° S Previously reported, the U-min chase resufted in the
bond, whereas the peak containing succiiglcysteine |solat|_on of one peak (U) that represents unfold&dand_
represented unformed-$s bonds. The percentage 6f3]- contains no 55 bonds §). Cha?’e times .Of 30 s and 1 min
cystine and succinyifS]cysteine was calculated by dividing show progression through an |ntermed|a.tg ©® the fully .
the cpm recovered for each species by the total cpm folded conformation (F). Thus, the formation of_the cystine
recovered. Fully foldecffS]cysteine-labeled hCBwas used knot progeeded through only one cjetectable mtermecﬂate,
as a positive control for¥{S]cystine content. l1. As with WT GPHe (6), a 5-min chase resulted in
complete U~F conversion.
RESULTS To further characterize;land F shown in Figure 2A,
HPLC fractions containing each respective species were
Characterization of GPHx Containing Only the Cystine  isolated and analyzed for the percentage’@]cystine (i.e.,
Knot S-S BondsPreviously 6), we reported that removal ~ S—S-linked cysteine residues) and succiti@]cysteine (i.e.,
of S—S bonds 731 and 59-87 does not affect the folding  the hydrolysis product of NEM3}S]cysteine, representing
or secretion of GPHx and demonstrated that the three non-S-S-linked cysteine residues; see Experimental Proce-

cystine knot bonds (Figure 1) are necessary and sufficient
for folding. The GPHe variant containing only the cystine
knot S-S bonds was termed. In the experiments described
below, we usedy, and related mutants to determine the
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A. 12000 Table 1: Quantitation of SS Content in GPHx Folding
Intermediate’s
10000 - no. of
' GPH-a variant S-S (%) NEM-Cy®(%) S-S bonds
8000 -
Ok
= ! Iy 36.3+8.1 63.7+ 8.1 1.1(3)
& 6000 - F 99.3+ 0.5 0.7+ 0.5 3.0 (3}
aC28-82A
4000 - 1 min U 0.5+ 0.7 99.5+ 0.7 0.0(2)
i oC32-84A
[P 97.7+£3.2 2.3+ 3.2 2.0(2)
2000 o C10-60A/C32-84A
5 min U 19+13 98.1+ 1.3 0.0 (1)
I A aa Aatadiat 1y 943+ 2.4 5.7+ 2.4 0.9 (1)
20 25 30 35 40 45 50 55 60 o7—31/59-87
fraction # U 7.8+24 92.2+2.4 0.2 (2)
B. Ia 43.64+ 3.0 56.4+ 3.0 0.9 (2)
100 - a(GlyL2)
% 80 - m 55 F 98.0+ 1.8 2.0+1.8 4.9 (5)
£ 607 o-WT
8 40 [0 NEM-Cys N 98.7+ 0.9 1.2+ 0.7H 4.9 (5%
& 204 2 Amino acid analysis was used to determine the relative amount of
0- ¥ 1 S—S bond formation. The folding species correspond to the intermedi-
1

ates referred to on the HPLC chromatograms in Figured and 6.
Shown are the calculated percentages -668%ond formation (SS),
unformed S-S bonds (NEM-Cys), and the calculated number eSS
bonds formed® Average of at least 3 independent experimentSD.

¢ Calculated as percentage-S x total possible disulfide bonds that
could theoretically form. The number in parentheses denotes the total
possible S-S bonds for each GPk-variant.? Data from previous

report ©).

Ficure 2: Analysis ofoy folding. 293T cells transiently transfected
with pcDNA3-0, were pulse-labeled with#iS]cysteine for 10 min

in the presence of 2 mM DTT followed by the chase times indicated
after DTT removal. (A) HPLC profiles aofik after no chase (0 min),
30s, 1 min, and 5 min (baseline CPM have been offset for clarity).
The elution position of unfoldedy (U) was at about 50 min. The
intermediate () and fully folded (F) species were isolated from
HPLC, and the percentage é¥$]cystine (S-S) and NEM-alkylated
[3°S]cysteine (NEM-Cys) was determined as described under
Experimental Procedures and is shown in (B). Recovery of 99.3%
of 35S as cystine for F confirmed that all three-S bonds were

