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SUMMARY
Thyrotropin-releasing hormone (TRH) is a tripeptide (<Glu-His-
Pro-NH2) that signals through a G protein-coupled receptor.
TRH is a highly flexible molecule that can assume many con-
formations in solution. To attempt to delineate the biologically
active conformation of TRH, we synthesized a pair of confor-
mationally restricted cyclohexyl/A1a2-TRH analogues. The di-
astereomeric analogues use a lactam ring to restrict two of the
six free torsional angles of TRH and constrain the X-Pro-NH2
peptide bond to trans. Unrestricted cyclohexyl/Ala2-TRH exhib-
ted a 650-fold lower affinity than TRH for TRH receptor and
was 430-fold less potent than TRH in stimulating inositol phos-
phate second messenger formation. One diastereomer exhib-
ited higher affinity and potency than the unrestricted analogue

despite the presence of the methylene bridge and fused ring,
whereas the other showed lower affinity and potency. Com-
puter simulations predicted that the positions of the cyclohexyl/
Ala2 and Pro-NH2 moieties relative to <glutamate were differ-
ent in the two analogues and that the conformation of the
higher affinity analogue is different from that of trans-TRH in
solution but is superimposable on that of trans-TRH found in a
model of the TRH/TRH receptor complex. These experimental
findings identify a favored relative position of <glutamate and
Pro-NH2 in the more active conformation of two diastereomeric
analogues of TRH and provide independent support for the
model of the TRH/TRH receptor complex.

TRH is a tripeptide (pyroglutamic acid/histidine/prolin-

eamide, <Glu-His-Pro-NH2) that signals through a receptor
(TRH-R) (1) that is a member ofthe G protein-coupled recep-

tor (GPCR) superfamily (2). To understand TRH signaling at

the molecular level, it is important to determine the struc-

ture of the TRHJTRH-R complex. Because the three-dimen-

sional structure has not been experimentally resolved for any
ligand/GPCR complex, models of GPCRs have been con-

structed (3, 4). We constructed a model of the transmem-
brane domain ofTRH-R (5) based on the analysis by Baldwin

of GPCR sequences (6). We used rhodopsin as template (7) to

position the lipid-spanning helices (8) and docked TRH into

the binding pocket to form a TRHiTRH-R complex based on a
number of experimental observations of direct contact points

between specific moieties on TRH and individual amino acid
residues within TRH-R (5, 9). This model makes predictions

regarding the structure of TRH-R and of the conformation of
TRH that is present within the receptor binding pocket. Our

hypothesis is that the conformation of TRH in the TRW

TRH-R complex is the biologically active TRH conformation.
Conformations ofTRH have been defined in a crystal (10) and

in solution (11-15). In all structures resolved experimentally,

the peptide backbone is extended and the preferred conforma-

tion of the peptide bond between histidine and proline is trans,

although a small fraction ofcis structures was found in solution.

The relation between the pyrrolidone ring of <glutamate and

the pyrrolidine ring ofPro-N}12, both ofwhich are important for
TRH binding (5, 16, 17), is dependent on four free torsional
angles. These angles have been found at two or more values in

NMR spectroscopic studies ofTRH, attesting to the flexibility of

TRH in solution. The conformation of TRH that is biologically
active has not been determined experimentally. We describe the

design, synthesis, and biological and structural properties of

two conformationally restricted analogues of cyclohexyl/Ala2-

TRH (<Glu�yclohexyl-Ala-Pro-NH2) that provide initial in-

sight into the active structure of TRH.

Materials and Methods
This work was supported by National Institutes of Health Physician Scien-

tist Award DKO21O1 (J.H.P.) and Grant DK43036 (M.C.G.).
L. L. and W. L. contributed equally to this study.

Syntheses. The conformationally restricted analogues of cyclo-
hexyl/A.la2-TRH (Fig. 1), aCH-TRH and I3CH-TRH, were synthesized
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with the use of an anodic oxidationlTiCl4-induced cyclization/rear-

rangement sequence that had been developed to make peptide build-

ing blocks with the 1-aza-2-oxobicyclo[4.3.0]nonane ring skeleton

(18, 19). (Complete details of this synthesis will be described else-

where.) Cyclohexyl-A1a2-TRH was used instead of TRH because the

restricted analogues could not be synthesized with histidine at posi-
tion 2. The stereochemistry of the isomers was assigned by analogy

to building blocks with an isopropyl side chain instead of the cyclo-

hexyl group (19).

