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Solution structure of the a-subunit of human chorionic gonadotropin
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The three-dimensional solution structure of the a-subunit in the a,b heterodimeric human chorionic gonadotropin

(hCG), deglycosylated with endo-b-N-acetylglucosaminidase-B (dg-ahCG), was determined using 2D homonuclear

and 2D heteronuclear 1H, 13C NMR spectroscopy at natural abundance in conjunction with the program package

xplor. The distance geometry/simulated annealing protocol was modified to allow for the efficient modelling of the

cystine knot motif present in ahCG. The protein structure was modelled with 620 interproton distance restraints and

the GlcNAc residue linked to Asn78 was modelled with 30 protein-carbohydrate and 3 intraresidual NOEs. The

solution structure of dg-ahCG is represented by an ensemble of 27 structures. In comparison to the crystal structure

of the dimer, the solution structure of free dg-ahCG exhibits: (a) an increased structural disorder (residues 33±57);

(b) a different backbone conformation near Val76 and Glu77; and (c) a larger flexibility. These differences are

caused by the absence of the interactions with the b-subunit. Consequently, in free dg-ahCG, compared to the

intact dimer, the two hairpin loops 20±23 and 70±74 are arranged differently with respect to each other. The

b-GlcNAc(78) is tightly associated with the hydrophobic protein-core in between the b-hairpins. This conclusion is

based on the NOEs from the axial H1, H3, H5 atoms and the N-acetyl protons of b-GlcNAc(78) to the protein-core.

The hydrophobic protein-core between the b-hairpins is thereby shielded from the solvent.

Keywords: chorionic gonadotropin; chorionic gonadotropin free a subunit; glycoprotein structure; cystine knot;

NMR; xplor.

Human chorionic gonadotropin (hCG) is a placental glyco-
protein hormone which acts through binding to a G-protein-
coupled receptor resulting in increased adenylate cyclase
activity [1±3]. The subsequent increase in cAMP levels
stimulates the corpus luteum to produce progesterone until the
placenta itself acquires the ability to produce this pregnancy
sustaining steroid [4]. The hormone is a heterodimer consisting
of two noncovalently associated, glycosylated subunits, a
(ahCG) and b (bhCG). The a-subunit consists of 92 amino
acids and is N-glycosylated at Asn52 and Asn78. Previously,
site-directed mutagenesis experiments revealed that the glycan
at Asn52 is relevant for biological activity [5], and recently it
has been proposed that this glycan is involved in the stability of
the heterodimer [6]. The glycan at Asn78 stabilizes the
a-subunit [7±9]. Two crystal structures have been reported for
HF-treated recombinant hCG [10,11]. A striking structural
element of both subunits is the cystine knot motif comprised of
three disulfide bonds.

Structural analysis of intact glycoproteins by NMR spectro-
scopy is complicated [12], because many protons of the
carbohydrate chains overlap with the Ca resonances of the
amino acids. Furthermore, the presence of the extended and
hydrated glycans leads to line broadening of the protein signals.
In addition, the assignment of the carbohydrate resonances in
intact glycoproteins is difficult due to (micro)heterogeneity of
the glycans and the occurrence of more than one glycosylation
site like in ahCG. Isotopic labelling of proteins is frequently
used to circumvent some of these problems. However, in the
case of glycoproteins that should have a human type of
glycosylation pattern, isotopic labelling has to be performed in
mammalian cells. This labelling technique is still in the
beginning of its development [13] and its usefulness for the
structure elucidation of glycoproteins has still to be shown. So
far, a few NMR studies on the solution structure of intact
glycoproteins have been performed [14], but the direct contacts
between the glycan and the protein backbone have only rarely
been identified [15,16]. The crystallization of glycoproteins is
hampered by the flexibility and the heterogeneity of the glycans.
Therefore, X-ray studies are usually carried out on glycoproteins
with largely truncated glycans. In several cases partial
deglycosylation resulted in the loss of the bioactivity [10,12].

Previously, we have described that treatment of urinary hCG-
derived ahCG with endo-b-N-acetylglucosaminidase-B under
native conditions results in the removal of the oligosaccharide
chains from both Asn52 and Asn78, leaving only a single
GlcNAc residue at each site [17]. An almost complete
assignment of the 1H NMR spectra of this deglycosylated
ahCG (dg-ahCG) was achieved [18]. In the present report the
solution structure of dg-ahCG is described, based on a large
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number of homonuclear 1H-1H NOEs and using the program
package xplor.