82 is the first S-S bond to form within the cystine knot.
S—S bond 16-60 would likely form second because it

formed. Recovery of 36.3% GFS as cystine forjlindicated that
this intermediate contained one-S bond and two unformed-S5

penetrates the cystine knot ring, making its formation
sterically unfavorable after ring closure. Accordingly,~32

bonds. The SS content shown in each bar graph is the average of 84 would then be the final-SS bond to form, completing

three independent experiments with standard deviations listed in

Table 1.

dures). This assay quantitates the percentage-& Bonds

the cystine knot.
If the order of S-S bond formation within the GPld-
knot is indeed 2882—10—-60—32—84, then three condi-

formed in each species. Shown in Figure 2B and Table 1 tions should be met. First, a mutant containing only Cys28
are the percentages ofS bonded and nonbonded (NEM- and Cys82 should generate a folding form that elutes from
alkylated) cysteine residues -F contained 99% of th&S- HPLC at the same position ag Becond, removal of -SS
radiolabel as cystine, indicating that all three possible bondsbond 32-84 (axC32—84A) should result in the formation
were intactay |1 contained 36% cystine, demonstrating that of a two-disulfide species (containing the first two bonds;
I; was a one-disulfide intermediate. Therefore, formation of 28—82 and 16-60) that elutes from HPLC at a position
the GPHe cystine knot proceeds through a single observable between { and F (see Figure 2A). Normally, this two-
one-disulfide intermediate that rapidly progresses to a fully disulfide intermediate must be short-lived, since it was not
folded form containing all three cystine knot-S bonds. detected duringy folding (Figure 2A). Third, progression
Order of Cystine Knot SS Bond FormationSince cystine to theaxC32—84A two-disulfide intermediate should progress
knot formation proceeded through a stable one-disulfide through the one-disulfide intermediate |
intermediate, 4, identification of the one SS bond would To test the first prediction, a mutant containing only Cys28
indicate the first bond to form in the GP&dcystine knot. and Cys82 (termedcC10-60A/C32-84A) was constructed,
To identify this bond, a number of experiments were expressed in 293T cells, and pulse-labeled for 10 min
performed. First, site-directed mutagenesis was used tofollowed by a 10-min chase. Shown in Figure 3B (solid line)
convert eachoy S—S pair to alanine. The three mutants is the conversion from an unfolded specie$) ({d a partially
created wereyC28—82A, oxC10-60A, andoC32—84A. folded species (). I'; contained 94.3% of th&S-radiolabel
293T cells transiently expressing each of these three mutantsas cystine (Table 1), indicating that-S bond 28-82 had
were pulse-labeled with3jS]cysteine for 10 min in the  formed in this species. The two folding species in Figure
presence of DTT and chased for 5 min in the absence of 3B were labeled Uand I because they eluted 3 min earlier
DTT. oxC28-82A remained in a conformation that eluted than o U and I, respectively (Figure 2A). Because the
at the position of U (Figure 3A). The-SS content ofoy- unfolded form, U, was shifted 3 min relative tax U, we
C28—-82A(U) was <1% (Table 1), demonstrating that no conclude that this shift resulted from a change in hydropho-
S—S bonds had formed. Further conversion of U to-aSS bicity caused by the four CysAla substitutions. These four
bond-containing species was not observed at chase times ofubstitutions could alter the hydrophobicity@fC10—-60A/
up to 30 min (data not shown). These data suggest that 28 C32—84A intermediates because there are four fewer NEM-
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A. 8000 YCTETIN ] A. 4000 —
59-87 U
4000 -| A 2000 - ‘M
150000 Ls T T 1 T T T 0 T T T T i 1} T
B. @, C10-60A/C32-84A B. 800 T U
I, UvU
£ 7500 THN 8 = 4000 4 Ly
o A\ 5
L} '\
\ a
0 8 T forrter) v ‘I g 0 v wohyossuy T T T T
C. 10000 1o Carman C. 4000 T .
I, s00q 2 U
5000 - 501 A I 2000 -
0 T 1
30 40 S0
0- 4 0 ~Frvepee P treespeoreph oo
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
fraction # fraction #
Ficure 3: HPLC analysis ofy S—S mutants. 293T cells transiently  Ficure 4: HPLC analysis of 731 and 59-87 formation in the
transfected with pcDNA3x mutants were pulse-labeled witf$]- absence of the cystine knot. Transiently transfected 293T cells were

cysteine as indicated below. (A) HPLC profile ofC28—-82A pulse-labeled with3S]cysteine for 10 min followed by a 10-min
pulse-labeled for 10 min in the presence of DTT and chased for 5 chase. HPLC was used to analyze the immunoprecipitated folding
min after DTT removal. Chase times of greater than 5 min did not forms. The numbers in the upper left of each panel represent the
result in the formation of any additional peaks (data not shown). U cysteine residues present and the potential native bonds that could
represents the unfoldedcC28—82A containing no §S bonds form. I, contained one SS bond, and U contained no-S bonds
(Table 1). (B, solid line) HPLC profile oficC10-60A/C32-84A (Table 1).

