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ABSTRACT The relationship between the Ser, Thr, and Cys side-chain conformation (y; = g, t, g*) and the main-chain
conformation (¢ and ¢ angles) has been studied in a selection of protein structures that contain a-helices. The statistical
results show that the g~ conformation of both Ser and Thr residues decreases their ¢ angles and increases their ¢y angles
relative to Ala, used as a control. The additional hydrogen bond formed between the O, atom of Ser and Thr and the i-3 or
i-4 peptide carbonyl oxygen induces or stabilizes a bending angle in the helix 3-4° larger than for Ala. This is of particular
significance for membrane proteins. Incorporation of this small bending angle in the transmembrane a-helix at one side of the
cell membrane results in a significant displacement of the residues located at the other side of the membrane. We hypothesize
that local alterations of the rotamer configurations of these Ser and Thr residues may result in significant conformational
changes across transmembrane helices, and thus participate in the molecular mechanisms underlying transmembrane
signaling. This finding has provided the structural basis to understand the experimentally observed influence of Ser residues
on the conformational equilibrium between inactive and active states of the receptor, in the neurotransmitter subfamily of G
protein-coupled receptors.

INTRODUCTION

Wide ranges of biologically active substances, such as newocking site for the agonist, but also control the equilibrium
rotransmitters, elicit their action through signal transductionof the receptor between both conformational states (Ambro-
pathways that involve membrane proteins like G proteinsio et al., 2000). Deletion of these-OH groups from the
coupled receptors (GPCRs). The membrane-bound domaijg,-adrenergic receptor (Ala replacement of S€rand

of GPCRs adopts the conformation of a bundle of severser#9 decreases the constitutive activity of the receptor
transmembrane helices (TMH) (Baldwin et al., 1997; Unger(Ambrosio et al., 2000). Therefore, the side chain of Ser has
etal., 1997). Pharmacological and mutagenesis studies (vansignificant effect on the conformation of the helix and on
Rhee and Jacobson, 1996) have shown that neurotransmgonsequence of the receptor.

ters bind, at the extracellular side of the membrane, with A pioneer survey of proteim-he”ces in “hydroph”ic"
their protonated amine to the conserved AS(nomencla-  and “hydrophobic” environments revealed that additional
ture of Ballesteros and Weinstein, 1995), in TMH 3. Simi- hydrogen bonds between the peptide carbonyl oxygen to a
larly identified (van Rhee and Jacobson, 1996) are a seriegy|vent molecule produce a significant change in the main-
of conserved Ser residues (5.43 and 5.46), in TMH 5, whichhain torsione and ¢ angles and in the curvature of the
act as hydrogen bonding sites for the hydroxyl groupssg|ix (Blundell et al., 1983). It has also been shown that Ser,
present in the chemlqal structure pf many neqrotransmlttersrhr' and Cys residues might form an intrahelical hydrogen
The molecular function of constitutively active receptorsy .4 petween the O(or S,) atom and the i-3 or i-4

(Lgfkovyitz etal., 1993; Samamq etal., 1993) and transgenigarbonyl oxygen (Gray and Matthews, 1984). This hydro-
mice with receptor overexpression (Bond et al., 1995) pro'gen bond interaction between side-chain and main-chain

vides direct evidence that GPCRs exist in equilibrium be-_, ' i~ ciblein the, = gauche (g~) of y, = gauché

tween inactive and active states. Spectroscopic studies + :
. ) conformation (McGregor et al., 1987). It does not
(Gether and Kobilka, 1998) have suggested the moveme occur in they, = trans(t) conformation. We aim to explore

of TMH 3 and TMH 6 during the formation of the active e M .
form of the receptor. Moreover, it has recently been showr;[he possibility that this intrahelical hydrogen bond of the

. X . polar side chain of Ser, Thr, and Cys could change the
that the Ser residues in TMH 5 do not only provide aconformation of thex-helix. This would provide the struc-

tural basis to understand the experimentally observed influ-
ence of Ser on the conformational equilibrium between

inactive and active states of the receptor (Ambrosio et al.,
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et al., 1996), cytochromeoxidase (Tsukihara et al., 1996), lowing distribution of residues and conformations: Ala (730), Cys ¢68;
the photosynthetic reaction center (Stowell et al., 1997), and6:t: 20,9 : 0), Ser (245g™: 129,t: 74,¢": 42), and Thr (247g": 211,
the potassium channel (Doyle et al., 1998). Second, in &2 9 34

selection of soluble proteins that contaimselices.

