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ABSTRACT. The gonadotropins, luteinizing hormone (LH), follicle-stimulating hormone (FSH), and chorionic
gonadotropin (CG), are cysteine-knot growth-factor superfamily glycoproteins composed of a common
subunit noncovalently associated with a hormone-spegifstibunit. The cysteine-knot motifs in both
subunits create two hairpin loops, designated L1 and L3, on one side of the knot, with the intervening
long loop, L2, on the opposite side. As the averaggubunit loop 2 oligosaccharide mass increased from
1482 to 2327, LH and FSH receptor-binding affinities of the dual-specificity eLH declined significantly,
while the decrease in FSH receptor-binding affinity for eFSH was not significant. In the present study,
we characterized hormone-specific glycosylatiornb® oligosaccharides in eLéd eFSH, and eC@
preparations. MALDI mass spectrometry revealed-28 structures, including high mannose, hybrid,

bi-, and triantennary oligosaccharides. The same intact subunit preparations andiliBeloop-
deglycosylated derivatives were combined with either gldd eFSHB, and the circular dichroism (CD)
spectrum for each preparation was determined. We predicted that hybrid hormone preparations obtained
by combining intact eLld, eFSHx, and eC@ preparations with eLH might exhibit differences in
conformation that would disappear when thke2 oligosaccharide attached tcAsn°® was removed by
selective peptidéN-glycanase digestion @&lg-«). CD data supported the first prediction; however,
elimination ofal2 oligosaccharide actually increased the conformational differences. Thedrgabunit:

eFSH3 hybrids had virtually identical CD spectra, as expected. However, fiiéghi.eFSH3 hybrid
spectra differed from each other. Oligosaccharide removal altered the conformation of most hybrids,
suggesting thattAsn?? oligosaccharide (located iaL3) also influenced gonadotropin conformation.

The glycoprotein hormones, lutropin (LH)follitropin hormones 1). Each member of this unusual family in the
(FSH), thyrotropin (TSH), and choriogonadotropin (CG), cysteine-knot growth-factor superfamily is composed of a
represent the most complex family of classical trophic commona subunit noncovalently embraced by a hormone-
specific f subunit. While only the heterodimers bind their

*FOfmone Déegaf?\}il?_'n% empl()g’g(isizztgis |atudy were derived from cognate receptors at physiological concentrations, het-
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Thea subunits are invariantly glycosylated at two sites,&sn EXPERIMENTAL PROCEDURES
(AsrP?in humans) in the long loom L2, and Asii? (Asn’®

in humans) irL3. Thes subunits are variably glycosylated ~_Hormone Preparations=quine gonadotropins, eLH, eFSH,
at one or two highly conserved positions, Asand Asi eCG, and their respective and S subunits were prepared

in hCGB, Asri3 in most mammalian L subunits (As# as described previouslyl{, 13, 14). Selective oAsPd

in hLHR), at the As&-homologous position, A in TSH3, deglycosylatlon. ofx subunl_ts using PNGase-F (EC 3.5..1.52)
and at both homologous positions in F&HAs and Asf“. follpwed a previously published procedufé)x. As_socw}uon
All B-subunit N-glycosylation sites are located in {Biel of intact and AsPF—deegcosqutedx subunit with elther'
loop. Thea-subunit oligosaccharides attached to %sor eLHp and eFSHf to create a series of eLH and eFSH hybrids
AsrF play a primary role in signal transduction initiated by Proceeded as described befolid)( except that separation

the LH and FSH receptor§<8). A secondary signaling role ©f €FSH hybrids from unassociated subunits was ac-
for fAsn'2 oligosaccharides was reported for both oLH and COMPlished by gelfiltration using a 2:6 200 cm Sephacryl
hCG @, 9). Studies involving the latter demonstrated that S-200 column 15).

prior elimination ofaAsn®2 oligosaccharide was necessary ~ Radioligand AssayAn institutional animal care and use
before a functional role forBAsnt® carbohydrate was Ccommittee approved all animal procedures. Receptor-binding
detectable®). The structures of A$foligosaccharides vary ~ assays were performed using 25 mg rat testis homogenate
in a hormone-specific manneﬂ_Q)_ Indeed, the O|ig0$ﬂC- tissue/tube and 2.5 ng of eith@P-eFSH or'23-hCG tracer.
charide profile obtained by high pH anion-exchange chro- The chloramine T technique was used for iodination,
matography could reveal the identity of the hormone from Producing specific activities of 3650 xCi/ug. Duplicate
which it was derived. As the averagésrf® oligosaccharide ~ assay tubes were incubated @ h at 37°C in a shaking
mass increased from 1482 to 2327, LH and FSH receptor-Water bath and were then centrifuged. The supernatant was
binding affinities of eLH hybrids, which bound both LH and ~ a@spirated, and the pellet was counted in a Packard (Meriden,
FSH receptors, declined significantlg). The binding of ~ CT) Cobra Ily counter. The counting efficiency was74%.

eLH to the FSH receptor was affected to an even greater The eLH3 hybrids were tested in both LH and FSH assays,
extent by increased oligosaccharide size than the binding towhile eFSEB hybrids were tested in only the LH assay,
its cognate receptor. However, although eFSH hybrid binding Pecause they exhibit very low LH receptor-binding activity
to the FSH receptor declined as average®Asligosaccha-

ride mass increased, the magnitude of the differences was Solubilized LH receptors were prepared from rat testis
reduced to the point that the decrease was not statisticallyhomogenate, which was obtained following Dounce homog-
significant (L1, 12). Two hypotheses have been proposed to enization in 0.1 M Tris-HCI at pH 7.5, containing 0.02%
explain the greater impact of A¥roligosaccharide structure  sodium azide and 0.1% BSA (RLA buffer). The homogenate
on LH binding its receptor than FSH binding the FSH was centrifuged at 20@For 20 min at 4°C. The supernatant
receptor. The first was that A%¥hcarbohydrate inhibited was discarded, and the pellet was solubilized with 0.1%
receptor binding by steric hindrance on the part of a complex Triton X-100 in RLA buffer containing 30% glycerol, by
carbohydrate branch attachififl—4) to the a(1—6)Man slow shaking at #C for 1.5 h, followed by centrifugation
residue of the pentasaccharide core. Because FSH and LHAt 5000@ for 1 h at 4°C. Buffer or cold hormone ant3-

CG were assumed to bind their respective receptors in ahCG tracer were combined with 50 mg equivalent solubilized
different orientation, steric hindrance on the part@fsn® rat testis homogenate in a total volume of 40D and
oligosaccharides was relatively low for FSH and relatively incubated overnight at 4C. After incubation, 0.1 mL of
high for LH/CG (11). Extensive structural characterization decomplemented calf serum, 0.3 mL of RLA buffer with
was undertaken to confirm that the complex oligosaccharide 20% glycerol, and 1 mL of 20% poly(ethylene glycol)
branch was indeed absent in edcldligosaccharides, present  solution in RLA buffer, containing 20% glycerol, were added
in eFSHx oligosaccharides, and extended by a lactosamineto each tube. The tubes were vortexed for 30 s each and
repeat in eC@. The second hypothesis, that the oligosac- centrifuged at 2629 for 20 min at 4°C. The supernatants
charide structural differences had less of an effect on FSH were removed by aspiration, and th& bound to the pellet
conformation than on LH/CG conformation, was tested using counted in they counter.