(this mutant contains only Cys28 and Cys82) pulse-labeled for 10

min and chased for 10 min. The elution positions of the unfolded min (data not shown). Furthermore, about-25% of ay-

species (U and the intermediate () were 3 min earlier than . . .
observed fony (Figure 2A) (see text). Correction for this difference  C10~60A formed S-S-linked multimers that eluted at high

is displayed as a dashed line. (C) HPLC profileogC32—84A acetonitrile concentrations. Reducing and nonreducing-SDS
pulse-labeled for 10 min in the presence of DTT and chased for 5 PAGE indicated that these forms were S-linked multimers
min after DTT removala,C32—84A folded to E.lﬂ intermediatezﬁl. since h|gh molecular We|ght forms observed under nonre-
that contained both-SS bonds (Table 1). (C, inset) HPLC profile ducing conditions collapsed to migrate at the locus of

of axC32—84A pulse-labeled for 10 min in the presence of DTT - d duci diti d
and chased for 30 s after DTT removal, demonstrating progressiononomeric GPHx under reducing conditions (data not

through the 4 intermediate. Vertical dotted line, elution position ~shown). This aberrant folding o C10—-60A may have

of fully folded WT anday. occurred because the free thiols at Cys32 and Cys84 were
_ _ unable to form a SS bond in the absence of-% bond
alkylated cysteine residues than are presentity and k 10-60. These free thiols may have formed interproteir5S

(Figure 2A). Adjustment of the HPLC trace for this differ-  linkages such as those reported for h@@wtants containing
ence (Figure 3B, dashed line) shows that the elution positionfree thiols that cannot form native-S bonds {4).
of axC10—-60A/C32-84A 1, is the same as that observed Role of the Cystine Knot in the Formation of S Bonds
for ax 11 (Figure 2A). Chase times of 10 min resulted in 7—31 and 59-87.S—S bonds 731 and 59-87 are not part
about 70% U—1"; conversion. These data support our first o, the GPHe. cystine knot, but are present in the N- and
prediction that a GPHe subunit containing only Cys28 and ¢ _terminal domains, respectively (Figure 1). NMR studies
Cys82 forms a one-disulfide intermediate that elutes at the ¢ \nassembled GPH-show that the N- and C-terminal
position ofa I1. domains containing loops 1 and 3 are structurally defined,
The second prediction was confirmed by construction of whereas the structure of loop 2 is undefin&é,(16. Thus,
oC32—84A, expression in 293T cells, and pulse-labeling the flexible loop 2 appears to tether the N- and C-terminal
for 10 min followed by a 5-min chaseC32-84A folded domains, which may fold independently. UsingS bond
to a species (termed)lthat eluted between bnd F (Figure 7—31 and 59-87 formation as general indicators of folding
3C). Additionally, b contained 97.7% of thé®S-radiolabel for the respective N- and C-terminal domains, we asked the
in the cystine form (Table 1), indicating that the two following question: Can SS bonds 731 and 59-87 form
remaining S-S bonds (2882 and 16-60) had formed. The  in the absence of the cystine knot?