Statistical analysis

METHODS The torsion angles of the backbone of the residues at positions 8, populated
by Ala, Cys, Ser, or Thrd; anddy); 7 (b, andis_,); 6 (b, andis,); 5

(¢i.5 andys_5); and 4 ¢, andy;_,) were calculated for statistical analysis
with SAS 6.11 (SAS Institute, Cary, NC). One-way analysis of variance
plus a posteriori two-sided Dunnett's T tests was employed for contrasting

Membrane protein structures

The atomic coordinates odflalobacterium halobiumbacteriorhodopsin
(PDB access number 2brd, 3.5 A resolution), bovine cytochromédase . 8 - L
(locc, 2.8 A),Rhodobacter sphaeroidgshotosynthetic reaction center thf calculated torsion gngles |.n Ser, Thr, and Cys.reS|dues @ the and
(1aij, 2.2 A), andStreptomyces lividangotassium channel (1bi8, 3.2 A) 9 rotamer gonformatlohs_wnh_the control Ala in both_ membrar_le and
were obtained from the Brookhaven Protein DataBank (Bernstein et alSluble proteins. No statistical difference was observed in the torsion
1977). The coordinates of the residues corresponding to transmembrarf&-2: 4"-3' b Yir, iz, ‘l’i-3_' andy;., angles in bOt_h membrane and sgluble
helices 1-7 of 2brd: 2-3, 7, 9, 12, 14—15, 19—20, 23, 2830, 32-35, 41, 52T0teins. The only exceptions (2 of 112 comparisons) were fourtglJrin

59-60, and 63—66 of locc: 2, 5-6, 11, 13, 17, 22-23, 28, 31-32, and .\,)g:ys/g+ andys_, in Thr/ig" for soluble proteins (results not shown). These
of 1aij; and 1 and 3 of 1bl8, in the HELIX annotation of the PDB files two exceptions were not further considered because of the lack of consis-
were extracted for analysis. This results in a total of 45 TMHs. Thesgt€Ncy among residues, cpnformatlonal classes, or protem type.

Bend angle of the amino acid stretches of 12 residues long was calcu-

TMHSs were split into amino acid stretches of 12 residues long with either o . 3 A
Ala (standarch-helix used as control), Cys, Ser, or Thr at the 8th position. lated from the two axes that minimize the distance to the main chain atoms

Stretches with Pro residues in the sequence were removed from th‘éf _residues 1-4 and _9__12 (Chou et al, 1?84)' One-way analysis of
database. The side chain conformation of Ser, Thr, and Cys was categ¥@rance plus a posteriori one-sided Dunnett's T tests was employed to
rized intog™ (0° < x, < 120°),t (120°< x, < 240°), org* (240°< y, < contrast if the bend angle of Ser, Thr, and Cys residues igthet, and

360°) depending 0;1 the vallue of the t(l)rsioqql a’ngle The foIIovlving g" rotamer conformations is greater than the control Ala in the sample of

distribution of residues and conformations were observed: Ala (48), Cys (4S°luble proteins.

g1 4,t 0,97 0), Ser (34g": 16,t: 5,g: 13), and Thr (41g*: 32,t: 0 The x? distribution was employed to compare the frequencies of resi-
g 9’). ' ' | T ' T dues and conformations in membrane and soluble proteins.
Soluble protein structures RESULTS