Cell studies. Measurements of receptor binding and inositol
phosphate second messenger formation were made in mouse pitu-
itaiy AtT-20 cells stably expressing mouse TRH-Rs (20) as described

previously (5). In brief, competition binding to intact cells was per-
formed for 1 hr at 37#{176}with 1 nrvi [3H][Nr�methyl�HisJThH and various

concentrations of unlabeled TRH analogues. For experiments in

which inositol phosphate formation was measured, cells were incu-

bated in medium containing myo-[3Hlinositol for 48-72 hr, and mo-
sitol phosphate formation was measured during a GO-mm incubation

with various concentrations of TRH or TRH analogues in the pres-

ence of 10 mM LiCl. Curves were fitted through nonlinear regression

analysis with the use of the PRISM program (GraphPad).

Simulations. The structures of cyclohexyL’A1a2-TRH and the two

restricted analogues, aCH-TRH and �3CH-TRH, were built in Mac-
roModel (21) and optimized with the AMBER* force field (22-24).
The main part of the structures of the restricted analogues is at-

tached to the cyclohexyl ring in an equatorial conformation. The

optimized structures of aCH-TRH and f3CH-TRH are similar, but

they prefer oppositely puckered prolines. The conformational popu-

TABLE 1
Biological activities of TRH, cyclohexyVAla2-TRH, aCH-TRH, and

IJCH-TRH

Kp EC50�

flM

TRH

Cyclohexyl/Ala2-TRH

aCH-TRH

f3CH-TRH

lOb

6,500
(5,400-7,900)

290,000
(220,000-370,000)

1,900

(1 600-2,200)

1

(0.95-1.3)

430
(380-480)

44,000
(37,000-52,000)

91

(76-110)

a Measured as described in Materials and Methods. Values are mean (95%

confidence interval).
b From Ref. 1.

Fig. 1 . Chemical structures of TRH (A, top), cyclo-
hexyl/Ala2-TRH (A, bottom), aCH-TRH (B), and �CH-
TRH. B, aCH-TRH [(6S,9S,1 2S)-1 -Aza-3-aminopyro-
glutamyl-4-cyclohexyl-9-carboxamide-2-oxo-
bicyclo[4.3.Ojnon-2-enej. 3CH-TRH [(6R,9S, 1 2S)-1 -
Aza-3-ami nopyroglutamyl-4-cyclohexyl-9-
carboxamide-2-oxo-bicyclo[4.3.0]non-2-ene]. *, Chiral

carbon. In aCH-TRH, the H points down from the plane
of the fused ring system. In f3CH-TRH, the H points up
from the plane of the fused ring system. The torsional

angles are identified: iJi�, 42� 4’2 x�’ x� and �Js3.

lations of each structure were studied through a two-stage Monte

Carlo biased sampling technique recently described by Guarnieri

and Wilson (25). The molecules were first subjected to Monte Carlo

simulated annealing (26) in MacroModel with the Generalized Born!

Surface Area solvation model (27). Mean field population distribu-

tions of the torsional angles collected from the simulated annealings

were used to construct a mapping of the random numbers into

torsional populations (Conformational Memories) so that unpopu-

lated areas are excluded from sampling (25). Each simulated anneal-

ing consisted of 16 cooling cycles that started at 800#{176}Kand decreased

in 10 steps to 310#{176}K,with a temperature protocol ofT� ± � = 0.9 * T�.

Fifty thousand Monte Carlo steps were computed at each tempera-

ture, resulting in a total of 8 x 106 steps for each simulated anneal-

ing. The variables in the simulations were the six free torsional

angles in cyclohexyl/A1a2-TRH and four in the restricted analogues.

Two angles were changed simultaneously at each step by a random

value between - 180#{176}and 180#{176}.The bond lengths and bond angles

were kept constant. In the second part of the simulation, the Con-

formational Memories guided the collection of 1000 structures from

a Monte Carlo simulation ofSOO,000 steps at 310#{176}K.The structures

were clustered according to their pairwise root-mean-square differ-

ences with the use of the program Xcluster (28) for structural corn-

parisons.