circular dichrosim (CD). MALDI-MS of aAsrf® OligosaccharidesOligosaccha-

In the present study, we confirmed theAsn°® oligosac- rides recovered from eLdd eFSHy, and eC@& by PNGase-F
charides inhibited binding to the LH receptor itself, better digestion, followed by Amicon Centricon P-10 (Millipore,
defined these oligosaccharide structures using mass specBillerica, MA) ultrafiltration were adsorbed to 150 mg
trometry, and observed differential effects of oligosaccharide Alltech (Deerfield, IL) Carbograph cartridges previously

on the secondary structure that implicated &glycosyla- washed with 3 mL of 80% acetonitrile/0.1% TFA/water
tion. Equine LK hybrid conformation differed, while the  followed by 3 mL of Milli-Q water. After sample application,
sameoAsn® oligosaccharides did not affect eF8Hybrid the cartridges were washed with 3 mL of water and

conformation to an appreciable extent. In fact, although oligosaccharides were eluted with 3 mL of 25% acetonitrile/
different families of oligosaccharides resided at this position, water containing 0.025% TFALY). Oligosaccharides were
their presence seemed to stabilize a single conformation, agecovered by evaporation using a Thermo Savant (Holbrook,
indicated by the similarities in the CD spectra obtained for NY) SpeedVac. Carbohydrate recovery was determined by
intact eFSH hybrids, while their absence permitted the monosaccharide analysis of samples hydrolyzedfb at
conformation to vary, depending on the Asdeglycosylated 100 °C in 4 N TFA using a Dionex (Sunnyvale, CA)

o subunit associated with eFBHpossibly as a consequence carbohydrate analyzet ). Preparative fractionation of 350

of differences inaAsrf? oligosaccharide structures. nmol samples of eLdl Asn°® oligosaccharides by high pH
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anion-exchange chromatography employed a0.95 cm ments were recorded at ZC. Data from 3 scans were
Dionex PA-1 column at a flow rate of 5 mL/min, as averaged using the software controlling the instrument.
previously reported18). Chromatographic fractions were Secondary structure calculations were made using the Selcon
immediately desalted using Carbograph cartridges, as de-software package2().

scribed above. Subunit DissociationAliquots of eFSH and Rfdg-eFSk:
Oligosaccharide samples (dL) were desalted with a  eFSH; were diluted to 1Qug/mL and incubated at 37C
Nafion-117 membrane according to the procedure describedfor 0, 1, 2, 4, 6, 16, 24, 48, and 72 h. After incubation, each
by Bornsen et al. 19). MALDI —MS was carried out using  sample was stored at*€ until all of the incubations were
a Waters-Micromass (Manchester, UK) TofSpec 2E reflec- completed. The samples were then serially diluted with RLA
tron time-of-flight mass spectrometer fitted with a (837 puffer, and receptor-binding competition curves were deter-
nm, 3 ns pulse) laser and a delayed extraction ion source.mined in a rat testis FSH receptor assay, as described above.
Samples were prepared by mixing an aqueous solution (0.3The relative potencies, a measure of subunit dissociation,
uL) of the glycans with the MALDI matrix [0.3«L of a  were plotted against time and compared with previously
saturated solution of 2,5-dihydroxybenzoic acid (DHB) in  reported data2?).
acetonitrile] on the MALDI target plate, allowing the mixture
to dry under ambient conditions, and recrystallizing the RESULTS
mixture from ethanol. Positive ion mass spectra were
acquired in reflectron mode with an acceleration voltage of ~ Oligosaccharide Characterization by MALBMS. Previ-
20 kV. Negative ion spectra were acquired with the same ous studies had suggested that the increase in the average
instrument under similar conditions. aAs® oligosaccharide mass in eF8&Hind eCG prepara-
MS/MS.Most of the MS/MS data were acquired with a tions over that of eLld was due to the appearance of a
Micromass hybrid quadrupole-time-of-flight (Q-TOF) mass Second complex oligosaccharide branch in e&Sihd an
spectrometer fitted with a nanospray ion source, and a few €xtended form of this branch in e@G11). MS experiments
samples were also examined with a similar instrument were performed on Asholigosaccharide mixtures derived
equipped with a MALDI ion source2Q). For the electrospray ~ from eFSHy, eLHo, and eC@, as well as partially fraction-
experiments, samples were dissolved in a mixture of water ated eLHx Asr?® oligosaccharides. Initially, MALDI mass
and methanol (1:1 by volume) and infused with Micromass SPectra were obtained in the positive- and negative-ion modes
borosilicate capillaries type F. The capillary voltage was for eFSHx, eLHa, and eC@ Asrr® oligosaccharide mixtures
varied between 2 and 3 kV, and the cone voltage was set to(Figures 1-3). The resulting spectra were very complex,
200 V to produce [|\/H— Na]Jr ions (20) lons were selected consisting of 3478 ionic Species representing at least-28
for fragmentation with a 23 Da window and fragmented 57 structures (Table 1 and Figure 4). Subsequently, MALDI
in the collision cell with argon as the collision gas. The MS, MS/MS, and exoglycosidase digestions were employed
collision cell voltage was adjusted for each compound to to characterize 24 partially purified oligosaccharide fractions
produce an even distribution of ions over the mass range.(Figure 5). Preparative high pH anion-exchange chromatog-
MALDI —MS/MS spectra were acquired from DHB under raphy of 350 nmol of eLld Asr*® oligosaccharides produced
similar conditions with the targets prepared as described €ssentially the same chromatogram @ 3 nmol sample
above. fractionated on an analytical columid@). MALDI —MS
Exoglycosidase Sequencingll exoglycosidases were indicated that only a few fractions, such as 2 and 6, were
purchased from Glyko, Inc. (Novato, CA). Glycans were pure oligosaccharides. All other fractions were mixtures of
digested in a volume of 10L for 18 h at 37°C in 50 mM 2—38 oligosaccharides. While this increased the number of
sodium acetate buffer at pH 5.5, using arrays of the following Oligosaccharide structures from at least 34 to 105, the
enzymes:Arthrobacter ureafaciensialidase (EC 3.2.1.18),  Discussion in the present paper will be restricted to confir-
1 unit/mL; Newcastle disease virus neuraminidase (EC mation of the structures proposed on the basis of mass
3.2.1.18), 200 milliunits/mL; almond meatfucosidase (EC ~ spectrometry of the oligosaccharide mixtures. The results
3.2.1.111), 3 milliunits/mL; bovine kidney fucosidase (EC confirmed previous oligosaccharide mapping experiments

3.2.1.51), 1 unit/mLStreptococcus pneumonigelactosi-  (10) that revealed a hormone-specific pattern of oligosac-
dase (EC 3.2.1.23), 0.1 unit/mL; bovine tegfegalactosidase ~ charide heterogeneity associated with el.leFSHx, and
(EC 3.2.1.23), 1 unit/mLStreptococcus pneumonigeN- eCCGo Asn™® oligosaccharide populations (Figures-3).

acetylhexosaminidase (EC 3.2.1.30), 120 milliunits/mL; Jack More detailed structural information was obtained regarding
beans-N-acetylhexosaminidase (EC 3.2.1.30), 10 milliunits/ the oligosaccharides associated with eacubunit prepara-
mL; and Jack bean-mannosidase (EC 3.2.1.24), 50 units/ tion (Table 1).
mL. After incubation, enzymes were removed by filtration ~ The oligosaccharide mixture isolated from eFShlas the
through a protein-binding nitrocellulose membrane (Pro-Spin most heterogeneous. Its positive ion MALDI mass spectrum
45 um CN filters, Radley and Co., Ltd., Essex, U.K.) and contained 74 ions ranging from/z771.3 to 2571.1. A total
oligosaccharides were analyzed by MALEWS. of 57 carbohydrate species were proposed on the basis of
CD of Hybrids.Hybrid hormone preparations were weighed composition, consistent with the ion mass. Additional
and dissolved in 0.01 M sodium phosphate buffer and 0.15 confirmatory data were obtained by MS/MS and exogly-
M NaCl at pH 7. Protein concentrations were determined cosidase digestion. A total of 7 of these structures were
by amino acid analysis performed on H®00uL aliquots. detected in all 3x subunit oligosaccharide preparations; 14
CD measurements employed a Jasco (Japan Spectroscopiwere present in both eldd and eFSH carbohydrate
Co., Ltd., Tokyo, Japan) J-720 spectropolarimeter equippedmixtures; and 7 were associated with both eBSiid eCG
with a temperature-controlled cell holder. Static measure- carbohydrate mixtures, while 29 were only found in el6SH
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A eFSHo Asn56 positive ion MALDI spectrum
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Ficure 1: Analysis of eFSHxAsnP® oligosaccharides by MALDEMS. Samples of oligosaccharide released froraubunit preparations
by PNGase-F digestion were subjected to MS as described under the Materials and Methods. @)o#g&taccharides, positive-ion
mode. (B) Negative-ion mode. Symbol& = mannoseM = N-acetylglucosamine® = galactose# = GalNAc, tiltedd = fucose x =
N-acetylneuraminic acid, an® = an unknown substituent.