Iditis 3.1 (Oxford Molecular) was used for the selection of protein struc- Table 1 summarizes the means and standard deviations for
tures in the Brookhaven Protein DataBank (Bernstein et al., 1977). Thghe backbonep, and ¢ dihedral angles of-helices con-
choser-helices possess a resolution of 2.0 A or better; a 12-residue Iengtlfaining Ala (standardv—helix used as control) and Ser. Thr

with Ala, Cys, Ser, or Thr at the 8th position; and no Pro residue in the nd Cvs residues in the three possible rotamer conforma
sequence. If twa-helical segments have more than 80% sequence identit)f”.‘ y p

o " . ST )
(if 10 or more than 10 residues of 12 are identical) only the structure withtions: g™, t, andg™. The hlstograr_ns in Fig. 1 depict the
best resolution was considered. This systematic search provided the fomean values and the lines extending from the bar represent

TABLE 1 Backbone ¢; and is; dihedral angles of a-helices

Membrane proteins Soluble proteins
b i P i
n X s A X S A n X S A X S A
Ala 48 —60.9 6.5 —44.4 8.6 730 -63.1 5.6 —-41.2 5.6
g 22 —65.2 8,6 —4.3* —34.3 8,5 10.1%x* 76 —67.9 9.2 —4.8%** —34.1 9.4 7.0%**
Thr 9 —66.3 78 -54 —35.7 8.9 8.7xx* 34 —-69.6 9.2  —6.5 -35.0 10.5 6.2%x*
Ser 13 -645 9.3 -36 -33.3 8.4 11.1%* 42  —66.5 9.0 —3.4* -335 8.4 777
Cys 0 — — — — — — 0 — — — — — —
gt 52 -61.8 6.6 —0.9 —45.3 9.3 -09 386 —63.4 56 -03 —43.2 6.3  —2.0%*
Thr 32 —-61.8 7.6 -0.9 —46.3 93 -19 211 —-63.4 5.3 -0.3 —44.2 5.2 —3.0%**
Ser 16 —62.5 4.9 -1.6 —43.9 9.9 0.5 129 —-63.3 6.1 —-0.2 —42.2 7.6 -1.0
Cys 4  -589 15 2.0 —42.9 6.4 15 46 —63.7 57 -06 —41.6 6.8 -04
t 5 —56.9 9.6 4.0 —44.4 8.0 0.0 96 —62.6 5.7 0.4 —44.4 53 —3.2%%*
Thr 0 — — — — — — 2 —68.8 8.8 —-5.7 —40.1 6.1 1.1
Ser 5 -56.9 9.6 4.0 —44.4 8.0 0.0 74 —62.7 5.3 0.4 —44.0 49  —2.8*
Cys 0 — — — — — — 20 —62.0 6.7 1.1 —46.1 6.2 —5.0**

Means k), standard deviations (s), and the difference in degragsdlative to Ala (in bold) of the backboné; and y; dihedral angles of-helices
containing Ala and Ser, Thr, and Cys residues in gaeche (g-), trans (t), andgauche (g*) rotamer conformations. The results are presented for
membrane and soluble proteins.

*p < 0.05; **p < 0.01; ***p < 0.001.
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the standard deviation ap; (a and b) and 5 (c and d) statistically significant effect in botlp; and y5; (Table 1).
dihedral angles. The results are presented for membeane (Notably, the magnitude and direction of the effect is the
and c) and soluble Iy and d) proteins. The difference in same as observed in membrane proteins.dheonforma-
degrees 4) relative to the control Alallack solid barin  tion of Ser and Thr decreasds (A of —3.4° and—6.5°,

Fig. 1) is also shown in Table 1. respectively) and increaseés(7.7° and 6.2°) relative to Ala
(Table 1 and Fig. 1b andd). Similar behavior ind; and ;
cannot be observed in the Cys residue since no experimental
data is available in either membrane or soluble proteins. The
The g~ conformation significantly decreases, (A of g~ conformation of Cys is totally forbidden because of the
—4.3°) and increaseg; (A of 10.1°), relative to Ala, in steric clash between the, &tom and the carbonyl oxygen of
membrane proteins (Table 1). Moreover, the effect causetesidue i-3 (McGregor et al., 1987).