final prediction was that formation @tC32-84A I, should To answer this question, a GRidmutant containing only
progress through the intermediate. To test this, 293T cells  cys7, Cys31, Cys59, and Cys 87 (termet—31/59-87)
expressingoxC32-84A were labeled for 10 min in the was constructed and characterized. Folding:®31/59-
presence of DTT and chased for 30 s in the absence of DTT.g7 resulted in about 45% of the total protein rapidly
HPLC separation of the isolated folding forms (Figure 3C, converting from U to a folding intermediate termedFigure
inset) shows that folding t did progress through a short-  4a). About half of the**S-radiolabel in A was cystine, and
lived intermediate that migrated at the same positiomas | the other half was derived from NEM-Cys (Table 1),
(Figure 2A). This provides further evidence that34 is  jndicating that one out of the two potentiat-S bonds had
the last bond to form within the cystine knot. formed. To identify this $S bond, two additional mutants
Removal of S-S bond 16-60 (termedo,C10-60A), the were constructed that each contained only two cysteine
second bond to form, resulted in an ensemble of at least fourresidues: those required for-S bond 731 (termedo.7—
folding species that eluted from HPLC between 33 and 50 31) and those required for bond 587 (termeda59—87).
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A. 4000 Following a 10-min pulse in the presence of DTT and a
U 2-min chase in the absence of DTT, the reversed-phase
= 2000 - I, HPLC profile for WT GPHe. showed two peaks: a sharp
© \ peak at 28 min and a broad, heterogeneous peak that eluted
0 , from 31 to 45 min (Figure 6A). The broad peak rapidly

20 25 30 35 40 45 50 55 60 converted to the 28-min peak and represents native GPH-
fraction # which contains five SS bonds (Table 1). The similarity

B. E 507 between the rate, the extent of folding, and the HPLC profiles
50
§ 40 1 for WT anda(GlyL2) is striking (Figure 6, compare panel
z 30 1 A with panel B). Additionally, the fully folded form o
= fg (GlyL2) (Figure 6B, 5 min) and the native Wd-each
) 0 - contained five SS bonds (Table 1). The only detectable
Eu}se conditiors] 10 min I 10 min (07T difference was that the fully folded form o GlyL2) eluted
chase 10 min 10 min

2 min later than native WTx (30 min versus 28 min,
Ficure 5: Efficiency of 7-31 formation with and without DTT  respectively). However, unfolde{(GlyL2) also eluted 2 min
treatment. 293T cells transiently transfected with pcDNA3- later than unfolded WT (52 min versus 50 min; data not

31/59-87 were pulse-labeled as indicated below. (A) HPLC profile : .
of a7—31/59-87 pulse-labeled for 10 min in the presence of DTT shown). Because the elution times of both the unfolded and

and chased for 10 min after DTT removal. These pulse/chase the folded forms were shifted by 2 min, the change is most

conditions differ from Figure 4A in that DTT was included in the likely due to a hydrophobicity change caused by replacement

pulse. U~1, conversion was complete within 1 min, and no further of the WT loop 2 with glycine. Further support for this

ﬁ?”"ers'ont Sflcu”ed with 'Ongﬁr Ch"’?tshe t'tm[?% (dB) .Qu?l?tltatllon of interpretation was obtained when we calculated the relative
e percent b1, conversion with or withou uring the pulse. L . . :

U—1 conversion is a measure of-31 formation (Figure 4). The hydrophobl_C|ty of the 20_egC|ne residues mQGI_yLZ) and

bars represent the average of three independent experithSiis the WT residues 3655 using the Kyte and Doolittle method

(32). The value obtained for WT was11.7, compared to

The HPLC profiles for these two mutants are shown in Figure —8.0 fora(GlyL2). The higher calculated value foGlyL2)

4B and Figure 4C, respectively. Folding af7—31 was indicates that the glycine sequence is expected to be more

indistinguishable fronm7—31/59-87, ando59—87 remained hydrophobic relative to the corresponding WT residues.

in its unfolded conformation. This indicates thatS bond Because the affinity of protein binding to a reversed-phase

7—31 was the bond that had formeddi—31/59-87. From HPLC column is a function of its hydrophobicity(GlyL?2)

these data, we conclude that31 can form independent of would be expected to elute later than WT, as observed in

the cystine knot. Furthermore, formation of -587 is Figure 6A,B.

dependent upon the cystine knot. Translocation through the quality control system of the
When DTT is included in the pulse, formation of-S endoplasmic reticulum and efficient secretion are other

bonds, but not translocation of nascent chains into the indicators of proper folding [reviewed in38, 34]. To

endoplasmic reticulum, is delayed until DTT remov&|§J). determine the efficiency of secretion, 293T cells expressing