EXPERIMENTAL PROCEDURES

Distance restraints

2D homonuclear NOESY, 2D heteronuclear 1H-13C HSQC-
NOESY and 3D homonuclear 1H TOCSY-NOESY spectra were
recorded at 328 K and pH 5.1 with a Varian UnityPlus 750
spectrometer (SON NMR Large Scale Facility, Utrecht Uni-
versity) as previously reported [18], and they were used to
determine inter-proton distances. The majority of these inter-
proton distances were estimated from NOE intensities observed
in the two-dimensional NOESY spectrum acquired with a
mixing time of 80 ms. The NOE intensities were calibrated to
distances on the basis of interresidual distances of amino acids
participating in a regular b-structure and using intraresidual
distances. The NOE intensities of these intraresidual daN (i, i)
cross-peaks were calibrated to 2.8 AÊ . The NOE cross-peaks of
daN (i, i + 1) and dNN (i, i + 1) from b-strands were calibrated
to 2.2 and 4.3 AÊ , respectively. The interstrand daa (i, j), daN (i, j)
and dNN (i, j) cross-peaks from b-strands were then calibrated to
2.3, 3.2 and 3.3 AÊ , respectively. NOE cross-peak intensities
were estimated and classified accordingly, resulting in upper
distance limits of 2.6, 3.1 and 4.0 AÊ . A fourth category corre-
sponding to upper distance limits of 5.0 AÊ was established from
the subset of additional cross-peaks observed in the NOESY
spectra with a mixing time of 150 ms. All lower bounds were set
to the sum of the van der Waals radii, i.e. 1.8 AÊ . A small number
of additional NOE restraints was obtained from the 2D
heteronuclear and 3D homonuclear experiments.

Appropriate multiplicity correction factors for equivalent
spins were defined as given by Constantine et al. [19]:

Z � �nInS�
1/6

where Z is the multiplicity correction factor, nI is the number of
equivalent spins I and nS is the number of equivalent spins S.

The values for the pseudoatom corrections of methyl groups
and aromatic H2/H6 or H3/H5 atoms were 0.4 and 2.0 AÊ , respect-
ively [20,21]. In cases where both cross-peaks originating from
NOEs to a non-stereoassigned diastereotopic group could be
observed, the longer upperbound was used without multiplicity
correction and treated as a single constraint with centre averag-
ing. The pseudoatom corrections used for non-stereoassigned
CH2-groups and CH(CH3)2-groups were 0.88 and 1.5 AÊ , respect-
ively [20]. Except for the special case of the glycosylated
CONH2-group of Asn78, none of the diastereotopic groups were
stereospecifically assigned.

Apart from these experimental NMR data, covalent linkages
for the disulfide bridges were used for the disulfide pairs known
from the X-ray structure [10,11]. Accordingly, disulfide bridges
are located between the cystine residues 10±60, 28±82 and 32±
84, forming a cystine knot, and between the residues 7±31 and
59±87.

Structure calculation

Structure calculations were performed using the program xplor
version 3.851 (http://xplor.csb.yale.edu). The calculation strat-
egy was based on the hybrid distance geometry simulated
annealing (DG/SA) method [22±24]. The parameters of the
protocol, however, were extensively modified, and an additional
refinement step was added. The force field parameters
(developed by Nilges et al.) were downloaded from the