by both Ser and Thr is similar in magnitude. $€er/de- The conformation of thex-helix, driven by theg™ con-
creasesp;, —3.6° and increaseg; 11.1°, whereas Thy/  formation of Ser or Thr is illustrated in Fig. 2. Fig.
decreaseg, —5.4° and increaseg; 8.7° (Table 1 and Fig. shows the conformation of a polyAla-helix (red) and a

1, a and c). However, these differences relative to Ala, polyAla a-helix with a single Ser or Thr (blue) residue in
calculated independently for Sgr/ and Thrf~, are signif-  between. The location of either Ser or Thr in tledelix is
icant from a statistical point of view only ir;. The lack of ~ shown throughout the &—C; bond. The helices were con-
statistical significance ofkp; is attributed to the smaller structed with the averagg andys; angles reported in Table
number of points in the split Sgf7 (13 structures) and 1 for Ala (—60.9° and—44.4°) and they™ conformation
Thr/g~ (9 structures) categories than in the togal (22  (—65.2° and—34.3°) in membrane proteins. Clearly, tipe
structures) category (Table 1). Thus, in order to reinforceconformation induces a bending angle in the helix (see
this finding of the influence of thg™ conformation in both  below). Incorporation of this bending angle at one side of
¢; and 5, angles, we have undertaken a similar analysis irthe cell membrane results in a significant displacement of
soluble proteins for which larger number of high-resolutionthe residues located at the other side of the membrane. The
structures are available (see Methods). Bheconforma- magnitude of the relocation might be estimated from the
tion of Ser and Thr residues in soluble proteins has anodels depicted in Fig. & Thus, the distance between the

The g~ conformation
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potassium channel. The average hydrogen bogetC,
and Q0,4 distances (broken lines in Fig.Q} are 3.4 and
3.5 A in membrane proteins and 3.1 and 3.5 A in soluble
proteins, respectively. Thus, the,@tom is located between
0,5 and Q,, closer in average to,Q. However, the small
difference between the @0, ; and Q;~O,, distances and
the absence of the Fatom in the crystal structures does not
allow identifying to which carbonyl oxygen the Qtide
chain preferentially hydrogen bonds.

a

The g* conformation

Theg™ conformation is the most abundant rotamer confor-
mation in both membrane and soluble proteins (Table 1).
Thus, the statistical contrasts between Ala gidpossess
higher statistical power than between Ala agd or t.
Despite this fact, thg* conformation produces a statisti-
cally significant change only igy; of Thr in soluble proteins

Ala (A of —3.0°, Table 1 and Fig. 2). The lack of consistency of

8- this variation among protein type and the other residues (Ser

t and Cys) does not led us to conclude thataahelix with
Ser, Thr, or Cys in thg* conformation leads to a different
conformation than am-helix with Ala.

FIGURE 2 Comparison of helix bending between a polyAldelix The t conformation

(red) and &) a polyAla a-helix with a single Ser or Thr residue (the

C,—Cg bond is shown) in thgauche (g™) conformation (blue);ij) helix ~ The hydrogen bonding capacity of either Ser, Thr, or Cys
32, which contains THf "and Th#*® (the G, —C, bonds are shown)ig ,  muyst be satisfied, in a hydrophobic environment like the cell

from _theiphotosynthenc regcnon centalf') felix 1, which contr?uns_TFrfs membrane, by the hydrogen bond interaction, in either the
also ing™~, from the potassium channel; and) @ polyAla a-helix with a

