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Abstract The luteinizing hormone receptor (LHR) is a G
protein-coupled receptor (GPCR) particularly susceptible
to spontaneous pathogenic gain-of-function mutations.
Protein structure network (PSN) analysis on wild-type
LHR and two constitutively active mutants, combined with
in vitro mutational analysis, served to identify key amino
acids that are part of the regulatory network responsible for
propagating communication between the extracellular and
intracellular poles of the receptor. Highly conserved amino
acids in the rhodopsin family GPCRs participate in the
protein structural stability as network hubs in both
the inactive and active states. Moreover, they behave as the
most recurrent nodes in the communication paths between
the extracellular and intracellular sides in both functional
states with emphasis on the active one. In this respect, non-
conservative loss-of-function mutations of these amino
acids is expected to impair the most relevant way of
communication between activating mutation sites or hor-
mone-binding domain and G protein recognition regions.
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Introduction

The luteinizing hormone receptor (LHR), a G protein-
coupled receptor (GPCR) member of the glycoprotein
hormone receptor family, mediates the cellular actions of
luteinizing hormone (LH) and (in primates) chorionic
gonadotropin (CG) [1]. LHR is structurally composed of
three domains: an N-terminal extracellular region (ecto-
domain) (N-ter) responsible for high affinity specific
binding of the cognate hormones, a transmembrane region
containing seven membrane-spanning helices (Hs), along
with three extracellular (EL1, EL2 and EL3) and three
intracellular (IL1, IL2 and IL3) loops and a C-terminal
cytoplasmic tail [1]. Although GPCRs constitute the largest
gene family in the human genome, structures are known for
only four members of the rhodopsin family: rhodopsin in
its dark and constitutively active states ([2—4], the f1- and
f2-adrenergic receptors [5, 6], and the A, adenosine
receptor [7].

A combination of comparative modeling based on dark
rhodopsin structure, molecular simulations and character-
ization of engineered and naturally occurring LHR gain-of-
function and loss-of-function mutants has contributed to
inferring the structural features of inactive and hormone-
independent active states [8].

In earlier studies, we showed the important roles of H6
and H7 in rat LHR (rLHR), particularly D578
N61574 and N61974? [9]. The sequential numbering
refers to that of the human species that generally includes
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the 22 amino acid residue signal peptide, while that of rLHR
does not; the numbering in parentheses follows the scheme
proposed by Ballesteros and Weinstein [10], where the first
number indicates the helix and the numbers thereafter
indicate the position of the helical residue relative to the
most highly conserved residue within that helix, which is
denoted as 50 [9]. Our studies showed that D578 g
important in maintaining rLHR in an inactive state, mainly
by interaction with N6157*, while both N61574> and
N61974? are important in hormone-mediated signaling [9].

Using a combination of computational and in vitro
experimental approaches, this study was undertaken to gain
insights into the dynamic features of the inactive and active
human LHR (hLHR) states. For the first time, hLHR
structural models were analyzed in terms of structure net-
works. Indeed, only recently has the concept of protein
structure networks (PSN) been explored, giving more
insights into the global properties of protein structures [11,
12]. The representation of protein structures as networks of
interactions between amino acids has proven to be useful in
a number of studies, such as protein folding [13], residue
contribution to the protein—protein binding free energy in
given complexes [14], and prediction of functionally
important residues in enzyme families [15]. In this study,
PSN analysis, following the method described by Brinda
and Vishveshwara [16], is a product of graph theory
applied to protein structures. PSN analyses on the molec-
ular dynamics (MD) trajectory of the wild-type and the
D564°39G and D578 “H constitutively active mutants
(CAMs) of the hLHR, combined with the search for
intramolecular communication paths, served to investigate
the role of the highly conserved amino acid residues in the
information transfer associated with hormone-independent
hLHR activation. To this end, the functional significance of
most of the conserved amino acid residues in hLHR, i.e
N400“*, D405%%?, W491“% N615747, N6197+
and Y6233, was also determined by in vitro experiments.
The hypothesis being tested is whether the conserved amino
acids play a role in the stability of the network as well as in
the information transfer from the extracellular side to the
cytosolic regions. The comparative analysis of the inactive
and constitutively active forms will serve to highlight
differences in the protein structure networks and the com-
munication paths possibly associated with the hormone-
independent activation mechanism.

Materials and methods

Computational modeling

The initial structural models of the D3564¢3*°G and
D578*YH mutants were achieved by comparative

modeling, by means of MODELER [17], with the crystal
structure of opsin [4] as a template. Model building fol-
lowed the same strategy previously described [18]. The
selected model was mutated and subjected to energy min-
imization and 10-ns MD simulations in implicit water/
membrane [19]. Energy minimizations were carried out by
using 1,500 steps of steepest descent followed by adopted
basis Newton-Raphson (ABNR) minimization, until the
root mean square gradient was less than 0.001 kcal/mol A.
With respect to the setup of MD simulations, the lengths of
the bonds involving the hydrogen atoms were restrained by
the SHAKE algorithm, allowing for an integration time
step of 0.002 ps. The systems were heated to 300 K with
7.5 K rises every 2.5 ps per 100 ps by randomly assigning
velocities from a Gaussian distribution. After heating, the
system was allowed to equilibrate for 100 ps. The tem-
perature of the systems was kept constant during the
production phase. The same computational protocol was
employed for simulating the structural model of the wild-
type based on the crystal structure of dark rhodopsin [3],
according to a procedure previously described [18].
Trajectory analyses, including PSN, were carried out by
means of our Wordom software [20]. The PSN module,
based on the approach described in relevant papers by
Vishveshwara and co-workers [21], has been implemented
in a version of Wordom that is close to being released. The
implemented PSN is a product of graph theory applied to
protein structures [21]. A graph is defined by a set of points
(nodes) and connections (edges) between them. In a protein
structure graph, each amino acid is represented as a node
and these nodes are connected by edges based on the
strength of non-covalent interactions between nodes [22].
The strength of interaction between residues 7 and j (I;;) is
evaluated as a percentage given by Eq. 1:
n

Y %100 (1)

I =
iNj

where [;; is the percentage interaction between residues
i and j; n; is the number of atom-atom pairs between
residues 7 and j within a distance cutoff; N; and N; are
normalization factors for residue types i and j, which take
into account the differences in size of the side chains of the
different residue types and their propensity to make the
maximum number of contacts with other amino acid resi-
dues in protein structures. The normalization factors for the
20 amino acids in our implementation were taken from the
work by Kannan and Vishveshwara [23]. Thus, /; are
calculated for all nodes, excluding i &+ n, where n is a
given neighbor cutoff, 2 in this case. An interaction
strength cutoff /,,,;, is then chosen and any residue pair ij
for which I;; > I, is considered to be interacting and
hence is connected in the protein structure graph (PSG).
Thus, it is possible to obtain different PSGs for the same
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protein structure depending on the selected I;,, and,
consequently, I, can be varied to obtain graphs with
strong or weak interactions forming the edges between the
residues. The amino acids interacting at higher I.,;, values
make strong contacts, whereas the ones that interact only at
lower I,;, values make weak contacts [24].