Results and Discussion

The structures ofTRH and cyclohexyl/Ala2-TRH are shown

in Fig. 1A. The two conformationally restricted analogues,

aCH-TRH and pCH-TRH, are cyclic derivatives of cyclohexyll

A1a2-TRH (Fig. 1B). In the restricted analogues, the torsional
angles between C�, of cyclohexylalanine and the peptide car-

bonyl (‘P2) and between C�, and C� of cyclohexylalanine (C�)

were restricted by a lactam ring, and the peptide bond
between cyclohexylalanine and Pro-NH2 was trans (Fig. 1).

The only difference between aCH-TRH and f3CH-TRH is
that they are stereoisomeric at the � carbon of the proline

ring.

We measured the biological activities of the restricted an-
alogues and compared them with unrestricted cyclohexyll

A1a2-TRH and TRH (Table 1). All analogues stimulated mo-

sitol phosphate second messenger formation to the same

maximal extent as TRH (Fig. 2). The unrestricted cyclohexyll
Ala2 analogue had a 650-fold lower affinity than TRH for
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Fig. 2. Stimulation of inositol phosphate
formation by TRH, cyclohexyl/Ala2-TRH,
aCH-TRH, or f3CH-TRH. The maximal
level of stimulation of inositol phosphate
formation was similar for all TRH ana-
logues and was set at 100% in each
experiment; stimulation ranged from 4-

to 11 -fold above basal. Data points rep-

resent mean values of duplicate or tripli-
cate determinations in three or four ex-

periments.
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Fig. 3. Populated conformational spaces of aCH-TRH (left) and I3CH-
TRH (right). The x-axis is temperature (degrees Kelvin), the y-axis is the
dihedral angle (#{176}),and the z-axis is the percent of the population (%).
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TRH-R and was 430-fold less potent than TRH in stimulating
inositol phosphate formation. This decrease in binding affin-

ity reflects the importance of histidine at the second position

of TRH. Importantly, a model of the unrestricted analogue
predicts that the cyclohexyllAla2 residue at the second posi-

tion does not affect the position of <glutamate relative to

Pro-NH2 (see below). Restricted analogue aCH-TRH showed

further reductions in affinity (45-fold) and potency (100-fold)

compared with unrestricted cyclohexyllAla2-TRH. In con-
trast, restricted analogue �3CH-TRH exhibited a higher affin-

ity (3.4-fold) and was more potent (4.7-fold) than the unre-

stricted analogue. This enhanced ability of pCH-TRH to

interact with TRH-R relative to cyclohexyl/Ala2-TRH was

observed even though it contains a methylene bridge and

fused ring, adding steric bulk that by itselflikely reduces the

affinity of interaction with TRH-R. Thus, the constraint in-

troduced in f3CH-TRH selected a preferred conformation for

interaction with the receptor.

To delineate the preferred conformation of the restricted

analogues, we used a biased sampling Monte Carlo method

(see Materials and Methods). The results from the first part

of the conformational search show the distributions of tor-

sional angles of aCH-TRH and f3CH-TRH as a function of

temperature (Fig. 3). Each three-dimensional graph has tem-

perature on the x-axis (800-310#{176}K), angle values on the

y-axis (- 180#{176}-180#{176}),and the fractional population on the

z-axis. This analysis confirms that the analogues are confor-

mationally restricted and shows that the major difference

between them is in the value of 42. In both, the 42 distribu-

tion is bimodal and well localized, with peaks at ±60#{176}.The

two populations are present at high temperatures but con-

verge at 3 10#{176}Kto 60#{176}in aCH-TRH and to a major population

at -60#{176}with a minor one at 60#{176}in f3CH-TRH. There also are

small differences in the distribution of � The major popu-

lation is at 160#{176}and the minor population is at -20#{176};com-

pound �CH-TRH also shows a population at 70#{176}.The popu-

lations of �p1 and x� are nearly identical in the two

compounds.

To compare the conformations ofaCH-TRH and f3CH-TRH,

an ensemble of structures was produced in the second part of
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NA. = not applicable.