Ser residue (the £—C, bond is shown) irtrans (t) conformation (green) g" or g conformation, Wi_th the carbonyl oxygen in the
or g~ (blue) conformation.d) A detailed view of the amino acids fromi preceding turn of the helix (Gray and Matthews, 1984).
(the residue irg™) to i-4 are shown as ball and stick. Figures were created Thus, only 5 residues in therotamer conformation are
using MOLSCRIPT (Kraulis, 1991). found in membrane proteins. This lack of structures pre-
vents the statistical analysis on membrane proteins.tThe
conformation produces in soluble proteins a statistically
«-carbon positions, in the straight helix (red) and the bensignificant change i, without modifying¢; (Table 1 and
helix (blue), is 3.3 A for an amino acid located 15 residuesFig. 2, b andd). Thus, both Cys and Ser residues in the
away from Ser or Thr. conformation decrease, relative to Alg, by —5.0° and
Fig. 2, b and ¢ show the crystal structure of helix 32, —2.8°. No statistical differences are obtained for Thr be-
which contains TH " and Th#”®in g, from the photosyn- cause only 2 cases are found in the analysis. The steric clash
thetic reaction center and helix 1, which contains®flalso ~ between the methyl group and the carbonyl oxygen of
in g, from the potassium channel, respectively. To empharesidue i-3 (Gray and Matthews, 1984) explains the lack of
size the structural consequences ofgheconformation, the  Thr residues in this conformation. The conformation of the
transmembranex-helices were superimposed to an ideal a-helix caused by Ser irt conformation (greeng,; of
a-helix (red). The backbone atoms of the amino acids from—62.7° andy; of —44.0°), compared with thg™~ confor-
i (the residue ing™) to i-4 are shown as ball and stick, mation (blue,—66.5° and—33.5°) and the ideal polyAla
whereas tube ribbons represent the rest of the backbor{eed,—63.1° and—41.2°) are illustrated in Fig. & The fact
atoms (Fig. 2c). Remarkably, the presence of these polarthat ¢; does not change and the smaller changeyin
residues in theg~ conformation modifies the direction of produced by thé conformation, relative to thg~ confor-
the a-helix. The additional intrahelical hydrogen bond mation, is reflected in the reported structures. Bhkelix
formed between the side chain Qbf Ser or Thr and the i-3  with Ser int (green) is comparable to Ala-helix (red).
or i-4 peptide carbonyl oxygen of the preceding turn seems$lowever, it is important to note that the obtained changes in
to produce this effect (Blundell et al., 1983). Figcalso 5, in g~ andt conformations, occur in opposite directions
shows a detailed view of this hydrogen bond network in the(increases ig~ and decreases iy relative to Ala) which

Biophysical Journal 79(5) 2754-2760
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results in a bend of the helices pointing toward differenthas recently been measured (Monne et al.,, 1999). The
positions in space (Fig. d). observed rank order for turn-stabilizing tendencies are
Asn = Arg = Pro (1.7)> Asp = Glu = His = Lys =

Gln = (1.6) > Gly (1.3)> Ser= Trp (0.7)> Cys = lle =

Tyr (0.6) > Ala = Met = Val (0.5) > Leu = Phe= Thr
Bend angles of the helices are calculated from the two axe®.4). Clearly, there are two sets of residues with either high
that minimize the distance to the main chain atoms of th€=1.3) or low (=0.7) turn propensity. Charged or polar
residues at the beginning and the end of the helix (Chou etesidues induce a turr=(1.3), whereas hydrophobic resi-
al., 1984). Thus, only 4 residues (12 atoms) at the beginningues plus Ser, Thr, and Cys remaithelical (=0.7). More-

and the end of the helix are employed in the calculation ofover, statistical analysis of transmembrane sequences has
the axes. Therefore, a small variation in the undersizeghown that the most frequent amino acids are Ltelle >
number of main chain atoms results in an intermediaté/al > Ala > Phe> Gly > Ser> Thr (Senes et al., 2000).
variation in the helical axis and a large variation in the These amino acids comprise more than two-thirds of the
calculated bend angle. This effect is very noticeable intotal. Thus, Ser and Thr are regularly found in transmem-
membrane proteins because of the low resolution structurdirane segments. Consistent with these findings, the ratio of
information available and the limited number of them. Ala:Ser:Thr:Cys residues found in the present survey of
Therefore the analysis of bend angle is presented only foproteina-helices is 12:8.5:10.2:1 in membrane proteins and
soluble proteins. Fig. 3 and Table 2 shows the means anti1.1:3.7:3.7:1 in soluble proteins. Ser and Thr residues
standard deviations for the bending angle calculated fronoccur almost as often as Ala in membrane proteins and three
high resolution crystallographic structures. Notably, ghe  times less in soluble proteins. In addition, the ratig6fg~
conformation significantly increases the bend angleof  for Ser and Thr residues are 1.2:1 and 3.5:1 in membrane
3.8°), relative to Ala. No statistical differences are observedroteins and 3.1:1 and 6.2:1 in soluble proteins, respec-
for the g™ (A of 0.5°) ort (A —0.4°) conformations. The tively. There is a noticeable increase of the populatiog of
observed statistical significance for tge conformation is  conformation if thea-helix is embedded in a hydrophobic
not preserved when the analysis is independently done faenvironment like the cell membrane. Notably, Ser possesses
Serf” and Thrfj~ despite the magnitude of the differences as many side chains ig~ as ing™ in membrane proteins.
continues similar to thg~ category: Seq  increases the These findings suggest a structural role of Ser and Thr
bend angle 4.3° and Thy7 3.2° relative to Ala. The smaller residues in transmembrane segments. We have shown that
number of points in the Sey7 and Thrj~ categories seems the presence of Ser and Thr residues adoptingytheon-
responsible for this lack of significance. formation correlates with a significant bending of tlde-