The residues making zero edges are termed as orphans
and those that make four or more edges are referred to as
hubs at that particular I,,;,. The definition of /;; for evalu-
ating the hub character of a residue is slightly different
from that given in Eq. 1:

I = %’ % 100 2)
where the denominator holds only the normalization value
of the residue i whose hub behavior is being evaluated.

Node inter-connectivity is finally used to highlight
cluster-forming nodes, where a cluster is a set of connected
amino acids in a graph. Node clusterization procedure is
such that nodes were iteratively assigned to a cluster if they
could establish a link with at least one node in such a
cluster. A node not linkable to existing clusters initiates a
novel cluster and so on until the node list is exhausted.
Cluster size, defined as the number of nodes, varies as a
function of the I,;,, and the size of the largest cluster is
used to calculate the I value. The latter is defined as the
I'in at which the size of the largest cluster is half the size of
the largest cluster at I, = 0.0%. At Lin = leiige, Weak
node interactions are discarded, emphasizing the effects of
stronger interactions on the PSN properties.

In this study, maximum interatomic distance cutoff of
45 A was employed to define the atom contact pairs
contributing to the noncovalent pairwise interaction. Only
the amino acid side chains were considered for the calcu-
lation of the interaction strengths. PSN analyses were
carried out on each frame of the MD trajectory and all
residue-residue interactions characterized by I, values
>3.0% were considered for the analysis. Finally, only those
hubs occurring in >30% of the trajectory frames were
taken into consideration.

All possible shortest communication paths connecting
the extracellular and intracellular halves of the three sim-
ulated forms were searched by combining PSN data with
cross-correlation of atomic fluctuations calculated using
the linear mutual information (LMI) method [25]. Residues
belonging to the extracellular side (i.e., residues ranges
323-368, 413447, 498-532 and 582-612) were tested
against residues belonging to the intracellular side (resi-
dues ranges 374-407, 452-493, 538-577 and 617-336),
leading to more than 19,992 possible extracellular/intra-
cellular residue pairs.

Following calculation of the PSN-based connectivities
and of correlated Co-atom motions, for each frame, the

procedure to search for the shortest path(s) between each
residue pair consisted of (a) searching for the shortest
path(s) between each selected amino acid pair based upon
the PSN connectivities and (b) selecting the shortest path(s)
that contains at least one residue correlated (i.e., with a
LMI cross-correlation >0.3) with either one of the two
extremities (i.e., the first and last amino acids in the path).
In this respect, the relative number of amino acids holding
correlated motions with either one of the two extremities is
quantified by the correlation score, i.e., the ratio between
the number of correlated amino acids and the path length.
The latter excludes the two extremities.

Once the shortest paths have been found, calculation of
the path frequencies, i.e. number of frames containing the
selected path divided by the total number of frames in the
trajectory, is done. Path search saved all the shortest paths
with frequencies >10% and length > 3.

Materials

['*IIhCG and ['*I]cAMP RIA kits were obtained from
Perkin Elmer Life Science, Boston, MA, USA, and hCG
was also iodinated with Iodo-Beads (Pierce Biotechnology,
Rockford, IL, USA) and [Nalzsl] from Perkin-Elmer Life
Science. HEK 293 cells were purchased from American
Type Culture Collection (Manassas, VA, USA). Cell cul-
ture reagents were as follows: newborn calf serum,
Waymouth’s media, and trypsin—EDTA (Life Science
Technologies, Gaithersburg, MD, USA), Dulbecco’s
modified Eagle’s medium (DMEM) (Cellgro Mediatech,,
Herndon, VA, USA), and HEPES (Invitrogen, Carlsbad,
CA, USA). Transfection reagent was from Bio-Rad, Her-
cules, CA, USA and bovine serum albumin (BSA) and
isobutylmethylxanthine (IBMX) were products of Sigma
(St. Louis, MO, USA). The QuikChange Site-Directed
Mutagenesis kit was from Stragene (La Jolla, CA, USA);
the DNA sequencing kit and the plasmid maxi kit were
obtained from USB (Cleveland, OH, USA) and Qiagen
(Chatsworth, CA, USA), respectively.

Mutagenesis, cell culture and transfection

Mutants of hLHR, cloned in pcDNA3, were prepared using
the QuikChange Site-Directed Mutagenesis kit, identified
by sequencing, and purified with the Qiagen plasmid maxi
kit. The HEK 293 cells were grown in DMEM, supple-
mented with 10% (v/v) newborn calf serum, 50 U/mL
penicillin, 0.125 pg/mL amphotericin, 50 pg/mL strepto-
mycin, and 10 mM HEPES (pH 7.4), at 37°C in humidified
air containing 5% CO,. Lipofectamine was used to tran-
siently transfect the cells with wild-type or mutant hLHR
cDNA.
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Determination of hCG binding and cAMP production
in cells expressing wild-type and mutant LHR

The cells were plated into 12-well tissue culture plates
(1 x 10° cells/well) 16-18 h following transfection, with
binding or signaling studies being performed 24 h later.
Both competitive and saturation binding were done to
determine the maximum receptor density (B,.x) and either
ICsp (competition binding) or K4 (saturation binding) [26].
K4 was estimated from the ICs, values using the relation-
ship, K4 = ICs9 — L, where L is the concentration of
radiolabeled hormone. For competition binding, 100 or
200 pM ['*’TIhCG was added to all cells followed by
addition of various concentrations of hCG. For saturation
binding, [1251]hCG was added to the cells at various con-
centrations. In all cases, cells were incubated with hormone
for 6 h at 37°C in Weymouth’s medium containing 0.1%
BSA, and nonspecific binding was determined by adding
an excess (1 pg/mL) of hCG. For cAMP measurements,
various concentrations of hCG were added to cells in
Weymouth‘s medium containing 0.1% BSA and 0.8 mM
IBMX, then incubated for 30 min at 37°C. The medium
was removed and the cells lysed in ethanol at —20°C
overnight. The extract was dried under vacuum and taken
up in the cAMP assay buffer of the ['*’IJcAMP assay kit,
with concentrations being determined by radioimmunoas-
say. Whenever possible, the coupling efficiency, Q, was
determined [27] and is given normalized to that of wild-
type LHR.