oligosaccharide mixtures. The most abundant oligosaccha-(structures 14, 15, 25, 52, 56, 57, and 61 of Figure 1A). Two
rides in the positive ion spectrometry for eR&kere hybrid, alternative structures were possible for oligosaccharide 15
high-mannose, and biantennary oligosaccharides, with somgFigure 4) based on monosaccharide compositions that agreed
of the latter terminated with a single sialic acid residue with the m/z 1339.5 ion. However, only the preferred
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A eLHo Asnd6 positive ion MALDI spectrum
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B eLHo AsnS6 negative ion MALDI spectrum
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FiGure 2: Analysis of eLHaAsn°® oligosaccharides by MALD+MS. Samples of oligosaccharide released frorsubunit preparations by
PNGase-F digestion were subjected to MS as described under the Materials and Methods.d/Alighshccharides, positive-ion mode.
(B) Negative-ion mode. Symbols are the same as in the Figure 1 caption.

structure is shown in Figure 1A, because it also existed as aTwo alternatives labeled a and b are shown for structure 57,
sulfated compoundhi/z 1441.4, structure 19). The preferred because no evidence supporting the existence of one over
alternative for structure 25 is shown because it also existedthe other was obtained. Structure 57b was consistent with
as its sialylated analoguen(z 1792). In addition, the MS/  other abundant oligosaccharides in the mixture. Structure 61
MS spectrum did not contain an ionratz 429 (HexNACc). was a biantennary oligosaccharide terminated with GalNAc-
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A eCGo Asn56 positive ion MALDI spectrum
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B eCGuo AsnS6 negative ion MALDI spectrum
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Ficure 3: Analysis of eCGaAsn® oligosaccharides by MALD+MS. Samples of oligosaccharide released freraubunit preparations
by PNGase-F digestion were subjected to MS as described under the Materials and Methods. ¢2)ligG&accharides, positive-ion
mode. (B) Negative-ion mode. Symbols are the same as in the Figure 1 caption.

sulfate on one branch and sialic acid on the other and appeared in both positive and negative ion MS experiments
represented the oligosaccharide structure expected from theand was initially believed to represent a sulfated oligosac-
reported carbohydrate composition for eFSKHs® (18). charide but may well be phosphorylated, because this and
An unusual high-mannose oligosaccharide was among therelated compounds appeared as both free acid as well as the
more abundant eFSHAs® structures (structure 14). It  sodium salt, while sulfated oligosaccharides appeared only
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Table 1. Results from MALDI Analysis of ELH, EFSHx, and ECG. Asn®® Oligosaccharides

mass
[M + NaJ*t M —H]d compositiof
o subunit preg found calcd found calcd Hex HN Fuc Sial X SQ PG; footnote§
1.F 771.3 771.3 2 2 0 0 0 0 0 h
L 771.4
2.F 917.3 917.3 2 2 1 0 0 0 0
3. F 933.2 933.3 3 2 0 0 0 0 0 h
L 933.2
4.F 974.3 974.3 2 3 0 0 0 0 0
5 F 1079.4 1079.4 3 2 1 0 0 0 0
6.F 1095.4 1095.4 4 2 0 0 0 0 0 i
L 1095.3
7.F 1136.3 1136.4 3 3 0 0 0 0 0 jk
L 1136.4
C 1136.3
8.F 1175.3 1175.3 1151.3 1151.3 4 2 0 0 0 0 1
1197.3 1197.3 1 (Na)
9.F 1177.5 1177.4 2 4 0 0 0 0 0
10. F 1257.4 1257.4 5 2 0 0 0 0 0 i
L 1257.3
11.F 1279.4 1279.4 12334 12334 2 4 0 0 0 1(Na) 0
12. F 1282.5 1282.5 3 3 1 0 0 0 0 m
13.F 1298.6 1298.4 4 3 0 0 0 0 0 k,n
L 1298.4
C 1298.4
14.F 1337.5 1337.4 13134 13134 5 2 0 0 0 0 1 o,p
L 1337.5 1313.5
F 1359.4 1359.4 1 (Na)
L 1359.5
15. F 1339.6 1339.5 3 4 0 0 0 0 0 q,r.,s
L 1339.5
C 1339.4
16. F 1419.5 1419.5 6 2 0 0 0 0 0 i
L 1419.5
17.F 1425.4 1425.4 1379.5 1379.5 2 4 1 0 0 1 (Na) 0
18. F 1427.4 1427.5 1403.5 1403.5 3 3 0 1 0 0 0
C 1427.3
F 1449.5 1449.5 1 (Na)
C 1449.4
19.F 1441.5 1441.5 1395.2 1395.4 3 4 0 0 0 1 (Na) 0 tu
L 1441.5 1395.4
20.C 1443.4 3 3 0 0 1 0 0 v
21.F 1444.5 1444.5 4 3 1 0 0 0 0
22.F 1460.5 1460.5 5 3 0 0 0 0 0 w
L 1460.5
23.F 1485.6 1485.5 3 4 1 0 0 0 0
24. F 1499.4 1499.5 6 2 0 0 0 0 1 I,p
L 1499.5
F 1521.4 1521.4 1 (Na)
L 1521.7
25.F 1501.5 1501.5 4 4 0 0 0 0 0 X,Y,Z
L 1501.5
C 1501.5
26.F 1542.5 1542.6 3 5 0 0 0 0 0 w,aa
L 1542.6
27.F 1581.5 1581.5 7 2 0 0 0 0 0 i
L 1581.5
28. F 1587.5 1587.5 1541.5 1541.5 3 4 1 0 0 1 (Na) 0
29.F 1589.5 1589.5 1565.6 1565.6 4 3 0 1 0 0 0
C 1589.4 1565.5
F 1611.6 1611.5 1 (Na)
C 1611.5
30.F 1603.5 1603.5 1557.6 1557.5 4 4 0 0 0 1 (Na) 0 u,bb
L 1603.5
31.C 1605.4 4 3 0 0 1 0 0 v
32.L 1622.7 1622.6 6 3 0 0 0 0 0 h
33.F 1644.6 1644.6 1598.5 1598.5 3 5 0 0 0 1 (Na) 0
34.F 1647.6 1647.6 4 4 1 0 0 0 0
C 1647.6
35.L 1661.6 1661.6 1637.5 1637.5 7 2 0 0 0 0 1 p
36. F 1663.6 1663.6 5 4 0 0 0 0 0 ccddee
L 1663.6
C 1663.6
37.F 1688.6 1688.6 3 5 1 0 0 0 0 ff
38.F 1704.6 1704.6 4 5 0 0 0 0 0 gg,hh
L 1704.7
39.F 1745.6 1745.6 3 6 0 0 0 0 0
40. F 1749.8 1749.6 1703.6 1703.5 4 4 1 0 0 1 (Na) 0
41. F 1765.6 1765.5 1719.5 1719.5 5 4 0 0 0 1 (Na) 0 w
L 1765.6 1719.5
42. F 1790.6 1790.6 1744.7 1744.6 3 5 1 0 0 1(Na) 0
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Table 1: (Continued)