EMBL-server (http://www.nmr.embl-heidelberg.de/nilges/).
Details of the computations were as follows: An initial ensemble
of 100 conformers was generated in a distance geometry step
based on substructure metric matrix embedding, during which
the disulfide bridges are treated as distance constraints [25].
These DG conformers were then regularised by a simulated
annealing molecular dynamics run which deviates in several
aspects from the standard regularisation protocol dgsa.inp: The
initial temperature was raised to 3000 K, and the number of
steps performed at high temperature was set to 2000. Similarly,
the cooling phase was extended to 2000 steps. The time-step for
the regularisation was 0.003 ps during the high temperature
dynamics, and 0.005 ps during the cooling phase, which was
finished at a temperature of 100 K. Covalent bonds for the
disulfide bridges were gently introduced by increasing their
force constant slowly during the high temperature dynamics.
The increase was performed in a stepwise manner, starting with
12.5% of the equilibrium value of the force constant for the S-S
bond lengths, then increasing it to 25% and 37.5% of its
equilibrium value, respectively. Each of these values was
applied during 250 steps of molecular dynamics. Subsequently,
the S-S bond force constant was raised to 87.5% of its
equilibrium value, and applied for 1000 steps of molecular
dynamics. The final 200 steps of the high temperature phase
were run with the full force constant for the S-S bond length.
The conformers resulting from this regularisation were then
submitted to further refinement. The refinement procedure
comprised two steps, the first of which was another simulated
annealing run of 40 ps duration, during which the system was
cooled from 3000 K to 100 K in 8000 steps, followed by 500
steps of conjugate gradient energy minimization. The force
constant for the S-S bond lengths was ramped up linearly from
12.5% to 100% of its equilibrium value during the cooling stage,
where at the same time the scaling factor for the van der Waals
radii was decreased linearly from 0.9 to 0.75 and the weight on
the van der Waals energy term, Crep, was increased from 0.0125
to 16.7 kJ´mol21´AÊ 24. The final stage of the refinement com-
prised 10 ps of restrained molecular dynamics at 300 K, fol-
lowed by 250 steps of conjugate gradient energy minimization.
During all dynamics runs, the inter-proton distances were
restrained to their experimentally determined values by an NOE
energy term consisting of a square-well quadratic potential with
a force constant knoe = 209 kJ´mol±1´AÊ ±2. Only the final energy
minimization was carried out with knoe = 313.5 kJ´mol±1´AÊ ±2.

In order to select an ensemble of conformers which represents
the solution structure of ahCG, the following strategy was
applied: initially, models of ahCG with low conformational
energies were grouped according to their cystine knot topology.
The screening produced two groups and the group that exhibited
significantly higher average conformational energies around the
disulfide linkages was discarded. For the remaining conformers,
an energy-ordered rmsd profile [26] was computed by ranking
them according to their overall energy. Subsequently, the
maximal pairwise coordinate root-mean-square deviation
(crmsd) in consecutive clusters of conformers was determined
by starting with the first two lowest-energy conformers, then
including the first three, and so forth. From the resulting
structural clusters, the final ensemble was selected by con-
sideration of the overall energy. The conformers constituting this
ensemble were finally screened for deviations from ideal
geometries and agreement with experimental data The mean
r.m.s. deviations from idealised covalent geometry were not
allowed to exceed 0.01 AÊ in case of bonds, 1 8 in case of angles,
and 1 8 for the improper dihedrals, while the NOE violations
were not allowed to exceed 0.5 AÊ .
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Fig. 1. The number of assigned interresidual NOE intensities (A) and

the deviation from random coil chemical shift values [45] of the Ca

protons (standard value ± measured value) as a function of the sequence

position in ahCG (B).

Fig. 2. Crmsd values. The maximal pairwise crmsd of all backbone atoms

of residues 8±32 and 58±88, respectively, as a function of the structures,

ranked to their overall energy (dotted line), is given using the first y-axis.

The plateaux of the graph for all backbone atoms are denoted by roman

numbers, indicating the corresponding structure clusters. The crmsd values

were calculated after a superposition of these backbone residues. The second

graph (continuous line) shows the overall energy of the individual structures,

quantified on the right side of the y-axis.

Table 1. Structural statistics for the family of 27 ahCG conformers.

Statistic Value

Distance restraints:

sequential (|i-j| = 1) 259

medium-range (2 , |i-j| = 4) 81

long-range (| i-j | > 5) 280

total 620

Mean r�.m.s. deviations from experimental restraints:

NOE (AÊ ) 0�.045 ^ 0.0027

Mean r�.m.s. deviations from idealised covalent geometry:

bonds (AÊ ) 0�.0019 ^ 0.0004

angles (8) 0�.333 ^ 0.042

impropers (8) 0�.218 ^ 0.003

Restraint violations:

Mean NOE violations per structure . 0�.2 AÊ 8�.63 ^ 1.57

Maximum NOE violation (AÊ ) 0�.47

Mean energies (kJ´mol±1):