The coupling efficiency is useful in comparing func-
tional aspects of wild-type receptors with those of mutant
forms, particularly since it includes the experimentally
accessible terms used to denote expression (Bp,,x), binding
(Ky) and signaling (ECsq and R,,). It, in essence, is a
measure of the functional response obtained for hormone-
occupied receptor.

Q == 05[1 + Kd/ECSO} [Rmax/Bmax]

To test for constitutive receptor activation in the
mutants, the basal cAMPs measured for wild-type and
each mutant receptor was plotted against at least three
expression levels, determined from B, determinations.
From 16 independent transfections of wild-type LHR, all
basal cAMP values were between 1 and 4 pmol/well, and
the mean increase in basal cAMP over about a 40-fold
range of expression was from about 2 to 3 pmol/well,
yielding 5 pmol cAMP/pmol LHR. If any mutant
consistently yielded basal cAMP values higher than that
of wild-type LHR and a greater slope with increasing
receptor expression, it was considered to be constitutively
active.

Data analysis

Prism software (GraphPad Software, San Diego, CA, USA)
was used to analyze all binding and signaling data by
nonlinear regression. With but one exception, the results
reported in the tables are averaged from 3-5 independent
experiments, each performed in duplicate; the figures show
representative binding and signaling from individual
experiments. Due to the interassay variations in binding
and signaling studies, we have adopted a conservative
twofold cutoff for significant changes in the experimental
parameters (relative to wild-type) and only then if
P < 0.05.

Results
In silico experiments

Computational experiments were initially aimed at analyz-
ing the intramolecular interaction networks characterizing
the wild-type and the D564°*%G and D578**H CAM
forms. Since we could not model the hormone-induced
active states due to the current impossibility of building the
whole ectodomain structure in complex with LH/CG, the
two CAMs were chosen as representatives of the active
states. In this respect, a new structural model of this mutant
was achieved, based upon the crystal structure of the active
opsin apoprotein [4]. The choice of D564¢9G [28, 29]
over the other hLHR CAMs was made essentially because
the simulation output does not depend upon the conforma-
tion of the mutated side chain (i.e. glycine, aside from a
hydrogen atom, is devoid of a side chain). Moreover, this
mutant was the preferred target of previous in silico exper-
iments on structural models of the hLHR based upon the
crystal structure of dark rhodopsin [8]. On the other hand,
D578“*YH CAM has been the target of in vitro experiments
shown in this study.

Comparative PSN analysis of the wild-type and the two
CAMs focused on the distribution of hubs, i.e. amino acids
that are highly connected and are crucial for protein sta-
bility, and of the shortest non-covalently connected paths
between amino acid pairs located on the two poles of the
helix bundle (see “Materials and methods”). Briefly, the
shortest paths are computed by combining the analysis of
correlated motions from the MD trajectory with the anal-
ysis of PSN, i.e., the components of the path are nodes
consecutively linked with at least one central node showing
correlated motions with either one of the two extremities.

Hub frequency distribution concerning the wild-type
trajectory highlighted a few amino acids localized in the
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modeled fragment of the N-ter, in EL2, as well as in the
seven helices as the receptor portions holding highly
connected residues, i.e., hubs (Table 1). Remarkably, the
most frequent hubs include almost all the few highly
conserved amino acids distributed in the majority of the
helices, such as N3779 D405%37, R464°7,
W4914°9 N61574Y, N61974”, Y6237, and F630 in
HS8. The arginine of the E/DRY/W motif is also one of
the inactive-state stable hubs, as it is involved in salt
bridges with both E463°*” and D564, a feature
inherited from the dark rhodopsin structure, as previously
reported [8]. Hubs also include D578®*® the activating
mutation site considered in this study. The number of
hubs and hub-involving links holding a frequency higher
than 30% is reduced on going from the inactive to the
CAM forms (i.e., respectively, 25 and 105 for the wild-
type, 19 and 84 for D564<6‘30)G, as well as 23 and 97 for
D578(6'44)H). In detail, hub contribution from IL1 is
completely lost (Table 1). On the same line, the highly
conserved R464°>? of the E/DRY/W motif loses its hub
behavior in the two CAMs. The loss of R464°° as a
hub is due to the breakage of both the salt bridges
involving the fully conserved arginine in the inactive
form. Remarkably, this feature of the two CAMs, which
in this study are derived from the opsin structure, had
already been seen in previous structural models of the
same mutants derived from MD simulations starting from
the crystal structure of dark rhodopsin [8]. On the other
hand, other highly conserved amino acids like W491(4'50),
N61574> and Y6237 diminish their hub behavior in
D564 but not in D578¢*YH (Table 1). In contrast,
novel hubs not seen in the inactive form include a CAM
site, L457(3'43), and a conserved amino acid, Y546(5‘58),
previously found to be important for hLHR-mediated
cAMP production [30, 31]. The gain in hub behavior by
Y5465® on going from the inactive to the active state is
due to a move from the membrane environment towards
the core of the helix bundle where it gains H-bonding
interactions with the E/DRY/W arginine (Fig. 1).

The PSG of wild-type hLHR shares with the two CAMs
more than 80% of nodes, whereas only 46.54 and 43.55%
of links are shared in common with D564°3G and
D578 ¢4YH, respectively (Table 2). Common link-involv-
ing hubs are even lower between wild-type and CAMs (i.e.,
~30%, Table 2). The degree of similarity in the PSGs of
D578 *YH with respect to D564*%G is slightly higher
compared to wild-type, i.e., common nodes, links and link-
involving hubs being, respectively, 90.43, 61.92 and
52.38%.