mass
[M + NaJ*® [M —H]d compositioh
o subunit prept found calcd found calcd Hex HN Fuc Sial X S@ PG; footnote§
43.F 1796.2 1792.6 1768.6 1768.6 4 4 0 1 0 0 0
C 1792.5 1768.7
F 1814.7 1814.6 1 (Na)
C 1814.6
44. F 1806.6 1806.6 1760.6 1760.6 4 5 0 0 0 1(Na) 0 i
45.C 1808.6 4 4 0 0 1 0 0 v
46.C 1809.6 1809.6 5 4 1 0 0 0 0
47.L 1825.7 1825.6 6 4 0 0 0 0 0 h
48.F 1847.6 1847.6 1801.5 1801.6 3 6 0 0 0 1(Na) 0
49.F 1866.7 1866.7 5 5 0 0 0 0 0 w,jj Kkl
L 1866.8
C 1866.7
50. F 1891.7 1891.7 3 6 1 0 0 0 0
51.L 1913.8 1913.7 1889.6 1889.7 6 3 0 1 0 0 0 w
1935.8 1935.7 1(Na)
52.F 1949.5 1949.6 1903.6 1903.5 3 6 1 0 0 1(Na) 0
53.L 1954.8 1954.7 1930.7 1930.7 5 4 0 1 0 0 0 wmm
C 1954.6 1930.6 nn
L 1976.7 1976.7 1(Na)
C 1976.6
54.C 1970.6 5 4 0 0 1 0 0 v,00
55.L 1987.8 1987.7 7 4 0 0 0 0 0 w
56. F 1993.6 1993.6 1947.6 1947.7 3 6 1 0 0 1(Na) 0
57.F 1995.6 1995.7 1971.7 1971.7 4 5 0 1 0 0 0
2017.6 2017.7 1(Na)
58. F 2012.7 2012.7 5 5 1 0 0 0 0
59.C 2028.7 6 5 0 0 0 0 0 Il,pp.qq
60. F 2095.5 2095.6 2151.6 2149.6 3 6 1 0 0 2 (Na) 0
61. F 2097.6 2097.6 2051.6 2051.6 4 5 0 1 0 1(Na) 0
2019.6 2019.6 2073.6 2073.6 1 (Na)
62. L 2117.0 2116.7 2092.8 2092.7 6 4 0 1 0 0 0 w
2138.9 2138.7 1 (Na)
63. F 2141.7 2141.8 2117.6 2117.8 4 5 1 1 0 0 0
64. F 2157.7 2157.7 2133.8 2133.7 5 5 0 1 0 0 0 wrr
L 2157.9
cC 2157.7
F 2179.7 2179.7 1(Na) rr
L 2179.9
Cc 2179.7
65.C 2173.7 5 5 0 0 1 0 0 Ilrr
66.C 2231.8 2231.8 6 6 0 0 0 0 0 qorr
67.F 2243.6 2243.7 4 5 1 1 0 1 (Na) 0
68. F 2245.6 2245.8 2221.6 2221.8 5 4 0 2 0 0 0
C 2245.8 2221.7
F 2267.7 2267.8 22435 2243.8 2 (Na)
C 2267.8 2243.7
F 2289.5 2289.8 2 (Na)
C 2289.8
69.C 2261.7 2261.7 5 4 0 1 0 0 0
2283.7 2283.7
70.F 2303.8 2303.8 2279.7 2279.8 5 5 1 1 0 0 0 qq
C 2303.7 2279.7
F 2325.7 2325.8 1(Na)
C 2325.8
71.C 2319.8 2319.8 2295.7 2295.8 6 5 0 1 0 0 0 qqrr
2341.8 2341.8 1(Na)
72.C 2335.8 6 5 0 0 1 0 0 qorr
73.F 2391.6 2391.8 2367.7 2367.8 5 4 1 2 0 0 0
2435.7 2435.8 2389.1 2389.8 2 (Ma)
74.C 2393.9 2393.8 7 6 0 0 0 0 0 ss
75.F 2448.7 2448.8 24248 24248 5 5 0 2 0 0 0 qq
C 2448.9 2424.6
F 2470.8 2470.8 2446.9 2446.8 2 (Na)
C 2470.9 2446.6
F 2492.7 2492.8 2 (Na)
C 2492.9
76.C 2465.0 5 5 0 1 1 0 0 qq
2486.7 1 (Na) qaq
77.C 2522.8 2522.9 2489.8 2489.9 6 6 0 1 0 0 0
78.F 2594.8 2594.9 2571.1 2570.9 5 5 1 2 0 0 0
2616.6 2616.9 2592.7 2592.7 2 (Na)
2638.6 2638.9 2 (Na)
79.C 2611.0 2610.9 2586.9 2586.9 6 5 0 2 0 0 0 qg
2632.9 2632.9 2 (Na) qq
2655.0 2654.9 2 (Na) qq
80.C 2626.7 6 5 0 1 1 0 0 qq
2648.8 1(Na) aq
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Table 1: (Continued)

mass
[M + NaJ*® M —H]d compositiof
o subunit pret found calcd found calcd Hex HN Fuc Sial X SQ PG; footnote§
81.C 2684.7 2684.9 2660.8 2660.9 7 6 0 1 0 0 0 ss
2706.7 2706.9 1 (Na) ss
82.C 2701.3 7 6 0 0 1 0 0 Ss
83.C 2759.0 2759.0 8 7 0 0 0 0 0 tt
84.C 2814.1 2814.0 2789.6 2790.0 6 6 0 2 0 0 0
2836.7 2836.0 2 (Na)
2857.9 2857.9 2 (Na)
85.C 2830.6 2831.0 7 6 1 1 0 0 0 ss
86.C 2851.8 6 6 0 1 (Na) 0 0 0
87.C 2976.6 2976.0 2952.0 2952.0 7 6 0 2 0 0 0 Ss
2998.2 2998.0 2974.4 2974.0 2 (Na)
3019.8 3020.0 2 (Na)
88.C 3014.9 7 6 0 1 (Na) 1 0 0 tt
89.C 3050.9 3050.1 8 7 0 1 0 0 0 tt
3072.8 3072.1 1 (Na)
90.C 3066.5 8 7 0 0 0 0 tt