Thus, a consequence of DTT treatment is that the polypeptideWT or a(GlyL2) were pulse-labeled for 10 min and chased
accumulates in a reduced and unfolded form. Upon DTT for 10 min or 8 h. SDSPAGE analysis and quantitation of
removal, S-S bond formation and folding can proceed band density demonstrated that secretion of WT anrd
posttranslationally, 31). Shown in Figure 5A is a HPLC  (GlyL2) were comparable (7880%) (Figure 6C). The lower
profile of a7—31/59-87 following a 10-min pulse in the = molecular weight ofa(GlyL2) was due to the absence of
presence of DTT and a 10-min chase in the absence of DTT.the Asn52-oligosaccharide. These data provide additional
The U—l, conversion was less efficient than that observed evidence thati(GlyL2) folds properly. Additionally, these
when DTT was not included during the pulse (compare data demonstrate that the Asn52-oligosaccharide is not
Figures 4A and 5A). The inclusion of DTT during the pulse necessary for GPHd-folding or secretion. GPHe loop 2
decreased . conversion by about 2-fold (Figure 5B). interacts with hCG5 upon dimer formation; residues 36
Since Ul conversion represents the formation of & 41 8, 35 and the oligosaccharide at Asn536) are
bond 731, as shown in Figure 4, we conclude that3d particularly important, and since these residues were con-
forms more efficiently when folding can occur during or verted to glycinea(GlyL2) did not assemble with hC@-
immediately after polypeptide synthesis. Therefore, the data(data not shown).

imply that S-S bond 731 is an early bond to form.

Role of Loop 2 in GPHx Folding, Secretion, and DISCUSSION
Assembly with hC@- As alluded to above, the structure of The GPHe cystine knot motif, the two non-cystine knot
GPH-o loop 2 is undefined in the unassembled subutht, (  S—S bonds, and the loop 2 domain were studied to establish
16), and its role in folding is unknown. Based on its the mechanism of GPHd-folding. The cystine knot motif
flexibility, we hypothesized that loop 2 plays a passive role was studied using a mutarif) that contained only the six
in folding, primarily serving to tether the structurally defined cysteine residues that form the cystine knetS bonds.

N- and C-terminal domains. To test this hypothesis, we Based on our intracellular folding data, the hCG crystal
created an artificially flexible loop 2 by replacing residues structure {, 2), and the NMR structure of unassembled
36—55 with 20 consecutive glycine residues [termed GPH-a (15, 16, we present the following model for GP-
(GlyL2)]. Figure 6 lists the WT andx(GlyL2) loop 2 folding. This extends our laboratories previous reports for
sequences. Note that the glycosylation site at Asn52 was alsthCG4 folding (7, 25, 26, 37, 38to include its dimeric
removed. partner, GPHx. Understanding the folding of GPkH-and
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*
WT-L2 -C,,FSRAYPTPLRSKKTMLVQKNVTSESTC,,-
Gly-L2 -C,,FSRGGGGGGGGGGGGEGGGGGGGEGESTC,, -

A. a-WT B. o (Gly-L2) C. _oWT _ «(GlyLl2)
15 30 E
N 2 min 2 min L M L M
10 ] 20+ 29 »|
- - = 10
> S © '
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O 20 © 45 14>
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fraction # fraction #

Ficure 6: Comparison of WT GPHx anda(GlyL2). WT loop 2 and residues replaced by glycinenifGlyL2) are listed at the top. The
asterisk at Asn52 in WT represents the position of an N-linked oligosaccharide. (A and B) Respective HPLC profiles of VidTaG®PH-
o(GlyL2) pulse-labeled for 10 min in the presence of DTT and chased for 2 or 5 min after DTT removal. The native conformation of WT-
(N) and fully foldedo(GlyL2) (F) are indicatedo(GlyL2)-F was not designated as ‘native’ because the conformation attained by Gly loop
2 is unknown. (C) secretion of WT art(GlyL2) analyzed by reducing SBSPAGE and autoradiography. The lysate (L) represents the
total intracellular $°S]cysteine-labeled GPH-after a 10-min pulse and 10-min chase. The amount of radioactivity in this band was used
as the “initial cpm” when calculating the amount secreted into the medium (M) after 8 h. Less than 5% of the total réfBined
intracellular afte 8 h (data not shown). The higher apparent molecular weight of secreted WT (compared to intracellular) was a result of
differential processing of the two N-linked oligosaccharidé @nd addition of O-linked oligosaccharidetb) to the unassembled GPH-

o.. The faster migration o&(GlyL2) was due to the absence of the N-linked oligosaccharide at Asn52. Molecular weight marker 29 is
carbonic anhydrasév; = 29 000) and 14 is lysozymeé; = 14 300).