In contrast to hub and hub-involving link distribution,
the number of shortest communication paths increases on
going from the inactive to the active forms (see “Materials
and methods” for the path finder procedure). In fact, paths
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Table 1 Hubs found in the three simulated systems

Res® Loc.” WT* D564G* D578H¢
W329 N-ter 31.21 13.98 22.80
E332 N-ter 42.99 7.43 0.20
F335 N-ter 28.55 42.42 7.96
F350 N-ter 45.81 50.15 37.91
C353 N-ter 37.39 0.17 1.84
R363 H1 52.41 15.29 44.35
N377 H1 49.26 17.10 12.34
K390 IL1 38.05 14.68 0.00
R395 H2 82.51 22.30 38.37
N400 H2 3.10 79.12 84.41
L401 H2 11.77 58.85 30.63
D405 H2 55.28 91.77 98.11
M408 H2 40.72 32.95 26.50
L412 H2 4.88 35.01 9.98
K423 H2 26.45 43.57 2.71
V447 H3 2.74 13.57 33.15
L452 H3 1.40 59.78 81.49
L457 H3 7.49 36.50 30.71
R464 H3 68.04 7.72 9.15
W465 H3 44.56 69.34 30.28
H466 H3 17.51 41.46 2.96
M487 H4 19.18 35.51 1.15
W491 H4 38.18 27.46 61.08
K510 EL2 74.93 4.44 28.00
Y527 EL2 46.34 49.17 50.14
N535 H5 8.30 4.96 79.12
F539 H5 55.62 28.99 46.30
Y546 H5 5.51 80.42 74.76
K570 H6 54.77 26.94 19.14
D578 H6 87.13 38.04 99.93
F588 H6 50.76 24.62 66.46
K605 H7 37.76 17.66 35.49
Y612 H7 91.83 55.28 84.37
N615 H7 82.83 24.74 65.84
N619 H7 44.54 60.02 66.63
Y623 H7 78.77 20.75 34.06
F630 H8 86.95 71.61 45.60

* Amino acids that behave as hubs in the MD trajectories concerning
the wild-type, and the two CAM forms. Bold labels indicate amino
acids conserved in >65% of homologous GPCR sequences [35]

P Receptor portions that hold a given hub

¢ Hub frequencies expressed as percentages by dividing the number
of frames in which a give amino acid behaves as a hub by the total
number of frames (10,000) in the MD trajectories of the wild-type,
D564°*”G and D578'**H

with frequency > 10% (i.e., present in >10% of frames)
and length > 3 are 642 for the wild-type, 795 for
D564°39G and 965 for D578¢*YH. Similarly, the
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Fig. 1 Hub distribution and
details of interactions involving
highly conserved amino acids.
Top The hub residues in the
wild-type (a), in D564¢30G
(b), and D578 *?H (c¢) are
shown as white spheres centered
on the Ca-atoms on the average
minimized structures. Only hubs
characterized by frequencies
higher than 30% are shown. The
receptor structures are seen in a
direction parallel to the putative
membrane surface, the cytosolic
side being on top. The different
receptor portions are colored as
follows: helices 1, 2, 3,4,5,6,7
and 8 are blue, orange, green,
pink, yellow, cyan, violet; and
red; the N-ter is red, IL1 and
EL1 are lime, IL2 and EL2 are
grey, and 1L3 and EL3 are
magenta. Bottom The cytosolic
halves of the wild-type (a),
D564°39G (b) and D578¢*YH
(c) are shown according to the
same view as on fop. Details of
the interactions made by the
highly conserved amino acids
are shown as sticks

maximal path frequency and length are higher for the two
CAMs compared to the wild-type (i.e., 56.94 and 10 for the
wild-type, 85.15 and 12 for D564°>?G, and 70.60 and 12
for D578%*YH (Table 2; Supplemental Table S1). In line
with the characteristics of the structure networks, the
similarities in the paths that characterize the two CAMs are
slightly higher compared with wild-type.

The following path analysis focuses on the most fre-
quent paths, i.e., those with frequency > 30% and
length > 5, which are 11 for the wild-type and 47 for the
two CAMs (Table 2; Supplemental Tables S1-S3). For all
the three hLHR forms, the average correlation score con-
cerning the most frequent paths is close to 1 (i.e., being
1.00, 0.93 and 0.78 for wild-type, D564*“G and
D578(6'44)H, respectively; see “Materials and methods” for
its definition), indicating that almost all the central amino
acids hold correlated motions with at least one of the two
extremities (Tables S1-S3). The receptor portions that
contribute the most to the shortest communication paths are
essentially H2, H3, HS, H6 and H7. The contribution of H1
is low and almost the same for the three receptor forms. In
contrast, the wild-type is more similar to D578¢*YH
compared to the other CAM for the contribution of H2 and
H7, whereas it is more similar to D564°39G for the
contribution of H5 (Supplemental Figure S1). Finally, the

two CAMs are more similar between each other for the
contribution of H6 (Figure S1). Collectively, the contri-
bution of H6 is highest for the wild-type compared to the
other two forms, the contributions of H2 and H7 is highest
in D564¢39G compared to the other two forms, and the
contribution of H3 and H5 is highest in D578 “**H com-
pared to the other two forms.