lix at this locus. Therefore, we hypothesize that local alter-
ations of the rotamer configurations of these Ser and Thr
residues may result in significant conformational changes
The ability of all naturally occurring amino acids to form a across transmembranehelices, and thus participate in the
turn when placed in the middle of a transmembrane helixnolecular mechanisms underlying transmembrane signaling.

Bend angle

DISCUSSION

%S Thr-f _
§ Ser TABLE 2 Bend angle of a-helices
g'Cys n X s A
% Thr. Ala 730 10.7 10.2
S Ser g 76 145 14.4 3.8¢
= Thr 34 13.9 13.4 3.2
Ser 42 15.0 15.3 4.3
nThr CyS 0 - - i
S Ser g 386 11.2 11.3 05
8 Cys Thr 211 10.9 10.7 0.2
Ser 129 10.8 10.7 0.1
Ala Cys 46 13.2 15.4 2.5
T T T T t 96 10.3 8.2 -0.4
0 5 10 15 20 25 30 35 Thr 2 12.5 6.1 1.8
Bend angle Ser 74 10.8 8.5 0.1
Cys 20 8.1 6.7 —-2.6

FIGURE 3 Analysis of the bend angle ai-helices containing Ala
(control in black) and Ser, Thr, and Cys residues ingheche, trans, and

deviation.
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Means k), standard deviations (s), and the difference in degrégs (
relative to Ala (in bold) of the bend angle afhelices in soluble proteins
gauché rotamer conformations in soluble proteins. Histograms depict thecontaining Ala and Ser, Thr, and Cys residues inghache (g-), trans

mean values and the lines extending from the bar represent the standaft), andgauchée (g*) conformations.

*p < 0.05.
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It should be noted that the statistical correlation foundthe active form of the receptor. It has been suggested that
between Ser and Thr adopting tilge¢ conformation and agonists of the3,-adrenergic receptor also induce confor-
helix bending does not clarify whether the Ser/Thr sidemational changes in transmembrane domains 3 and 6
chain induces or stabilizes the observed helix bending(Gether et al., 1997b). Moreover, the ligand might produce
However, we would favor the causal relationship betweerunfavorable changes (Gether et al., 1997a) in the receptor
side chain to main chain H-bonding and helix bending,binding site that triggers the significant change in the con-
following the argument put forward by Blundell et al. formational properties of the receptors that are transmitted
(1983). The authors compared the 2&ngle of a linear to the intracellular site (Pardo et al., 1997).

NH--O = C a-helical backbone H bond that occurs in a This statistical analysis on the influence of Ser and Thr
straight helix, with the 1200of the same angle in a bifur- residues to the curvature af-helices has provided the
cated (NH, HOH)-O = C H bonding when a water mole- structural basis to understand the mechanism by which the
cule also H bonds the backbone carbonyl. This difference irSer residues in helix 5 in the neurotransmitter family of
the H bonding angle would explain the characteristic bendGPCR control the equilibrium between inactive and active
ing observed in high resolution-helical structures, where states of the receptor. Because our findings are based on
the water-exposed face is bent (2peelative to the more general principles of protein structure, it is conceivable that
straight (180) buried face of the helix (Blundell et al., Ser and Thr residues os-helices of other integral mem-
1983). For the case of the Ser and Thr side chains, the siderane proteins, such as gap junctions (Ri et al., 1999), may
chain hydroxyl moiety may play a similar role as the wateralso participate in the conformational changes underlying
hydroxyl, inducing a similar bifurcated (NH, OHD = C  transmembrane signaling.