Enoe 259�.33 ^ 32.19

EvdW
a 317�.89 ^ 34.23

Ebond 102�.54 ^ 13.84

Eangle 498�.80 ^ 27.71

Eimproper 75�.82 ^ 5.98

Etotal 1337�.98

Conformational energies of the cystine knot (kJ´mol±1):

standard DG/SA protocol 122�.52

modified DG/SA protocol 43�.81

Atomic r�.m.s. differences (AÊ ) b average pairwise

backbone atoms 11±28 and 59±84 0�.88 ^ 0.27

heavy atoms 11±28 and 59±84 1�.60 ^ 0.35

backbone atoms 11±19, 24±28, 59±70, 80±84 0�.71 ^ 0.18

heavy atoms 11±19, 24±28, 59±70, 80±84 1�.49 ^ 0.31

a The parallhdg force constant parameter set of xplor 3.851 was used with the quartic repel core repulsion potential. No attractive van der Waals or electrostatic

terms were used. b The segments 11±28, 59±84 and the segments 11±19, 24±28, 59±70, 80±84 correspond to the well-defined region including and excluding

the conformationally heterogeneous hairpin loops, respectively.
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The computational work was carried out on a Silicon
Graphics O2. The structures were visualised using insight ii
(Biosym/MSI) and molmol [27]. The subsequent numerical
analyses and validations of the selected structures were
performed using the programs aqua, prochecknmr [28],
molmol and xplor 3.851, as well as home-written programs
in the matlab language (matlab 5.0, The Math Works, http://
www.mathworks.com).

Modelling of GlcNAc(78)-Asn78

The NOE intensities between the GlcNAc residue linked to
Asn78 and the protein core were estimated from the aforemen-
tioned NOESY spectra. The NMR restraint set for the carbo-
hydrate moiety comprised 30 NOE constraints between the
protein core and GlcNAc(78) and three short-range constraints

within the GlcNAc residue. Three different ahCG conformers,
reflecting the conformational space accessible to the hairpin
loop comprising residues 20±23, were selected as starting
conformations. The modelling of GlcNAc(78) was carried out
using the insight ii and discover molecular modelling
packages (MSI). The AMBER force field including specific
parameters for carbohydrates [29,30] was used with a dielectric
constant of 4, taking into account distance dependence. During
the minimization, the atoms of the amino acid residues 1±13,
27±64 and 81±92 were fixed. The residues 14±26 and 65±80 of
the protein core were subsequently allowed to move, first only
the side-chains (1000 steps) and then also the backbone in 1000
steps of restrained energy minimization using the steepest
descent algorithm. The GlcNAc moiety was then minimized
applying only intracarbohydrate distance restraints. This energy
minimization was performed using the conjugate gradients
algorithm and convergence was accepted when the r.m.s.
gradient was less than 0.418 kJ´mol±1, within a maximum of
1000 steps. Finally, 20 steps of unrestrained energy minimiz-
ation were carried out with the steepest descent algorithm.

RESULTS

General

For the structure calculation of dg-ahCG in solution the
program package xplor 3.851 was used. The experimental
restraints are derived from a variety of NMR data and
supplementary data from the crystal structure concerning the
cystine pairing.

A total number of 620 nonredundant NOE restraints could be
inferred from the NOESY spectra (Table 1). In Fig. 1A the
number of interresidual NOE restraints are shown as a function
of the residue position. The distribution of distance restraints
over the amino acid sequence is inhomogeneous since apart
from the lack of medium- and long-range restraints around the
N- and C-termini of the protein, nonsequential NOE restraints
are missing for the loop formed by the residues 33±57.

Previous attempts to estimate the amide proton exchange
behaviour of ahCG revealed that at a temperature range between
300 K to 328 K and at pH 5.1, all amide protons of ahCG are
exchanging rapidly with the solvent [8,18]. Therefore, no
hydrogen-bonding restraints were used in the calculations.

The disulfide bonding pattern of ahCG, known from the two
crystal structures of the intact hormone [10,11] was translated
into distance restraints and applied during the distance geometry
stage of the calculations. Subsequently, throughout all regular-
ization and refinement steps, the disulfide bridges were
introduced as covalent bonds (see Experimental procedures).