Frequent paths hold at least one hub (marked by asterisk
in Tables S1-S3). Moreover, most paths contain at least
one highly conserved amino acid (marked in bold in Tables
S1-83). For wild-type and D564*°’G-, most paths involve
the loss-of-function mutation site $61674 [32] (under-
lined label in Tables S1-S3). For the wild-type receptor,
the highly conserved amino acid pair N377"-3” and
D405 recur in all most frequent paths (Table S1). In
some paths, such a conserved pair can be found as a part of
a longer stretch of highly conserved amino acids, the
longest of which is N615-N619-D405-N377-P620, com-
prising the asparagine and proline of the NPxxY conserved
motif (Table S1; Fig. 2c). The 11 most frequent paths
found in the wild-type are essentially variances of paths 1
and 2, differing for the extracellular and cytosolic
extremities (Table S1; Fig. 2a—c). Amongst these paths,
path 3 holds the highest relative number (85.71%) of rel-
evant amino acids, i.e., highly connected (hubs), highly
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Table 2 Parameters of structure graphs and communication paths con-
cerning the three simulated systems

WT D564G D578H
Hubs® 25 19 23
Nodesg,, 217 209 226
NodesPom - 180 (86.12) 190 (84.07)
Nodes8pec - 29 (13.88) 36 (15.93)
LinksS, 279 260 287
LinksSom - 121 (46.54) 125 (43.55)
LinksSpec - 139 (53.46) 162 (56.45)
HubLinksd 105 (37.63) 84 (32.31) 97 (33.80)
HubLinksd, - 31 (36.90) 39 (40.21)
HubLinksec - 53 (63.10) 58 (59.79)
Pathsgor 3 642 795 965

Paths %01 3com - 34 (4.28) 25 (2.59)
LenMaxg o3 10 12 12
LenAvggioLs 5.14 6.46 6.23
FrqMax® o1 3 56.94 85.15 70.60
FrqAvglio s 17.34 18.76 17.99
Pathsksg; s 11 (1.71) 47 (5.91) 47 (4.87)
LenMaxksor s 6 8 9
LenAvelsors 5.18 5.89 6.23
FrqMax¥3o1 5 44.55 75.13 56.46
FrqAvefsoLs 34.87 38.99 37.13

# Number of hubs found in >30% of the 10,000 trajectory frames (i.e., with
frequency > 30%) concerning the three simulated hLHR forms

® Data concerning nodes that constitute the largest cluster with fre-
quency > 30%. Nodes,, is the total number of nodes. Nodes.,, is the
number of nodes that D564*”G and D578“*“H share in common with the
wild-type. Nodesgpe. is the number of nodes peculiar to each of the two
CAMs. The number in parenthesis is the percentage with respect to the
respective Nodeso,

¢ Data concerning links that constitute the largest cluster with fre-
quency > 30%. Links, is the total number of links between nodes in the
PSG. LinkSom is the number of links that D564**”G and D578*H share
in common with wild-type. Linksgp. is the number of links peculiar to each
of the two CAMs The number in parenthesis is the percentages with respect
to the respective Links

9 Data concerning links connecting hubs with frequency > 30%. Hub-
Links,, is the total number of links that involve hubs. HubLinks..,, is the
number of hub-involving links that D5643”G and D578*’H share in
common with the wild-type. HubLinksgp. is the number of hub-involving
links peculiar to each of the two CAMs. The number in parenthesis is the
percentage with respect to HubLinks,,

¢ Paths,, is the number of paths with frequency > 10% and length > 3

! Number of paths with frequency > 10% and length > 3 that each CAM
shares in common with wild-type. The number in parenthesis is the per-
centage with respect to the respective Paths,

& Maximal and average lengths (i.e., LenMaxg o3 and LenAvgg g3,
respectively), excluding the two extreme amino acids, reached among paths
with frequency > 10% and length > 3

" Maximal and average frequencies (FrqMaxg o 3 and FrqAvgg, o 3) reached
among paths with frequency > 10% and length > 3
! Paths,q, is the number of paths with frequency > 30% and length > 5

I Maximal and average lengths (i.e., LenMaxpsors and LenAvggsors,
respectively), excluding the two extreme amino acids, reached among paths
with frequency > 30% and length > 5

¥ Maximal and average frequencies (FrqMaxg;o.5 and FrqAvggso s) reached
among paths with frequency > 30% and length > 5

conserved, and sites of naturally occurring mutations.
Collectively, in 18% of paths, relevant amino acids con-
stitute 85% of the constituting nodes (Table S1).

In D564°3*G CAM, the most recurrent highly con-
served amino acid is D405, a hub that participates in 46 of
the 47 most frequent paths (Table S2). Other recurrent
conserved amino acids include N377(1‘50), Y546(5‘58),
N61974” P6207? and Y6237, all of which are
located in the cytosolic half of the helix-bundle and, as
such, constitute one extreme of the path (Table S2;
Fig. 2d—g). Remarkably, 31 out of 47 paths with fre-
quency > 30% share the F515-Y612-M408-S616-D405
sequence of connected amino acids, S616 being a site of
spontaneous loss-of-function mutations [32] (Table S2).
Different from the wild-type, most paths (74.47%) hold
more than 85% of relevant amino acids. Remarkably, seven
paths (i.e. paths 14, 17, 19, 24, 26, 29 and 38) are entirely
made of relevant amino acids. Similar to the wild-type, the
longest stretch of highly conserved amino acids is N615—
N619-D405-N377-P620, which is found only in path 23
(Fig. 2f). The order of amino acid connectivities in this
path is such that D578 is connected with N61574%,
consistent with previous inferences from computational
modeling [9, 33].

The highly conserved amino acids that participate the
most in the paths of wild-type and D564°3%G also con-
tribute to the paths of D578*YH, though less frequently
(Tables S1-S3; Fig. 2h-k). Also in this case, the longest
stretch of highly conserved amino acids is N615-N619—
D405-N377-P620, which is found in 5 out of 47 paths
(Table S3; Fig. 2k). Peculiar to the D578®*?H paths is the
presence of the mutated amino acid (H578), which is a hub
in the PSG and a node in 36 out of the total 47 paths (Table
S3). Furthermore, the number of relevant amino acids in
each path is lower compared to the other two forms. Major
differences between D578®**'H and the other two hLHR
forms concern an higher contribution of HS that partici-
pates in the extracellular half of 85% of the most frequent
paths (Table S3; Fig. 2j, k).