H bond with an angle of 120that would, by itself, induce

alocal bend in theehelix This work was supported in part by grants from CICYT (SAF99-073) and
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above), adopt thg™ conformation, in the absence of the
extracellular ligand. Possibly, Ala replacement of Ser 5.43
and Ser 5.46 by site-directed mutagenesis changes the coREFERENCES
fo.rmatlon of helix 5, fr'om the pent hel!x (Ser/in bl.ue’ see Ambrosio, C., P. Molinari, S. Cotecchia, and T. Costa. 2000. Catechol-
Fig. 2 d) to the straight helix (Ala in red). This would " piyging'serines of3,-adrenergic receptors control the equilibrium be-
explain the influence of these Ser residues in helix 5 on the tween active and inactive receptor statdsl. Pharmacol 57:198-210.
conformational equilibrium between inactive and activeBaldwin, J. M., G. F. X. Schertler, and V. M. Unger. 1997. An alpha-
states of the receptor (Ambrosio et al., 2000). Moreover, % SPAe b e terseriars iees e odops iy
substitution of two Ser residues, located three residues apalggllesteros, J. A., and H. Weinstein. 1995. Integrated methods for model-
and thus in the same face of the helix, augments the mag-ing G-protein coupled receptorslethods Neurosci25:366—428.
nitude of the relocation of helix 5 by Ala substitution. Bernstein, F. C., T. F. Koetzle, G. J. B. Williams, G. F. Mayer, M. D. Brice,

Finally, we would like to remark the structural conse- J.R.Rodgers, O. Kennard, T. Shimanouchi, and M. Tasami. 1977. The
quences derived from the hydrogen bond formation between Etrrztcet'l:'r eD;i‘]t.""N?;.mgi ;lclc’l?%‘ggfsbf;ed archival file for macromolecular
the neurotransmitters and_ the_ S_er residues in helix 5. Sesrlundell, T., D. Barlow, N. Borkakoti, and J. Thornton. 1983. Solvent-
must adopt theé conformation, if it acts as hydrogen bond induced distortions and the curvature of alpha-helid¢ature. 306:
donor, in the process of hydrogen bonding to the hydroxyl 281-283.
moieties of the ligand. Thus, ligand binding might require Bond, R. A., P. Leff, T. D. Johnson, C. A. Milano, H. A. Rockman, T. R.

. . ~ Mcminn, S. Apparsundaram, M. F. Hyek, T. P. Kenakin, L. F. Allen, and
the conformational transition of Ser from tige (seea-he- R. J. Lefkowitz. 1995. Physiological effects of inverse agonists in
lix in blue in Fig. 2d) to thet (green) conformation. This  transgenic mice with myocardial overexpression of the beta(2)-
process of rotation aroung,, from g~ to t, induces a  adrenoceptorNature.374:272-276.

change in the direction of the helix toward different posi- €hou. K.-C., G. Nenethy, and H. A. Scheraga. 1984. Energetic Approach
to the packing ofa-helices. 2. General treatment of nonequivalent and

tions_ in_ space (see above and Figd)2 nonregular helices]. Amer. Chem. S0d.06:3161-3170.
It is important to note that Ala replacement of Ser 5.43poyle, D. A., J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.
and 5.46 (conformational transition from Sgr/in blue to Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the