aThe numeral indicates the structure shown in Figure 4. The letter indicates the subunit oligosaccharide mass spectrum in which the ion was
detected: F= eFSHu (Figure 1), L= eLHa (Figure 2), and G= eCCGu (Figure 3).? Mass of [M + Na]' ion. ¢ Calculated mass of [M- NaJ"
ion. Actual mass did not differ by 0.2 mass units? Mass of [M— H]~ or [M — Na]~ ion. ¢ Calculated mass of [M- H]~ or [M — Na]~ ion. All
experimental results were within 0.2 mass units of the calculated vdlHes.= hexose (mannose and galactose), BNN-acetylhexosamine
(GlcNAc and GalNAc), Fue= deoxyhexose (assumed to be fucose), Sialalic acid, X= unknown substituent (This substituent appeared at 16
mass units above that of each glycan containing Neu5Ac substituents. It was first assumed to be the corresgycihg-sialic acid because
that has been reported as a component of @B&n'3 oligosaccharides (Damm, 1990, 438). However, this substituent was not acidic because it did
not give a negative ion spectrum or form a sodium salt as expected. It did not appear to be a potassium adduct/salt, which would also increase the
mass by 16. A recent MALDIMS/MS spectrum on three of these compounds showed losses of 291 mass units corresponding to sialic acid.
However, many other ions in the spectra were not the normal glycan ions, suggesting that these compounds may be artifacts. Nevertheless, we have
listed them in the table because they appear to accompany the normal sialic acigls: sBfate, and P&= phosphate? No reasonable compositions
were found for ions not listed.MS/MS spectrum consistent with the structure during analysis of eF&8ligosaccharides.MS/MS spectrum
consistent with the structure during analysis of eLéligosaccharides. The compound was not sensitive to galactosidase, fucosidisesptococcus
pneumoniagd-N-acetylhexosaminidase but was digested by Jack beaannosidase.For eFSHx and eCGt oligosaccharides, the lower structure
(structure 7 of Figure 4) was preferred. A compound having a composition corresponding to the sialylated analogue of this glycan was also found,
suggesting the occurrence of the lower structure in Figure 4. A metastable iofz 476 (calcd 1176.6) representing the loss of sialic acid
indicated that this compound had the same core structurézas427.3, and therefore, the lower structure was pregeiht There was no evidence
for the presence of the other structufélo MS/MS data for elLld oligosaccharides. The compound was sensitiveStopneumoniae
B-N-acetylhexosaminidase confirming nonreducing terminal GIcNAc and suggesting that the upper structure was present on thisGommoests
largely derived from analysis of fraction 14 of Figure 5A. The mass of this glycan is 80 above thvét 095, and like other glycans in this
fraction, it forms a sodium salin{z 1197.4). Compounds showing the same behavior in the eFdigosaccharide sample gave negative ions
confirming the presence of an anionic group (a negative ion spectrum has not yet been run on fraction 14). This mass shift suggested the presence
of sulfate or phosphate (both add the same nominal mass). All of the glycans in this fraction behaved similarly with respect to sodium salt formation,
suggesting that they were all substituted with the same acidic group. They were also present in later fractions (e.g., fractions 15 and 16) as mixtures
of free acid and sodium salt, along with other compounds that formed only sodium salts. These latter compounds were clearly sulfates by comparison
with similar compounds seen in other samples, and we have only seen sulfates as their sodium salts in MALDI spectra. This observation suggested
that the compounds present in this fraction were not sulfates but phosphates. Support for this conclusion was provided by peaks from the more
abundant compounds that appear to be disodium salts f@z)1543.2 from the free glycan atz 1499.5). Sulfates would not show this behavior.
Also, phosphated high mannose glycans have been reported before. This conclusion was checked by testing the susceptibility of the glycans in
fraction 15 of Figure 5A toward phosphatase. Two peaks1441.4 andwz 1587.5, disappeared after digestion Toh with alkaline phosphatase,
while two minor peaksrtVz 1257.4 andn/z 1419.5) increased in abundance, indicating the loss of one phosphate. The MS/MS spectrum of the free
acid (m/z 1175) showed peaks for Mat#t 80 and (Many + 80, indicating that the phosphate was located on mannose. A peak §09.4
[(Man),(GIcNAc),] had a peak 80 mass units above, suggesting substitution on the core mannose. However, this latter peak was very weak in the
spectra of the other compoundsThe lower structure was preferred because the compound also exists as its sialylated analo$689) as
explained in footnotg. It is possibly a mixture of both structuresi-or eCGx oligosaccharides, a metastable ionnalz 1337 (calcd 1337.8)
representing the loss of sialic acid indicated that this compound had the same core strutilarks89.4 (structure 29 of Figure ) The structure
was consistent with eFSHoligosaccharide MS/MS data, digests with mannosida®éeak ion is in positive mode, and stronger ion is in negative
mode. It forms a free acid and sodium salt and is probably a phosphate (see foothdke upper structure was preferred for efeStligosaccharides
because the compound also exists as its sulfated analogrne441.4)." MS/MS spectrum ambiguous for eloHoligosaccharides, probably a
mixture of isomers$ The presence of complex structures in the eQBgosaccharide sample and the sensitivity of the compousd pmeumoniae
N-acetylhexosaminidase in this fraction suggests that this compound has the top stf@ttuture consistent with eF$tbligosaccharide MS/
MS data." No eLHa oligosaccharide MS/MS data. The structure is based on the formation of sulfdte.eCG. compound digests with sialidase,
suggesting tha® is some kind of sialic acid, although it does not show acidic properties (see fodtabteve).” No MS/MS data (for eLld
oligosaccharide sample)For eFSHh, the lower structure is preferred because the compound also exists as its sialylated amalpd7eZ).
Also, MS/MS spectrum does not contain an iomréz 429 (HexNAc). Y For eLHo, MS/MS data and exoglycosidase sequencing (partial sensitivity
to bovine testig-galactosidase and partial insensitivityX@alactosidase arf. pneumoniag-N-acetylhexosaminidase) suggest that this compound
has mainly the top structure (structure 25 of Figure?4)or eCGx oligosaccharides, a metastable ionréz 1540 (calcd 1539.7) representing the
loss of sialic acid indicates that this compound has the same core structufe 8892.5.22 The compound forms a sulfated analogo¥z(1644),
in eFSHx oligosaccharides; therefore, the upper structure (structure 26 of Figure 4) is present. It is also consistent with MSPREheataucture
is consistent with eFSid oligosaccharide MS/MS data (ions \iz 531 [(HexNAcy—SO;Na] and 671 [(Many]. °°In eFSHx oligosaccharide
mixture, both the top and bottom structures are probably present because both sulfated and sialylated analogues are present irfthMSgample.
MS data and results from exoglycosidase sequencingretligosaccharides indicate that this compound has mainly the top structure with a little
of the middle one (structure 36 of Figure 4jFor eCGx oligosaccharides, the middle structure is preferred. Metastable iank d4701.5 and
1752.3 (calcd 1700.9 and 1751.4, respectively) representing the loss of one and two sialic acids, respectively, indicates that this compound has the
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Table 1: (Continued)

same core structure asz 1954.6 and 2245.8. The sulfated analogue is presentaz 1790 providing evidence for the upper structure (structure

37 of Figure 4).99 Both sulfated and sialylated analogues are present, providing evidence for both structures in thekg&tdccharide mixture.

hhThe compound in eLH oligosaccharide mixture is sensitive to bovine tegtigalactosidase showing the presence of nonreducing terminal
galactose. MS/MS spectrum is consistent with the lower structure (structure 38 of Figure 4). There is no/z#R8t(therefore, no structure with

the GalNAc-GIcNAc chain)i The structure is consistent with MS/MS dalta here are no MS/MS data for the ebtbligosaccharide mixture.

The upper structure (structure 49 of Figure 4) is consistent with MS/MS data foreeBEkbsaccharides. An ion at/'z 694 suggests the presence

of a bisecting GIcNAck For eCGu oligosaccharides, a metastable ionmét 1903 (calcd 1903.3) representing the loss of sialic acid indicates that

the compound has the same core structune/a157.7 (structure 64 of Figure 4)Only one of two possible isomers for the triantennary glycan

is shown (determination as to which isomer is present can be made by exoglycosidase digestion). The observation that a potential triantennary
compound in fraction 11 (Figure 5) may have a branched 6 antenna may be relevant. However, both structures Maj exetastable ion at

m/z 1990 (calcd 1990.9) representing the loss of sialic acid indicates that this compound has the same core stmizt22d28." A metastable

ion atm/z 2012.4 (calcd 2012.5) representing the loss of sialic acid indicates that this compound has the same core stniztRBEAS.° A

metastable ion atvz 2006 (calcd 2006.8) representing the loss of sialic acid indicates that this compound has the same core simiz226 3.

The © group is stable, reflecting its nonacidic natuteA metastable ion atvz 2064 (calcd 2064.7) representing the loss of sialic acid indicates

that this compound has the same core structureva®2319.8.99 Digestion with bovine testig-galactosidase gives both (HefhlexNAc)k and
(Hexu(HexNAc), indicating that this compound is a mixture of a triantennary glycan and a biantennary glycarNnaitetyllactosamine extension.

lon seriesm/z 2448.7, 2470.8, 2492.6 were present in the eLH mass spectrum but not in the eCG mass spectrum. However, because these are
disialylated compounds, their absence from the negative ion spectrum of eCG spectrum is probably due to fragmentation and is not structurally
significant.™ A metastable ion links this compound to its sialylated analogi@igestion with bovine testig3-galactosidase gives both
(Hex)(HexNAc) and (Hexy(HexNAc), indicating that this compound is a mixture of a triantennary glycan and a biantennary glycan with a
N-acetyllactosamine extensiofiDigestion with bovine testig-galactosidase gives both (HeftlexNAc), and (Hex}(HexNAc),, indicating that

this compound is a mixture of a triantennary glycan with t«@cetyllactosamine extensions and a biantennary glycan with three extensions.

as sodium salts. Digestion with alkaline phosphatase con-charides (structures 30 and 41) that differed in the number
firmed the presence of phosphate (data not shown). Theof mannose residues on thel—6 branch were the most
compound was digested with mannosidase, indicating high-abundant compounds. While hybrid oligosaccharides were
mannose structure, and structure 14 was consistent with MSthe most abundant type associated with this glycosylation
MS data. A similar, although less abundant, compound was site in oLHx and hCGux (23, 24), in eLHa, they were less
noted in the eLld. Asn®® oligosaccharides, and analysis of abundant than the high-mannose type (Figure 5B).
partially purified oligosaccharide fractions 146 (Figure The oligosaccharide mixture isolated from eC&nsisted