In vitro experiments

Based on the computational predictions regarding the fre-
quently occurring hubs, a number of single amino acid
residue replacements were made in H2, H4, H6 and H7 to
determine their functional role in ligand-mediated receptor
activation. In addition, some were chosen based on con-
servation of structure and to characterize their possible role
in signaling and intrahelix interactions via double mutants.
The functional characteristics of these mutants are sum-
marized in Tables 3 and 4 with representative binding and
signaling curves shown in Fig. 3 and the Figures S2-S7. In
addition to standard tests for statistical significance, a
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conservative cut-off of a > or <2-fold change versus wild-
type hLHR was used to classify a parameter as different
from that of wild-type hLHR expression and function.
The expression levels are significantly reduced in the
W4914°9N, N6197*”A  and  Y623"°YA  mutants,
although functionality could be estimated for all three
mutant receptors. The binding affinity, as monitored by Ky
or ICs, is not appreciably altered relative to wild-type,
except perhaps for N61974”A K and Y6237°¥A; how-
ever, the relatively low level of expression of N619749A
and Y6237PA suggests caution in interpreting these
small differences as meaningful. As determined using
absolute values and the slope method described in
“Materials and methods”, only three hLHR single mutants
exhibited elevated basal cAMP levels, D578**H and

<« Fig. 2 Representative paths in the wild-type (fop), D564¢39G

(middle) and D578 ¢*YH (bottom). The receptor structures are seen
in a direction parallel to the putative membrane surface, the cytosolic
side being on top. The longest paths with the highest relative frequency
amongst the total number of paths (i.e., paths with frequency > 10%
and length > 3) are shown on the bundle. In contrast, paths selected
among those characterized by frequency > 30% and length > 5, i.e.,
most frequent paths, are shown outside the bundle. The amino acid
composition of the longest path is reported below, whereas those of the
most frequent paths are listed in Tables S1-S3. In general, nodes are
represented by spheres centered on the Ca-atoms and connections
between nodes are represented by green sticks. In those cases in which
multiple paths are shown, green sticks indicate the shared portion of
the paths. Here, the identification number of the selected paths together
with their respective frequency are reported. In this respect, those
paths graphically shown for the wild-type are: a L502—F444—-F448-
L452-W491-T456-L401-M398-Y623-R395-K390-D633 the longest
path with the relative highest frequency (13.79%); b paths 1, (44.55%;
red stick) and 5 (33.88%; purple stick); and ¢ paths 2 (41.37%; red
stick) and 3 (39.05%; purple stick). Those paths graphically shown
for D564°**'G are: d F335-K605-F588-L608-F515-Y612-M408~
8616-D405-N619-L457-Y623-Y546-M571 the longest path with the
relative highest frequency (11.07%); e paths 8 (47.2%; red sticks), 9
(43.72%; purple sticks) and 10 (43.28%; cyan stick); f path 23
(35.60%); and g path 46 (30.33%). Those paths graphically shown for
D578“YH are: h §440-Y508-P501-Y527-1531-E451-N535-H578~
N615-N619-D405-N377-P620-V380 the longest path with the rela-
tive highest frequency (11.58%); i paths 1 (56.46%; red sticks) and 4
(46.85%; cyan stick); j paths 6 (46.09%;, blue stick) and 9 (43.16%; red
stick); and K paths 24 (35.77%; purple stick), 29 (33.78%; cyan sticks),
and 38 (31.26%; blue sticks)

N619749D K, the latter of which exhibited only a very
slight elevation; however, most showed diminished
responsiveness to hCG as monitored by the ECsq and R, ,,ax
values, i.e. potency and efficacy, respectively.

The three single mutants in H2 and H4, N400(2'45)W,
D405*°”N and W491“°°N, yielded ECs, values 3- to
5-fold higher than that of wild-type, but the efficacy of
signaling was significantly reduced only for D405*N.
K570°3%N in H6 is, overall, quite similar to wild-type,
and the D578 “*H mutant has been previously shown to
result in highly elevated basal cAMP values and marginal
responsiveness to hCG [34], as confirmed in these studies.
In H7, signaling potency and efficacy are greatly dimin-
ished in the A, D and K replacements of N61574 ); the
same substitutions of N6197*% caused greatly reduced or
loss of signaling. The Y6237 A mutant expressed poorly
and is also devoid of signaling.

The double reversal mutant, N4OO(2'45)W/W491(4‘50)N,
expressed at a low level, but it signals reasonably well.
Thus, there is no evidence of rescue of the signaling. The
double reversal mutant, D405<2'50)N/N619(7'49)D, does not
exhibit elevated basal cAMP, as does the H7 single mutant,
and signaling remains compromised, paralleling the case
with the two single mutants that comprise the double
mutant. Thus, D405%5N  overcomes the constitutive
activation induced by N619(7'49)D, and N619749D seems



LHR activation

1235

Table 3 Summary of functional characteristics of single LHR mutants

Mutant B2.x (% wt) K5 (mut/wt) Basal cAMP® (mut/wt) EC%, (mut/wt) R« (% wt) 0° (mut/wt)
H2
N40OW (n = 3) 32410 0.6 £ 0.1 0.9 + 0.1 334+ 09 81+ 7 1.0 + 0.05
D405N (n = 3) 143 £+ 15 1.6 £ 0.1 1.0 £ 02 44 £ 15 28 +2 0.1 £ 0.01
H4
W49IN (n = 4) 35+9 1.1+03 0.6 £ 0.2 32405 78 + 22 0.9 £ 0.05
H6
K570N (n = 3) 90 + 23 0.9 +0.1 0.7 £ 0.1 21+08 110 + 28 0.5 + 0.06
D578H (n = 5) 116 + 16 0.9 + 0.1 22.0 + 4.0° ND NR ND
H7
N615A (n = 3) 46 + 14 0.8 £ 0.01 1.0 £ 0.1 5.6 £ 0.1 18 +7 0.1 £ 0.01
N615D (n = 5) 3447 1.7 £02 0.8 £ 0.1 3.0 £0.1 8 +1 0.3 £ 0.08
N615K (n = 2) 144 £ 5 1.5+ 0.1 1.0 £02 5.6 +£02 47 £ 8 0.2 £ 0.03
N619A (n = 5) 20 £ 6 0.5+ 0.1 0.8 £ 0.1 ND 2403 ND
N619D (n = 3) 97 + 38 0.8 £0.2 46 +15° 12403 32+6 0.3 £ 0.03
N619K (n = 3) 36 + 12 04 +0.1 1.6 + 0.3¢ ND 341 ND
Y623A (n = 2) 12+5 0.5+ 0.1 0.7 £ 0.0 ND NR ND