Alain red, see Fig. 2|) decreases the levels of intracellular gﬁgf}i‘e"‘%gg"g"_"f;: molecular basis of konduction and selectivity.
CAMP (AmbrOSIO etal, 2000)' I_n Contras'[,' _“gand bmdmg Gether, U., J. A. Ballesteros, R. Seifert, E. Sanders-Bush, H. Weinstein,
to Ser 5.43 and 5.46 (conformational transition from @er/  and B. K. Kobilka. 1997a. Structural instability of a constitutively active
in blue to Ser/t in green, see Figdpincreases the levels of G protein-coupled receptor: Agonist-independent activation due to con-
intracellular cAMP (Ambrosio et al., 2000). This opposite f‘t)r:ma“lj’”a' ﬂg";’"':(y'i 'Z',Tk" 023:8272:%:’83__2590' o o
ether, U., and B. K. Kobilka. . rotein-coupled receptors. II.
effect Can_nc’t merely be understood from _these rt_apo_rte& Mechanism of agonist activatiod. Biol. Chem273:17979-17982.
conformational changes of helix 5. Thus, “gand bmdmgGether, U., S. Lin, P. Ghanouni, J. A. Ballesteros, H. Weinstein, and B. K.

might trigger more complex processes that finally lead to Kobilka. 1997b. Agonists induce conformational changes in transmem-

Biophysical Journal 79(5) 2754-2760



2760 Ballesteros et al.

brane domains Il and VI of thgd2 adrenergic receptoEMBO J. residue in mediating conformational changes associated with voltage
16:6737—-6747. gating of Cx32 gap junctiondBiophys. J.76:2887-2898.

Gray, T. M., and B. W. Matthews. 1984. Intrahelical hydrogen bonding of samama, P., S. Cotecchia, T. Costa, and R. J. Lefkowitz. 1993. A muta-
serine, threonine and cysteine residues within alpha-helices and its tjgn-induced activated state of tigg-adrenergic receptod. Biol. Chem.
relevance to membrane-bound proteihisMol. Biol. 175:75—81. 268:4625—4636.

o, B . 75, A . Gerstin, and D. M. Engelman, 2000, Sttistical analysis of
| ; y grap amino acid patterns in transmembrane helices: the GxxxG motif occurs

of pacter|orhodop3|m. Mol. Biol. 259:393-421. ) frequently and in association witg-branched residues at neighboring
Kraulis, J. 1991. MOLSCRIPT: a program to produce both detailed and positions.J. Mol. Biol 296:921-936.

schematic plots of protein structurg. Appl. Cryst.24:946—-950. I hill " b h
Loz .3 5. Colcaia P Samama,and T, Cosa. 1993, Consi PSuEl V1 5. T M. MGPhilps D, C s . Sl € pbresh
tive activity of receptors coupled to guanine nucleotide regulatory pro- . T Y ; )
teins. Trends Pharmacol. Scld-303-307. reaction cen.ter. implications for mechanism of electron-proton transfer.
. Science276:812—-816.
McGregor, M. J., S. A. Islam, and M. J. Sternberg. 1987. Analysis of the

relationship between side-chain conformation and secondary structure ifSukihara, T., H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K.
globular proteinsJ. Mol. Biol. 198:295-310. Shinzawa-Itoh, R. Nakashima, R. Yaono, and S. Yoshikawa. 1996. The

whole structure of the 13-subunit oxidized cytochrome c oxidase at 2.8

Monne, M., M. Hermansson, and G. von Heijne. 1999. A turn propensity Angstrom. Science272:1136—1144

scale for transmembrane helicds.Mol. Biol. 288:141-145.
Pardo, L., M. Campillo, and J. Giraldo. 1997. The effect of the molecularUnger, V. M., P. A. Hargrave, J. M. Baldwin, and G. F. Schertler. 1997.
mechanism of G protein-coupled receptor activation on the process of Arrangement of rhodopsin transmembrane alpha-heliesure. 389:
signal transductionEur. J. Pharmacol335:73-87. 203-206.
Ri, Y., J. A. Ballesteros, C. K. Abrams, S. Oh, V. K. Verselis, H. van Rhee, A. M., and K. A. Jacobson. 1996. Molecular architecture of g
Weinstein, and T. A. Bargiello. 1999. The role of a conserved proline protein-coupled receptor®rug Devel. Res37:1-38.

Biophysical Journal 79(5) 2754-2760