5A) revealed several polyphosphorylated high-mannose of 63 ions, representing 41 oligosaccharide species ranging
oligosaccharides among the more abundant species. The MSfrom nm/z 1136.4 to 3066.5. Of these, 26 were unique to
MS spectrum of the free acidn(z 1337.5) showed the eCGu. The chief difference between pituitary gonadotropin
absence of the phosphate on the reducing-terminal GIcNAcand placental eCG glycosylation was the absence of high-
and its presence on one of the mannose residues. The MSmannose or hybrid structures in the latter as indicated by
MS spectrum of the sodium salt was not only complicated exoglycosidase digestion. All compounds derived from eCG
(nearly 100 peaks) but also indicated that the location of the digested to (GIcNAg(Man), or (GIcNAck(Man); with a
phosphate was on a mannose residue near the core of thenixture of sialidasef-galactosidase, an8. pneumoniae
glycan (several sites may, of course, be occupied). The N-acetylhexosaminidase. They were insensitive to mannosi-
similarity between the lower mass range of this spectrum dase, indicating that they all had complex rather than hybrid
and those of the other sodium salts supported this deductionor high-mannose structures. Two of the most abundant ions
and indicated that all of these glycans were substituted atin the positive and negative ion spectra for eC@igosac-
common positions. The potentially phosphorylated oligosac- charides (structures 53 and 68 of Figure 3) represented the
charide (structure 14) provided the most abundant ion in the same biantennary oligosaccharide core that was terminated
negative ion spectrum (Figure 1B). Three other abundant ionswith one or two sialic acid residues, with one sialic acid or
indicated the presence of two other biantennary, sulfated one possible derivative of sialic acid, although negative ion
oligosaccharides (structures 52 and 56, as well as structuredata for the latter were lacking (footnoteof Table 1) or

61). one of each. The most abundant ionW 1663.6, structure
The oligosaccharide mixture isolated from edtkhitially 36) was present in eléd and eFSk oligosaccharide
appeared the least heterogeneous, consisting of 34 ionsmixtures but represented hybrid oligosaccharide structures
representing 28 oligosaccharide species ranging fnom in those hormones (Figure 4). The structure shown for@CG
771.3t0 2157.7. Of these, 6 were unique to el Additional was biantennary and related to the other major oligosaccha-

confirmatory data were obtained by MS/MS and exogly- rides associated with this site, although lacking both sialic
cosidase digestion applied to the oligosaccharide mixture asacid residues. Larger ions representing triantennary oligosac-
well as the 24 partially fractionated samples. For el the charides or oligosaccharides extended with lactosamine
most abundant positive ions were small high-mannose repeats were present in lower abundance.

structures. In most cases, these consisted of the pentasac- Receptor-Binding Actities of eLH and eFSH Hybrid
charide core alone (structure 3) or with an additional one or Hormone PreparationsAll subunit combinations produced
two mannose residues (structures 6 and 10 of Figure 2A).functional heterodimer preparations that were active in LH
This result was consistent with chromatographic data (Figure and/or FSH receptor-binding assays (Figure 6). Elimination
5B), because the bulk of the carbohydrate was recoveredof aAsn®® carbohydrate produced a 395% increase in
from fractions 4-8, which were composed of these high- apparent LH receptor-binding activity for the eBHhybrid
mannose oligosaccharides. In the negative ion MALDI derivatives and a larger-5-fold increase in FSH receptor-
spectrum, hybrid complex/sulfated, high-mannose oligosac- binding activity (Tables 2 and 3). Either no change or &23
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Ficure 4: Oligosaccharide structures based on MS data shown in Figur@sattd documented in Table 1. The numbers associated with

each structure correspond to column 1 of Table 1. Structures for eFSH, eLH, and eCG oligosaccharides (F, L, and C, respectively) were
based on mass, MS/MS, and exoglycosidase data. For eCG oligosaccharides, all compounds were digested tgN@ITNANCIGICNAC),-

(Man); with a mixture of sialidase-galactosidase, anfl. pneumoniae Jdcetylhexosaminidase. They were insensitive to mannosidase,
indicating that they all had complex rather than hybrid or high-mannose structures. Symbelsnannosel = N-acetylglucosamine®

= galactose# = GalNAc, tiltedd = fucose,x = N-acetylneuraminic acid, an® = an unknown substituent.

26% reduction in FSH receptor-binding activity accompanied  To determine if a carbohydrate inhibited receptor binding
oAsn*® deglycosylation of eFSBihybrid preparations. by directly interfering with hormone-receptor interaction or



10828 Biochemistry, Vol. 43, No. 33, 2004 Bousfield et al.

A 19

o

-eo

0.9

0.7

0.5

0.3

Detector Response (1C)

0.1-J

Time (min)

100,
80

60 &
401 5 18
20 , 2 4l > 157 th

F:raction #

Ficure 5: Preparative fractionation of 350 nmol of ettHAsnP® oligosaccharides. (A) High pH anion-exchange chromatography using a
Dionex carbohydrate analyzer. The-3 most abundant oligosaccharide structure(s) are shown for each fraction. Sy@belsiannose,

W = N-acetylglucosamine® = galactose$ = GalNAc, tiltedE = fucose x = N-acetylneuraminic acid, arél = an unknown substituent.

(B) Oligosaccharide yield. Bar width shows portion of the chromatogram pooled to obtain the fraction. Bar height indicates the amount of
oligosaccharide estimated by carbohydrate analyfsit TFA hydrolysates.

Oligosaccharide w
Recovery (nmols)

indirectly by charge repulsion between the negatively chargedother and that of intact eLH, while that of elteLHj3
terminal sulfate or sialic acid moieties and the negatively differed. The latter exhibited increaseaehelical content and
charged membrane surface, we performed an LH receptor-decreaseq3-sheet content as compared with native eLH
binding assay using a detergent-solubilized membrane prepa{Table 2). Elimination ofxAsn°® oligosaccharide produced
ration. Competition of eLA hybrids for1?3-hCG hinding hybrids that exhibited more variable CD spectra. That is, all
to solubilized rat testis LH receptors showed the same patternthree partially deglycosylated eLH hybrid derivative spectra
of reduced LH receptor binding with increasecAsn®® differed from each other rather than exhibiting a single intact
oligosaccharide size as was observed with crude membraner hybrid spectrum as expected. Changes in secondary
preparations (Figure 7). Thus, the reduction in receptor- structure varied for each pair of intact- an8%tg-o. hybrid
binding activity represented oligosaccharide inhibiting hor- preparation. Thus, for eLéteLHp, the increased-helix and
mone-receptor interaction and not nonspecific repulsion of reduced -strand contents were reduced and increased,
negatively charged oligosaccharide termini and negatively respectively, following As deglycosylation, so that they
charged membrane components. were now similar to intact eLH. For eFSthybrids, there
CD. The influence of altered oligosaccharide structure on was little change im-helical or$-strand contents following
gonadotropin conformation was assessed by using CD toAsn?® deglycosylation, instead thturn content and random
measure secondary structure in intact and>Asgeglycosy- secondary structure increased. The former suggested an
lated eLH and eFSH hybrid preparations. CD measurementsaltered conformation in loops L1 and L3. For the aCG
for six eLH hybrids were compared with that of eLH (Figure hybrids, Asfi® deglycosylation was associated with increased
8). Two intacto-subunit hybrid preparations, eF8&HLHpS helical and decreasegtstrand content, similar to what was
and eCGueLHg, exhibited very similar CD spectra to each associated with eLt:eLHj; however, the increased LH



GonadotropintAsn® Oligosaccharides

— 25000
3 A = elH
8_ + eLHoelHp
= 20000 - R + eFSHwelHp
g - eCGuelHj
= | = N*dgelHo:elLHp
2 15000 . » N*dgeFSHueLH}}
m b+ N¥dgeCGuelHp
¢y 10000 - \
O
= '%&.m.m....*
7 5000 -+
= aFSH
7500 .+ oLHuwoLHp
. * aFSHaelHB
£ + aCGuelLHp
g = N¥dgelLHuweLHp
a = N*dgeFSHao:eLHB
— s N™dgeCGoelHp
2 5000 - * elHa:eFSHB
- + aFSHueFSHA
E « eCGueFSHR
& = N*dgelHa:eFSHB
-+ N¥dgeFSHueFSHf
% = N*dgeCGuweFSHp
P 2500 1 ' ‘ )
& 0.001 001 0.1 1 10 100 1000
ng Hormone
125 4 |
c I LH Relative Potency
I FSH Relative Potency
- 100
s
c
3. 75
€< ‘
oo
] 50
]
@
25 | | I
0 v »l a-! al ! A A e T A by de %
L A N W S e N N
iy o, o, P P, 0, o B
T % SR, T Y O %
’ "
% % % "5, %,

Hormone Preparation

Ficure 6: Radioligand receptor assays of hybrid hormone prepara-
tions employed in this study. (A) LH radioligand assay using rat
testis homogenate and LH receptor-speéfficthCG tracer. Because
only LH preparations bind LH receptors, FSH hybrids were not
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Only increaseda-helical content was noted for Sfdlg-
eFSHueFSH3, while the N¢dg-eCGreFSH3 secondary
structure was relatively unchanged. In the case of the latter
hybrid, receptor-binding activity was not reduced by the
absence oftAsn® carbohydrate, consistent with a secondary
structure very similar to that of eFSH. The other two hybrids,
N56dg-eLHo:eFSHS and Nédg-eFSHueFSH3, exhibited a
reduction in FSH receptor-binding activity despite the
elimination of this oligosaccharide, possibly as a result of
subunit dissociation.