NR Not responsive, ND not determined

* Given as a percentage of that of wild-type LHR

® Presented as the ratio of the parameter to that of the wild-type LHR, where Q is the coupling efficiency as defined in the text. Mean
values == SEM of the wild-type LHR were (n = 22): By.x = 61.9 £ 15.2 fmol/well; K4y = 1.8 £ 0.25 nM; Basal cAMP = 2.6 £ 0.34 pmol/
well; EC5o = 0.5 £ 0.1 nM; Ry. = 217.2 + 38.6 pmol/well

¢ If normalized to expression levels, the values for basal cAMP for D578H, N619D and N619 K are, respectively, 22.8 & 3.8, 6.0 £+ 1.2 and

5107

Table 4 Summary of functional characteristics of double and triple mutants of LHR

Mutant

Biax (% wt)

Kg (mut/wt)

Basal cAMP® (mut/wt)

ECY, (mut/wt)

Rivax (% wt)

0° (mut/wt)

H2/H4

N40OW/W491 N (n = 4)

H4/H7

D405N/N619D (n = 4)

H6/H7

K570N/N619 K (n = 3)
D578H/N615A (n = 4)
D578H/N619A (n = 4)
D578H/N619D (n = 3)
D578H/N615A/N619A (n = 2)

18+6

86 £ 17

387
198 £ 47
83 £ 41
141 £ 17
191 £ 35

14+£04 09+03
09 £ 0.1 1.1 £0.1
09 £0.1 05+£0.1
1.6 £0.2 37 £ 14°
0.6 £0.3 1.0 £ 0.1
09 £ 0.1 52+ 1.6°
277+0.8 1.2 £ 0.1

24 £ 0.5

32+£07

ND
29+£0.7
84 +23
1.0+ 03
ND

287

48+ 6

NR
19+ 4
9+3
52+9
NR

1.1 £0.2

0.3 + 0.00

ND

0.1 £0.01

0.04 £ 0.01
0.4 £0.03

ND

NR Not responsive, ND not determined

# Given as a percentage of that of wild-type LHR

" Presented as the ratio of the parameter to that of the wild-type LHR, where Q is the coupling efficiency as defined in the text. Mean
values = SEM of the wild-type LHR were (n = 13): B.x = 87.8 £ 23.1 fmol/well; K4 = 2.1 £+ 0.35 nM; Basal cAMP = 2.5 &£ 0.5 pmol/
well; EC5o = 0.4 £ 0.1 nM; R« = 207.5 £ 39.2 pmol/well

¢ If normalized to expression levels, the basal cAMP values for D578H/N615A and D578H/N619D are, respectively, 18.3 + 6.8 and 3.4 + 1.0

to rescue to some extent the impaired potency associated

with the D405%°°N single mutant.

Two of the four double mutants in H6 and H7,

D578¢4YH/N61574YA  and D578 C*YH/N619749D,

exhibit constitutive basal activity as determined by intra-

cellular cAMP concentrations and the approach described

tively

abolished in

in “Materials and methods”. Further, signaling is effec-
K570 “N/N619" K

and
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Fig. 3 Representative
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D578C4YH/N615744/N61974PA, and greatly reduced
in D578 *YH/N6197*VA.

The results with the double mutants involving
D578(6'44), on one side, and N61574 and N61974? on
the other one, reveal that only N619749A overcomes
the constitutive activation associated with D578(6‘44)H;
N615749A has little impact on the level of constitutive
activation of the D578**H mutant but does render the
receptor responsive to hormone. N6197*”D, on the other
hand, significantly reduces the level of constitutive acti-
vation of D578°*’H and confers hormone responsiveness.
The triple mutant, while expressing well, is not constitu-
tively active and is devoid of hormone responsiveness.
Thus, the presence of the two Ala replacements for
N61574 and N6197*? overcome the constitutive acti-
vation resulting from D578 *"H and impose an inactive
conformation on the receptor, even when binding hormone
is normal.

Discussion

Luteinizing hormone receptor shares with the homologous
GPCRs a few highly conserved residues that are expected
to play a relevant functional role [35]. The most defined
role to date pertains to R3.50, the arginine of the E/'/DRY/W
motif. In this respect, advances in structure determination
of rhodopsin provide high resolution support to previous
inferences from in vitro and in silico experiments that the
interaction between R3.50 and both E3.49 and E6.30
contributes to the inactive states of a number of GPCRs [8].
Indeed, the crystal structures of dark rhodopsin and of the
constitutively active opsin apoprotein, respectively, does
and does not hold the double salt bridge involving R3.50
[4, 36]. Moreover, in line with predictions by computa-
tional experiments on mutation-induced and agonist-

D578H/N619A D578H/N619D
50 600000 oo 9000
Z =P
ER £3
Bz oz
2F 300000 2 g 4500
= a E &
8L 3L
) &
@ 0 0e
00 06 12 18 24 3.0 00 09 18 27 3.6 45
121 hCG (nM) 1251 hCG (nM)

= 400 = 30

3 3

g 2

g 200 & 15

S S

< <

Q o

0 0+
0 0.05 0.15 05 15 3 6 0 0.05 015 05 153 6
hCG (nM) hCG (nM)

induced active states of a number of GPCRs, including the
LHR [8, 18], the recent crystallographic structures of the
constitutively active opsin apoprotein, both in its basal
state and in complex with the C-terminal peptide of
transducin, show that the breakage of the salt bridge
interactions between R3.50 and both E3.49 and E3.60 is
associated with about a 200 AZ increase in solvent acces-
sibility in the neighborhood of the E/DRY/W motif
compared to dark rhodopsin, and favors the establishment
of interactions between the R3.50 itself and the peptide
from the C-terminus of transducin [4, 37].

The structural/dynamics implications of other conserved
amino acids like N1.50, N2.45, D2.50 and W4.50, as well
as N7.45, N7.49, P7.50 and Y7.53 of the NPxxY motif, are
still ill-defined.

The computational experiments carried out in this study
provide considerable new information on the role of the
highly conserved amino acids in receptor function. For the
first time, we have looked at the structural models of
inactive and active hLHR forms in terms of structure net-
works, in which each amino acid constitutes a node, and in
terms of communication paths between intracellular and
extracellular nodes. Another novelty in this study is that the
active receptor form originates from MD simulations on a
structural model derived from the active opsin apoprotein
structure [4].