Structure determination and analysis

The complex pattern of the five cystine bridges of ahCG,
spatially very close to each other, complicates the structure
determination considerably. Our initial attempts to model the
three-dimensional structure of ahCG from the NOE restraints,
based on the standard DG/SA calculation protocol [22±24]
implemented in the program package xplor, were not
satisfactory. The calculations had a rather low success rate
since only about 66% of the conformers had the correct cystine
knot topology. Moreover, even those conformers, which
possessed a proper folding around the disulfide linkages, still
exhibited undesirably high conformational energies, indicating
that the calculations had not converged. Given the low success
rates reported for other solution structure determinations of

Fig. 3. Angular order parameters for the torsional angles f (A), c (B)

and x1(C) as a measure of local precision of the structure of ahCG.
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cystine knot proteins [31] these difficulties seem to be a
common problem when modelling cystine knot motifs from
NMR data. To overcome the problems associated with NMR
structure determinations of proteins with complex disulfide
bonding topologies, we modified the DG/SA-based calculation
protocol (see Experimental procedures). This modification
afforded a success rate of more than 90% and also gives better
geometries than the standard DG/SA protocol (Table 1), only at
the cost of a slight increase in computational time.

Out of initially 100 generated conformers, an ensemble was
selected to represent the solution structure of ahCG. A priori
nine conformers, containing an incorrect mirror image knot
topology were discarded on the basis of their significantly
higher conformational energy around the knot motif. A further
reduction was achieved to an ensemble of 27 conformers
comprising the two distinct structural families (denoted in
Fig. 2 with I and II), based on an energy-ranked crmsd profile
(Fig. 2). Details of the selection criteria are given in the
Experimental procedures section.

Backbone and side-chain angular order parameters [32,33]
of the solution structure of dg-ahCG, giving a measure of its
local precision, are shown in Fig. 3A,B,C. It is obvious from
Fig. 3 that the degree of structural definition within the protein
is inhomogeneous. The disorder present in the segment
comprising residues 33±57 reflects the absence of medium-
and long-range NOEs. This is in good agreement with the
random coil 1H chemical shifts of the corresponding residues
(Fig. 1B). In contrast, the segments comprising residues 11±28
and 59±84 represent the well-defined parts of the solution
structure of ahCG. The angular order parameters of these
segments S(f) and S(c) are > 0.8, and the average pairwise

rmsd values are 0.88 AÊ for the backbone atoms and 1.60 AÊ for
the heavy atoms. If residues 20±23 and 71±79, located in
conformationally heterogeneous hairpin loops, are excluded,
the rmsd values for backbone and heavy atoms drop to 0.71 AÊ

and 1.49 AÊ , respectively.

Quality of the structure

The individual backbone conformations of all nonglycine
residues in the defined regions (11±28 and 59±84) are presented
in the Ramachandran map shown in Fig. 4. According to
analysis with the program procheck-nmr [28], 34% of these
residues are located in most-favoured regions and 62.1% in
allowed regions of the f/c space. In the disallowed region 3.9%
of the amino acid residues were found, comprising almost all
backbone conformations of the glycosylated Asn78 (GlcNAc(78)).
The last feature is probably caused by the interaction of the
GlcNAc residue attached to Asn78 with the surrounding protein
core.

Three-dimensional structure of dg-ahCG in solution

The nonglobular folding of dg-ahCG is highly unusual. The
well-defined core formed by residues 11±28 and 59±84
consists of two twisted b hairpins linked by three disulfide
bridges (Cys28 : Cys82, Cys10 : Cys60 and Cys32 : Cys84)
forming a cystine knot (Fig. 5) [34]. The two hairpins are
connected by a disordered loop consisting of the residues
33±57. The N- and C-terminal segments, comprising residues
1±10 and 85±92, respectively, are also disordered and stick out
into the solution like two arms. The segments are connected to

Fig. 4. Ramachandran plot for the

ensemble of solution structures of ahCG.

All the nonglycine residues of the segments

11±28 and 59±84 are shown.
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the protein-core by two disulfide bridges (Cys7 : Cys31 and
Cys59 : Cys87) in a hinge-like manner. In Fig. 6 the protein
backbone representation of the solution structure of dg-ahCG
is shown. A detailed investigation of the two b-hairpins
constituting the core of ahCG reveals that the first one consists
of two extended segments including residues 11±14 and 24±
28. The segments are connected by two interlocking turns,
namely a 310-type turn formed by residues 15±19 and a classic
b-turn comprising residues 20±23. The other b-hairpin is
formed by two strands 59±69 and 75±85, which are connected
by a hairpin loop formed by residues 70±74. The two opposite
strands of the second hairpin exhibit irregularities in their
hydrogen bonding pattern due to a b-bulge located at residue
Lys63 and two interlocked b-turns involving residues 76±82.
Moreover, neither the first nor the second b hairpin possesses a
complete hydrogen bonding network as judged by analysis of
the consensus hydrogen bonds present in the solution structure
of dg-ahCG (Table 2).