Because the CD spectral changes accompanied by reduced
FSH receptor-binding activity suggested subunit dissociation,
we repeated an earlier experiment, using the loss of FSH
receptor-binding activity as a dissociation indicat@®2)(
Incubation of intact eFSH and 5fdig-eLHo:eFSHS (the
preparation showing the largest change in CD spectrum) at
37 °C for up to 144 h, revealed a progressive, 50% loss of
FSH receptor-binding activity for intact eFSH after 72 h,
similar to previous results (Figure 10). A more rapid loss of
activity was associated with Rtig-eLHo:eFSH3 over the
first 6 h, followed by a progressive recovery of binding
activity during subsequent incubation intervals. After 2 h, a
35% loss of binding activity was noted, somewhat greater
than the 23-26% reduction in the activities of the A%n
deglycosylated derivatives of eF8HFSH} and eLHu:
eFSHB, respectively. However, the stability study actually
involved a longer incubation time when the preincubation
for 2 h and assay incubationrf@ h are both taken into
account.

DISCUSSION

The commona subunit has generally been considered
interchangeable between glycoprotein hormone preparations.

included. (B) FSH radioligand assay using rat testis homogenate However, hormone-specific glycosylation produces unique

and 129-eFSH tracer. (C) Relative potencies derived from the
competition curves in A and B.

receptor-binding activity resulting from removing this oli-

o subunits. Because these subunit preparations are readily
isolated from heterodimer preparations and reassociated with
p-subunit preparations, these-subunit glycoforms are
valuable tools for studying the mechanisms by which

gosaccharide was unaffected and was identical to those ofcarbohydrate alters hormonal activity, provided the oligosac-

N5¢dg-eLHo:eLHB and Nédg-eFSHelLHpS.
For eFSHS hybrids, the intact hybrid hormone preparations

charide structures can be characterized. Reduced LH receptor
binding as theaAsr°® oligosaccharide size increased was

exhibited nearly identical CD spectra, as expected. The observed when potential cell membrane effects were elimi-
secondary structure estimates were similar to those for eFSHpated by using solublized LH receptor preparations. Although

except for a reducefl-sheet content. TheAsn*s-deglyco-
sylated FSH hybrid CD spectra, however, differed from each

this demonstrated that oligosaccharide specifically inhibited
LH—receptor interactions, both steric hindrance and confor-

other (Figure 9). Changes in secondary structure associatednational change remained potential mechanisms to explain

with removal of a carbohydrate varied from preparation to
preparation (Table 3). Thus, increasedhelix and reduced
B-sheet contents were associated wiflidy-eLHx:eFSHS.

the reduction in receptor-binding affinity. CD studies re-
vealed that conformational changes occurred whenever
oAsn*® oligosaccharide was removed. For intact eFSH

Table 2: Selcon Analysis of ELH Hybrid CD Spectra and Results of

LH and FSH Receptor-Binding Assays

secondary structure estimates from CD FSH RLA LH RLA

hormone preparation o helix S sheet pturn other relative potency 95% CL relative potency 95% CL
eLH 12.2 41.0 26.2 20.9 ND 100 82.0-122.0
eLHo:eLHS 16.8 34.1 27.3 22.1 10.6 843.3 67.3 57.679.4
eFSHx.eLHS 13.4 40.3 27.7 21.6 6.5 48.9 71.6 59.8-85.8
eCGu:eLHp 135 37.8 29.1 18.1 8.5 6-90.4 54.7 47.263.5
N>¢dg-eLHo:eLHS 11.3 394 26.7 24.1 23.0 16-81.9 93.8 73.6119.7
NSédge-FSHueLHS 11.4 40.6 24.7 24.1 34.6 26-15.8 98.5 73.6133.0
N>¢dg-eCGx:eLHpB 17.2 33.3 27.2 20.4 35.6 2F26.7 95.2 71.3127.3

aND = not determined.
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Table 3: Selcon Analysis of EFSH Hybrid CD Spectra and Results of FSH Receptor-Binding Assays

secondary structure estimates from CD FSH RLA LH RLA
hormone preparation o helix /5 sheet A turn other relative potency 95% CL relative potency 95% CL
eFSH 17.4 29.1 25.7 27.1 100 84.518.4 \Is3 ND
eLHo:eFSHs 18.8 23.9 27.3 28.9 114.1 103:825.4 ND ND
eFSHu.eFSH 18.5 24.0 27.1 29.0 94.1 814908.2 ND ND
eCCGu.eFSH3 18.6 235 26.8 28.5 92.6 806-007.1 ND ND
N>6dg-eLHu:eFSH3 30.9 20.3 27.1 25.5 84.5 69-403.2 ND ND
NS6dg-eFSH:eFSH3 21.1 25.4 28.4 28.9 72.7 62-B4.4 ND ND
N6dg-eCGr.eFSH3 17.3 24.1 26.8 28.9 99.5 88:312.2 ND ND

aND = not determined.
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also inhibited receptor binding by steric hindrance, it was
essential to better characterize the oligosaccharide structures
present ablAsn®.

The present study employed MALBMS to provide
greater structural detail for the oligosaccharide populations
associated with equine gonadotropirsubunit preparations.
Our earlier oligosaccharide mapping studies had suggested
considerable structural heterogeneity in equine gonadotropin
aAsP® oligosaccharide populationd@. On the basis of
retention times, monosaccharide composition, and an average
mass of 1482 inferred from comparisons of the masses of
intact and AsPf-deglycosylatedr-subunit preparations, we
suggested that hybrid-sulfated oligosaccharides, varying in
the number of mannose residues, were the most abundant

hybrids, the conformation remained essentially the same, structures in eLld (11), similar to those attached to oloH

while in the case of the eLH hybrids, the conformation of
eLHo:eLHp differed from those of eFSideLHS and eCG:
eLHp. Increaseda-helix and reduced3-strand contents

and hC@ at the equivalent positior28, 24). While mass
spectrometry confirmed the existence of sulfated, hybrid
oligosaccharides, they were not the most abundant species.

estimated from CD spectra, suggested conformational changes$nstead, the most abundant oligosaccharides were small, high-

may have been restricted étesubunit long loop L2 because

mannose types, possessing@Bmannose residues (structures

the only consensus helical region in hCG and hFSH was 3, 6, and 10). Carbohydrate recoveries from preparative

located inolL2 (25—27). However, this will have to be

oligosaccharide mapping experiments provided additional

examined further using methods that can define conformation support for this conclusion. The oligosaccharide mixture
in specific regions of the hormone. Because carbohydratecomposition in previous studies was misleading because two
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A eFSH eFSHx oligosaccharides. Smaller oligosaccharides, which
were also fairly abundant, for the most part, appeared to be
o e oreincubate incompletely processed precursors of the major biantennary
—e— oFSH 0.01 mg/ml stock structures. However, an additional abundant class of high-
preincubate. dilute mannose oligosaccharides was encountered, including phos
phorylated high-mannose oligosaccharides (for example,
structure 14). The latter may be significant, because it could
provide a link to other signaling pathways, thereby providing
a mechanism for the high biological activity associated with
20 eFSH preparations as compared with porcine, ovine, and
human FSH preparation®2%, 29, 30). While fucosylated
: : oligosaccharides comprised only 20% of the elkS#li-
B N56dg-eLHa:eFSHB gosaccharide mixture, they were readily detected by MS.
Thus, the detection limit for a particular oligosaccharide class

100

80

60

40

'25]-eFSH Binding {per cent)

E 100 1 in complex carbohydrate mixtures lies somewhere between

et 80 10 and 20% and is undoubtedly affected by heterogeneity

fci; —O— NP%dg-el HaroFSH of the population representing that class.