The number of hubs and link-involving hubs in the wild-
type is higher compared to the two CAMs, consistent with
early inferences that the active GPCR states share lower
stability and higher structural flexibility compared to the
inactive states [38]. Path distribution in the inactive state is
characterized by a heavy involvement of nodes from H6
and H7, with emphasis on the latter. Remarkably, three out
of the four or five nodes from H7 in the most frequent paths
are highly conserved amino acids including members of the
NPxxY motif.
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Although the structure networks of the three simulated
systems share the majority of nodes (i.e., more than 80%),
they differ in the connectivities between such nodes. In this
respect, the similarities between the two CAMs are higher
than those between the wild-type and each CAM. This also
holds for the shortest communication paths, for which the
degree of similarity between the two active forms is low
(i.e., 88 identical paths out of 795 and 965 paths of
D56439G and D578 ¢4 H, respectively), though higher
compared to the inactive one.

Constitutive activation of the hLHR is associated with
an increase in the number of communication paths, indic-
ative of augmented information flow between the two poles
of the helix-bundle. Thus, a reduction in highly connected
amino acids is associated with enhanced intramolecular
communication in the CAMs. The involvement of H7 and
the members of the NPxxY motif in the most frequent
communication paths increases in the two CAMs, with
emphasis on D564¢3%G, compared to wild-type, whereas
the contribution of H6 diminishes. In spite of these com-
monalties, the two CAMs differ in path composition. This
is due, at least in part, to the different contribution of H2,
H3, H5 and H7 to the paths: where H2 and H7 contribute
more in D564°39G than in D578(6'44)H, and the contrary
holds for H3 and HS. This suggests that CAMs, although
characterized by common features not found in the wild-
type, differ in the way structural information flows within
the receptor structure.

The most frequent paths in the two CAMs are charac-
terized by alternate connections between H7 and both H1
and H2, where the highly conserved D405%°% constitutes
the most recurrent node, which in D564°39G is almost
always linked to the S616 loss-of-function mutation site in
H7. Other pairwise connections between a spontaneous
mutation site and a highly conserved amino acid in H7
include N6197*”-1.457%4% and D/H578**Y-N615"74%,
the latter being present in all frequent paths of D578 ¢4H.
These data are consistent with previous observations that
the integrity of N6197*? and N6157** are, respectively,
essential for the constitutive activity of mutants at
L457%4% and D578*¥ [9, 39]. A feature of the CAM
forms, with emphasis on D564(6‘3O)G, is the presence of the
conserved Y546°® as a node in the cytosolic extremity of
some paths, always connected with Y6237°% of the
NPxxY motif. This result agrees with in vitro experiments
showing that Y546°-® is important for hormone-induced
cAMP production [30, 31]. A peculiarity of D564°39G is
the presence of F515 in EL2 and/or L608"">® as nodes in
the extracellular extremity of the most recurrent paths. It is
of interest that F515 was implicated in the mechanism of
agonist-induced enhancement of hLHR internalization
whereas L6O8(7‘38), when deleted in combination with the
adjacent V60973 causes loss of function [32].

The results of in vitro experiments carried out in this
study strengthen the essential functional role for most
of the highly conserved hubs. Indeed, N400Z*w,
D405%°PN, W491“°”N, N6157*YA, N6197*? A and
Y62379A showed almost complete impairment in their
hormone-stimulated activity, the N400?*  substitution
being less severe in this respect. Permutations of some of
these conserved amino acids with close neighbors such as
N400Z*PW/W4914°ON, D405 ”N/N6197*D  and
K57039N/N61974”K did not serve to rescue the func-
tionality of the most severe mutant in each pair, i.e., those
of W491%°9 " D405%? and N6197*”, respectively.
These results, combined with the results of PSN analysis,
suggest that function retention requires conservation of the
topology of these highly conserved amino acids, essentially
because the latter behave as stable hubs in the structure
network of wild-type hLHR and because D405*° and
N61974 are important nodes in the most frequent com-
munication paths of both functional forms. Along this
line, and similar to previous results on rLHR [9], the
combination of the N619*?A inactive mutant with the
D578*YH CAM leads to an inactive mutant, indicating
that the constitutive activity of D578®**'H expresses itself
through the integrity of the NPxxY asparagine.

The experimental results on D405*>”N and K570*°N
are in agreement with studies by others, although the
present work provides a more complete assessment of
receptor functionality. For example, an increase in ECsg and
a decrease in R,,,, of the D405%5N mutant had already
been reported [30, 31]; also, decreased B,.x and R« val-
ues were found for the K570 A mutant [40]. The present
studies on the other amino acid residue investigated in H6,
D578¢4 are overall in good agreement with the many
studies published on rLHR (Angelova et al. [9]) and hLHR
(www.ssfa-gphr.de; http://gris.ulb.ac.be/). There are some
subtle differences between the results on hLHR and the
earlier studies on rLHR; however, they can probably be
attributed to different cells used for transfection and
inherent differences in the receptors (human and rat).
Moreover, the results reported herein on the three highly
conserved amino acids in H7 of hLHR, N615(7‘45),
N61974 and Y623(7‘53), parallel the earlier results of
alanine replacements obtained with rLHR [41, 42].

Collectively, structural and mutational analyses suggest
that the main reason why selected highly conserved amino
acids in H2 and H7 are essential for both hormone- and
mutation-induced activation of the LHR is that they par-
ticipate in the structural stability of the protein as they are
hubs in both the inactive and active states. Moreover, they
behave as the most current nodes in the communication
paths between the extracellular and intracellular sides in
the functionally different states with emphasis on the active
ones. In this respect, non-conservative mutations of either
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D405 or N61974”, or P6207°” or Y6237 are
expected to impair the most relevant ways of communi-
cation between activating mutations sites or the hormone-
binding domain and G protein recognition regions.

Although the two CAMs considered in this study share
some common features likely related to their common
active state, they show clear differences in the structure
network and in the composition of the shortest communi-
cation paths, indicative of differences in the information
flow between the two poles of the helix bundle.

The inferences from this unprecedented way to unravel
the structural hallmarks of the inactive and active states of
a GPCR are likely to apply to the homologous members of
the large rhodopsin family.
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