Analysis of the cystine side chain conformations reveals that
in most cases the disulfide bridges exhibit conformational
heterogeneity (Fig. 5). Possibly, the overlap often occurring in
homonuclear NMR spectra of cystine knot proteins [35±37] and
consequently the scarcity of unambiguously assigned NOEs for
the spatially close cystine side chains might have caused this
conformational variability. On the other hand these results are in
agreement with the NMR spectra, namely the resonance of the
Cys59 shows extensive line broadening, while the signals that

Cys 32Cys 32

Cys 84
Cys 84

Cys 82

Cys 28
Cys 28

Cys 82

Cys 10
Cys 10

Cys 60

Cys 60

N

C

Fig. 5. Representation of the cystine knot motif of ahCG. Three representative NMR structures (right), crystal structure of hCG (left). The backbone strands

are indicated in purple. Only the heavy atoms of the cystine knot are displayed.

20-23

loop 70-74

loop 33-57

Ala 1

Ser 92

loop 

Fig. 6. Representation of the backbone conformation of the 27

conformers of ahCG. The superposition was carried out including the

backbone atoms of the residues 8±32 and 58±85. The residues outside this

region indicated in white represent the flexible and undefined part of ahCG,

except one conformer which is represented in a yellow ribbon. The b-sheet is

drawn in yellow and the 310-helix in cyan. The b-bulges, the tight turn and

the hairpin loop are coloured in red.
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should stem from Cys7 and Cys87 are not observed. These
features suggest that these residues, linking the flexible ends and
disordered loop, might be involved in a conformational
exchange process. This is possibly due to slow rotational
isomerism of the disulfide bridges, as has been observed
previously in disulfide bridges of small protease inhibitors such
as BPTI [38].

The conformational properties of the GlcNAc residues of dg-
ahCG linked to Asn52 and Asn78 are different. Previously, we
reported that the glycan chain at Asn52 is flexible and solvent
exposed and does not influence the structure of free ahCG
[8,17]. However, the spatial position of GlcNAc(78) is well-
defined due to 30 NOEs between the protein-core and this
monosaccharide (Fig. 7). The majority of these NOEs are
observed between the hydrophobic residues, such as Leu12,
Ile25, Val68, Val76 and the axial H1, H3 and H5 and the N-acetyl
protons of b-GlcNAc. Through this orientation GlcNAc(78)
shields the hydrophobic core in between the b hairpins from the
solvent.

Accession numbers

Coordinates of the NMR structures of endo-b-N-acetylglucosa-
minidase-B deglycosylated ahCG isolated from urinary hCG
will be deposited in the Protein Data Bank, Brookhaven
National Laboratory, USA.

DISCUSSION

Comparison of the solution structure of free ahCG with the
crystal structure of recombinant HF-dg-ahCG in the intact
hormone

Crystallographic studies of heterodimeric HF-treated hCG (N-
glycans mainly trimmed to GlcNAc-GlcNAc) revealed a tight
association of the a-and b-subunits. At the heart of the subunit
interface a short seven-stranded b-barrel is formed, consisting of
five b-strands of the b-subunit and two b-strands of the a-
subunit, comprising residues a30±37 and a53±57. Apart from
this central region hydrogen bonds are found in a short stretch of
an antiparallel b-sheet between the residues b44±46 and a77±
75 and hydrophobic contacts are observed between valine and
leucine at b44±45 and the triplet of phenylalanine residues
(a17,18,74) [10,11].

From Fig. 6 it is obvious that free dg-ahCG is a rather
flexible molecule. This is reflected by the disorder we observed
for the loop comprising residues a33±57, and also by the
conformational heterogeneity of the hairpin loop a70±74 and
the tight turn a20±23. Indications for the flexible nature of the
core moiety of free ahCG, as is suggested by Wu et al. [11],
can be inferred from its amide exchange behaviour. It was
observed that all amide protons exchange at a temperature of
300 K with the solvent within 30 min [8]. This observation is
in good agreement with the relatively incomplete hydrogen
bonding network identified in the solution structure of dg-
ahCG (Table 2). We can conclude that the increased flexibility
of free dg-ahCG in comparison to the dimer, is due to the

Fig. 7. Overlay of the backbone atoms of the b-sheets of the NMR

structure onto the crystal structure. In the X-ray structure the protein-core

and the GlcNAc(78) residue are coloured in red and blue, respectively. The

b-sheet of three representative NMR structures comprising GlcNAc(78) is

displayed in white, while the second b-sheet is indicated with a yellow

ribbon.

loop 70-74 turn 20-23

GlcNAc of
Asn 78

Glu 77

Table 2. Hydrogen bonds present within the protein moiety of dg-ahCG

in solution. Hydrogen bonds were identified with molmol if the distance

between donor and acceptor was , 2.4 AÊ , and the corresponding angle

, 35 8 in . 50% of the conformers constituting the solution structure

ensemble of dg-ahCG. Only the backbone atoms are taken into account.