> 60 " dilute, preincubate We previously concluded the two major eG@GAsn®

5 —e— N*dg-eLHoueFSH oligosaccharide fractions consisted of biantennary oligosac-

s 40 e e gt charides, both terminated with two sialic acid residues, with

T one branch extended by a lactosamine repEati1). The

© 2] most abundant oligosaccharides encountered in the present

@ study were variants of the smaller biantennary oligosaccha-

8 0 : : ride structure terminated with either Neu5Ac or another sialic

0 50 100 150 acid derivative, possibly Neu5Gc. An O-acetylated sialic acid

Time of 37°C Preincubation (hours) derivative, Neu4,5A¢ was reported in 20% of the bianten-

Ficure 10: Stability of eFSH and M-deglycosylated eFSH.  nary oligosaccharides recovered from both eQGglyco-
Hormone samples were incubated at87for the indicated times,  Sylation sites and on triantennary oligosaccharides attached

and competition curves were determined as described under theto eC@3 Asn'® (31). This modification would have increased
Mabten?I(sj_and Mf.thOd(S)' Relat'vebpcl’te.”%'_es tlndlcated tr;e extentt %f the oligosaccharide mass by 42 rather than the observed
Subuntcisociaion. Open symbols ndcate previoush 1SPOMed ncrease of 16, Oligosaccharides possessing the unidentiied
study. constituent did not appear in the negative ion spectrum nor
did the sodium salt form appear in the positive ion spectrum.
other oligosaccharide classes, biantennary sulfated and hybriHowever, an unknown structural feature contributed to the
sulfated, were present in sufficient abundance to yield an small difference in retention time between the two most
overall monosaccharide composition resembling that of a abundant eC@ AsnP® oligosaccharide fractions (designated
hybrid oligosaccharidel(). The larger oligosaccharides also peaks 17 and 18) observed during oligosaccharide mapping
contributed to an average AScarbohydrate mass of 1482, experiments0). We reported that peak 18 shared the same
which was higher than that of structure 10, the largest and retention time as a reference biantennary oligosaccharide
apparently most abundant high-mannose oligosaccharide ( terminated with two Neu5Ac residues and suggested that
1257.4 for the sodium adduct). Nevertheless, the absence opeak 17 retention time was reduced by the presence of a
a complex oligosaccharide branch, linkif@L—4) to thea- lactosamine repeatl(), 32). Because Neu5Gc oligosaccha-
(1—6)Man of the pentasaccharide core, was confirmed for rides exhibited longer retention times than corresponding
the vast majority of eLld Asn°® oligosaccharides. One minor  oligosaccharides possessing Neu582)( the shorter reten-
population was completely overlooked in the MS of mixed tion time for peak 17 supported our conclusion that the sialic
oligosaccharides. Although monosaccharide composition hadacid derivative was not Neu5Gc. Although numerous but
indicated 10% of eLld Asn®® oligosaccharides possessed very low abundance ions corresponding to oligosaccharide
fucose (0, 28), no fucosylated oligosaccharides were detect- structures possessing a lactosamine repeat were encountered
able during MALD—MS analysis of the oligosaccharide during MS, notably structures 72, 74, and-/AD, their low
mixtures. These species appeared when partially purifiedabundance and structural heterogeneity argued against car-
eLHa oligosaccharide fractions were characterized. bohydrate possessing lactosamine repeats comprising major
Three biantennary, eF$Holigosaccharides, one termi- peak 18. Low abundance could be a reflection of either the
nated with two sulfates, one terminated with two sialic acids, structural hetereogeneity or the acid labile nature of the
and one terminated with sulfate on one branch and sialic lactosamine structure. While identifying O-glycosylation
acid on the other, were consistent with previously reported sites, mild acid hydrolysis not only quantitatively removed
composition datal0, 11). However, oligosaccharide map- sialic acid from eC@, but also removed GIcNAc and Gal,
ping and an average carbohydrate mass of 1883, suggestewhen the breakthrough fraction of the reverse-phase HPLC
the presence of smaller, uncharacterized species. The sulfatedthromatogram was analyzeti2j. Much of this acid-labile
sialylated oligosaccharide (structure 61) was observed duringcarbohydrate was probably derived from the O-linked
MS in both positive- and negative-ion modes. The disulfated oligosaccharides attached to a dozen O-glycosylation sites
oligosaccharide (structure 52) was also encountered; how-in the C terminus, which are also known to possess
ever, the disialylated structure was not among the major lactosamine repeatsl?, 33), but some could have been
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derived from N-linked oligosaccharides. More likely, low greater stability than the other Stdg-oc:eFSHS hybrid
lactosamine-possessing oligosaccharide abundance in thipreparations, suggesting a potential stabilizing role for
study stemmed from the high degree of structural heteroge-eCGxAsn?? oligosaccharide, follow-up studies were pre-
neity. vented by a lack of material.

While reduced receptor-binding affinity on the part of the ~ The existence of stable FSH isoforms indicated by the
eFSHx:eLHB and eCGuelLHB hybrids appeared to be due rapid dissociation of Rfdg-eFSHt:eFSHj3 followed by the
to steric hindrance, elimination of the lactosamine-extended slow reassociation of a more stable form is not unprec-
Man(o.1—6)Man oligosaccharide branch as a major compo- edented. Intact hFSH preparations possesse®3% non-
nent of the eC@ Asn®® oligosaccharides made this carbo- dissociable heterodimeB%, 36). Significant amounts (33
hydrate population more similar to the expected sulfate/sialic- 50%) of nondissociable bFSH have been reporgtl 8).
acid-terminated biantennary eF&Hsr°® oligosaccharides.  We have encountered nondissociable eFSH during subunit
These oligosaccharides should have provided the same degreisolation. However, because it overlaped with the subunit
of steric hindrance as exclusively sialylated eC@sn*® fraction, estimation of the relative proportion of the stable
oligosaccharides, especially because the exchange of sulfateeFSH isoform has not been possible. Ovine LH preparations
terminated oligosaccharides for sialic-acid-terminated oli- possess 10% nondissociable hormone that cannot be sepa-
gosaccharides did not appear to affect bLH biological activity rated by a variety of denaturing conditions including&
(34). The presence of abundant, smaller oligosaccharides inM GuHCI dissociation or 2% SDS and 5% 2-mercapto-
the eFStd oligosaccharide mixture, provided a rationale for ethanol and boiling39, 40). Nondissociable oLH was largely
the greater receptor-binding affinity for eF&HLHS as inactive, while nondissociable eFSH retained receptor-
compared with eC@:eLHp, especially because-subunit binding activity. The functional but more stable eFSH
preparations possessing smaller oligosaccharides combinedsoform will be interesting to study in the future.
with eLHB to a greater extent than those with larger
oligosaccharides1(l). Moreover, analysis of unassociated ACKNOWLEDGMENT
o-subunit fraction As#f oligosaccharides revealed that those
in eCGoeLHB were virtually all biantennary, while those  The technical assistance of Vanda Baker and Wendy
in eFSHx:eLHB were enriched for smaller oligosaccharides Walton in preparative oligosaccharide isolation is gratefully
(11). Thus, we returned to our earlier hypothesis that the acknowledged. The TofSpec MALDI mass spectrometer was
presence of a complex oligosaccharide branch, attaghed provided by funds from the Biotechnology Sciences Research
(1-4) to the @1-6)Man of the pentasaccharide core, Council. We thank Waters-Micromass for access to the
inhibited LH receptor-binding, perhaps explaining the general MALDI-Q-TOF mass spectrometer.
absence of this branch from LH and h@®&2 oligosaccha-
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