hCG{3, both of which are members of a superfamily of observation that the N-terminal loop 1 domain (containing
cystine knot proteins, should aid in future investigations into 7—31) and the C-terminal loop 3 domain (containing-59
structure/function relationships of other cystine knot-contain- 87) are connected by the flexible loop 2. Thus, these domains
ing proteins. might fold independently. However,~5 bond 731, but
Pulse-chase studies employingx demonstrated that not 59-87, formed in the absence of the cystine knot. The
formation of the GPHx cystine knot proceeded through a formation of 731 indicates that loop 1 had formed a native
one-disulfide intermediate. Data from a series of mutants or nativelike conformation independent of the cystine knot.
suggest that the bond formed in the one-disulfide intermediate The inability of S-S bond 59-87 to form in the absence of
is 28-82, and thus imply that 2882 is the first S-S bond the cystine knot may indicate that the C-terminal loop 3
to form within the cystine knot. Lack of an observable two- domain cannot form a nativelike conformation until it is
disulfide intermediate suggests that formation of the second stabilized by some or all of the cystine knot. Therefore, we
S—S bond is rapidly followed by formation of the third bond. conclude that 5987 formation occurs during or after cystine
Disulfide bonds 16-60 and 32-84 appeared to form second knot formation.
and third, respectively. Thus, formation of the penetrating  Another potential folding domain investigated was loop
bond in the cystine knot (3060) appears to be the rate- 2. The hypothesis that we tested was that the flexible loop
limiting step. Based on earlier observations, this order of 2 does not play an active role in folding, but rather is a
cystine knot S-S formation (i.e., 2882—10—-60—32—384) byproduct of the folding and interaction of loops 1 and 3.
might have been anticipated. As described above, loop 2 hasReplacing nearly all of loop 2 (residues -365) with an
an undefined conformation in the unassembled sub@bit (  artificially flexible glycine chain had little effect on the
16). Thus, GPHe folding is likely to be driven by the  profile of intermediates, on the kinetics of folding, or on
formation of its structurally defined regions (i.e., loops 1 subunit secretion. This suggests that G&Hblding is not
and 3). Interactions between loops 1 and 3 (see Figure 1l)dependent upon the native sequence of loop 2 and is
could stabilize a conformation that allows the-S bond consistent with our hypothesis that loop 2 does not actively
closest to this interaction (bond 282) to form. The participate in folding. With many potential interactions
identification of 28-82 as the first bond to form within the  involving loop 2, the fact that no effect was seen when loop
cystine knot supports this idea; 282 is near interaction 2 was replaced with a glycine chain further demonstrates
sites between loops 1 and 3 and bridges these two domainsthe passive nature of this loop during folding of the free
As folding progresses, formation of +®0 and 32-84 subunit. These results also suggest that GPtdiding fits
follow. a diffusion—collision model {7) in which the flexible loop
S-S bonds 731 and 59-87, although not required for 2 connects the structurally defined N- and C-terminal
subunit folding or secretioréf, are important for the multiple  domains. In this model, the two terminal domains would
roles of GPHe in the biological function of the glycoprotein  diffuse randomly until the proper collision is stabilized by
hormones 9, 40. To determine if formation of these two interdomain interactions, such as-S bond formation. The
bonds can occur independent of the cystine knot, we position of S-S bond 28-82 (connecting the N- and
monitored their ability to form when all three cystine knot C-terminal GPHe. domains) and the fact that it is the first
bonds were absent. Our hypothesis was that both bondshond to form within the cystine knot are consistent with this
would form independent of the knot. This was based on the model. Thus, loop 2 appears to be formed when the loop 1
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Ficure 7: GPHa intracellular folding pathway. Details and rationale for the above model are described un@PHhe Intracellular

Folding Pathwaysection of the Discussion. The four open circles and six filled circles represent cysteine residues that form two non-

cystine knot and three cystine knot-S bonds, respectively. Dotted lines connecting cysteine residues depict newly forriello®ds in

each intermediate, and solid lines represent previously formel I®onds. p. designates precursor forms of GRHhat progress toward
the native conformationofy), which contains all five SS bonds. L1, L2, and L3 represent the three Gieldops. The squiggly line for
L2 resembles its undefined conformation in the unassembled suldnii@.