Donor Acceptor Donor Acceptor

Asn15 Ile25 Asn66 Glu77

Gln20 Ala23 Gly73 Val70

Gly22 Gln20 Phe74 Val70

Ala23 Gln20 His79 Val76

Met29 Thr11 Thr80 Ser64

Ser64 Ala81 Ser85 Cys59

His 79

Leu 12

Ala 62

Cys 28

Gln 27 Val 76

Glu 771.8Å

Fig. 8. Superposition of the microenvironment of His79 in ahCG in an

average NMR structure (yellow) and the X-ray structure of hCG (red).

In earlier studies Parsons & Pierce [41] have reported that H12 of His79 in

ahCG is not exchangeable in 2H2O at pH 5, whereas this proton becomes

exchangeable upon binding to the b-subunit. The small deviation concerning

the negatively charged side chain of Glu77 and the orientation of the

hydrophobic side chain of Val76 can support an increase of exchange rate in

intact hCG.
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absence of interactions with the b-subunit. Although inter-
pretation of this observation in terms of biological functioning
is beyond the scope of this study, it should be mentioned that
other investigations have shown [5,39,40] that this loop of the
a-subunit is essential for receptor recognition and binding.
Since the primary structure of the a-subunit has been
conserved throughout the glycohormone family of CG, FSH
and LH, we suggest that in each of the hormones the structure
of this loop of the a-subunit is induced by the specific b-
subunits. Taking into account that the biological function of
LH and CG are similar and that both glycohormones are
recognised by the same receptor, it is tempting to hypothesise
that the 3D structure of this loop in the a-subunit of intact LH
is similar to that in the X-ray structure of ahCG in the complex
with bhCG, but different from the a-subunit in intact FSH.

It has been reported that the glycan beyond the first
GlcNAc(78) may have a small effect on the local tertiary
structure of ahCG, also causing an increase in the thermal
stability [8,18]. On the basis of the solution structure of dg-
ahCG the latter feature can be explained by a stabilising effect
of this glycan on the heterogeneous tight turn a20±23 and the
heterogeneous hairpin loop a70±74.

A further difference between ahCG in the X-ray structure
of HF-treated hCG and dg-ahCG is the orientation of the
segments comprising the residues of the tight turn a20±23
and the residues of the hairpin loop a70±74 (Fig. 7). This is
mainly the result of a different conformation around His79
(Fig. 8). The pKa value of this His79 in the intact hormone
and the free a-subunit has been determined previously to be
6.6 and 2.5, respectively [41]. In the solution structure of the
free a-subunit the environment of His79 is less polar than in
the X-ray structure of the intact hormone, which is due to
different orientations of the side chains of Glu77 and Val76.
Moreover, in intact hCG the orientation of the side chain of
Glu77 allows for the formation of a hydrogen bond with the
H12 atoms in the imidazole ring of His79. This is in
agreement with the suggestion that the microenvironment of
His79 in the a-subunit changes upon the formation of the hCG
dimer [41].

A model for the noncombined a-subunit of hCG (hCG-af)

Besides the role of ahCG in the ab-dimer it has been discovered
that the noncombined a-subunit of hCG (hCG-af), which is
produced in significant amounts by the placenta during
pregnancy, is able to stimulate prolactin secretion from human
decidual cells [42,43]. Although the carbohydrate composition
of hCG-af partially differs from ahCG [43,44], the a-subunit
derived through dissociation of hCG is also able to stimulate
prolactin secretion cells [42]. This observation strongly indicates
that the solution structure of dg-ahCG is almost identical to that
of fully glycosylated hCG-af. It should be noted that neither the
glycan at Asn52 nor the glycan chain beyond GlcNAc(78)
influences the structure of the protein-core of ahCG.
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