and loop 3 domains interact and are stabilized by formation demonstrating that the efficiency of-B1 decreases when
of the cystine knot. In this capacity, loop 2 plays a passive the cystine knot is removed. There are at least two possible

role in GPHe folding rather than being an active driving
force.

explanations for this result. First, if731 is not allowed to
form rapidly after protein synthesis, GRid-may have a

The amino acid sequence and flexible nature of loop 2 greater propensity to become a trapped intermediate. Second,

appear to permit assembly of GRHwith four glycoprotein
hormonef-subunits. Furthermore, loop 2 residues required
for biological activity vary between the glycoprotein hor-
mones. For example, Phe33, Arg35, and Lys44 of GPH-
loop 2 are critical for high-affinity hCG receptor binding,
but none of these residues are important for follicle-
stimulating hormone receptor bindingS, 41). Additionally,

the removal of the N-linked oligosaccharide at Asn52
disrupts hCG bioactivity42), but has no effect on thyroid-
stimulating hormone bioactivityd@). These data, along with
ours, support the evolving idea that GRHloop 2 has
multiple functions that are determined by the interaction with
four hormone-specificS-subunits. Thus, the biological
specificity of the glycoprotein hormones may be, at least in
part, due tg3-subunit stabilization of different GPk-loop

the two species (U and\) may reach an equilibrium state.
Shifting of this equilibrium toward the native conformation
may only occur if subsequentSs bonds can form. The first
bond to form within the cystine knot was 282. Although
S—S bond 731 appears to have the potential to form first,
therefore preceding 2832 formation, these two-SS bonds
can form independently. Therefore, we have included both
of these bonds in the earliest folding intermediate (termed
poy, where p indicates a precursor to the mature GBH-
(Figure 7).

The intermediate containing 282 (Figure 2A, 1) rapidly
converted to a form containing all three cystine knot bonds.
In Figure 7, p shows the formation of 1060, followed
by rapid closure of knot with 3284 formation (jos). Based
on our data, the formation of-S5 bond 59-87 is dependent

2 conformations. More detailed structural studies comparing upon some or all of the cystine knot being present. Thus,

the final conformation of loop 2 in the four hormones are
needed to further test this hypothesis.

GPH-a Intracellular Folding PathwayFigure 7 depicts
a model for GPHa folding. The conformations of the folding
intermediates are drawn to emphasize the regions of GPH-
that may form during folding, but do not suggest actual

59—-87 forms either during or after cystine knot formation.
One possibility is after SS bond 16-60 forms because
Cys59 is next to Cys60 and could be drawn into the
proximity of Cys87. However, we believe that-587 forms
after completion of the knot because: (i) the third Sbond

of the cystine knot (3284) forms very rapidly after 1060

structures. At designated steps along the folding pathway, (as discussed above); (ii) formation of-324 may stabilize
we have shown how the convergence of various domainsthe otherwise flexible C-terminud%), allowing for 59-87

may occur as SS bonds form to stabilize intermediates,
allowing subsequent -SS bonds to form. The folding

formation; and (iii) removal of 5987 alone does not affect
the formation of the other four-SS bonds, whereas removal

pathway described in Figure 7 depicts what we believe are of 32—84 does 6).

the most likely progression of the most populated folding
intermediates.

S-S bond 731 formed more efficiently in the absence
of the cystine knot when -SS bond formation was not
initially inhibited with DTT, suggesting that-731 forms

Although GPHe. and hCGg have no apparent amino acid
sequence similarity, they do share a common three-loop
antiparallel topology that is stabilized by a cystine kit (
This structural topology is also observed in a number of other
growth factors 4, 5. Our understanding of hC@B-and

during or rapidly after protein synthesis. However, only about GPH-o. folding has revealed some commonalties in the

half of 7—31 formed in the absence of the cystine knot,

folding of these two cystine knot proteins. Examples
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include: (i) the first S-S bonds to form within the cystine
knots are equivalent, (ii) formation of the loop 1 domain
appears to be an early event in folding, followed by the
formation of the cystine knot, and (iii) formation of loop 2

appears to be a byproduct of folding. Based on the com-

monalties in the folding pathways for GRidand hCGg,
as well as the similarities in the topology and dimeric nature

shared with other cystine knot proteins, we propose that many
of these proteins fold by similar mechanisms and pathways.
More detailed studies aimed at understanding the folding of

cystine knot proteins outside of the glycoprotein hormone
family may further test this hypothesis.
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