Fig. 4. Comparisons of computer-simulated conformations of aCH-

TRH (A), trans-TRH (B), and trans-TRH in the binding pocket of TRH-R
(C) with j3CH-TRH. The conformations of trans-TRH, aCH-TRH, and
f3CH-TRH were simulated in water. The conformers have been aligned
so that the <glutamate moieties are superimposed. #{149},f3CH-TRH; 0,
aCH-TRH (A), trans-TRH (B), and trans-TRH in the binding pocket of
TRH-R (C). Stippled circles, nitrogen atoms; striped circles, oxygen

atoms (see text).

the simulation based on the mean field probabilities of all

rotatable dihedral angles (Fig. 4). The structures were clus-

tered according to their pairwise root-mean-square devia-
tions into conformational families (28). The torsional angles

of the predominant conformations are shown in Table 2.
Variations from these angles are so small that the restricted

analogues can be assumed to behave similarly in water and

inside the receptor. As described above, the major difference

between the restricted analogues is in the value of 42. The
value of �2 in the two analogues differs by only 26#{176}and is the
result of the different puckering of the proline ring. Because

the interaction of a ligand with the TRH-R depends on the

relative positioning of the <glutamate and the Pro-NH2

groups (5, 29), the most probable structures were superim-

posed on each other, with <glutamate as the reference resi-
due (Fig. 4). The effect ofchanging 4�2 from -60#{176}to +60#{176}had
a large effect on the relative positioning of the remainder of
the molecule with respect to the <glutamate (Fig. 4A). The

different values of 4�2 result in opposite orientations of the

cyclohexyl rings and the terminal carboxamides. It is impor-
tant to note that in the sample of 1000 structures of aCH-
TRH, none was in the conformation of J3CH-TRH, setting the

TABLE 2

probability of aCH-TRH adopting the conformation of the

predominant form of I3CH-TRH to s 1:1000.

To understand the increased potency of I3CH-TRH, we
compared its structure with that of TRH. Superposition of

the <glutamate portions of TRH and I3CH-TRH (Fig. 4B)

shows that the prevalent conformations in solution are very
different. Not only are the backbones different, but also the

terminal carboxamides are far apart. We modeled the struc-
ture of TRH in a computer simulation of the TRH-R binding

pocket, which is predicted to be the core of a transmembrane
bundle of seven a helices (5, 29). The superposition of TRH

from the model of the TRHPFRH-R complex on f3CH-TRH

(Fig. 4C) shows an excellent overlap of the backbone, a sim-

ilar position of the cyclohexyl and histidine moieties, and a

good positioning of the terminal carboxamide that could be

refined simply by a rotation around �/J3. In contrast, aCH-
TRH (Fig. 4A) and TRH from the model of the TRHITRH-R

complex (Fig. 4C) do not superimpose well. Thus, the confor-
mations of the more biologically active restricted analogue,

I3CH-TRH, in solution and ofTRH in the model ofthe binding

pocket are similar, whereas those of TRH in solution and
TRH in the binding pocket are different. It is possible that

cyclohexyl/Ala2-TRH binds to TRH-R differently than TRH

and therefore may not simulate the conformation of TRH in

the TRH-R binding pocket. We think this is unlikely because

cyclohexyllAla2-TRH is fully active and superimposable on

TRH. We conclude that a biologically active conformation of

TRH is better represented by �CH-TRH than by aCH-TRH

and that TRH in a model of the TRHPFRH-R complex repre-
sents a biologically active conformation. A general corollary

to these findings is that conformational data of flexible pep-

tides in solution may not be readily transferred to the pep-

tide/receptor complex.

In our previous studies, we used a combination of expen-

mental analysis of the binding and activation of a series of

TRH analogues in native and mutant TRH-Rs and computer
simulations to construct a three-dimensional model of the

TRHtrRH-R complex at an atomic level of detail (5, 29).

Direct contacts were identified through hydrogen bonding
and van der Waals interactions between residues in trans-
membrane helices 3, 6, and 7 ofTRH-R and distinct moieties

ofTRH. Specifically, interactions were described between the

<glutamate residue ofTRH and �y�106 and As&’#{176} in helix 3

of TRH-R, between histidine of TRH and Tyr�82 in helix 6,
and between the carboxamide of Pro-NH2 and Arg’�#{176}6in helix
7. The model also predicted an interaction between Arg306

and the peptide carbonyls of TRH, but these have not been

tested. We noticed that the conformation of TRH in the

complex was different from the structure of trans-TRH in

solution. For example, the peptide backbone was not ex-

Comparison of the torsional angles of the predominant conformations of cyclohexyl/A1a2-TRH, trans-TRH in a crystal, aCH-TRH,
IJCH-TRH, and trans-TRH in the model of the TRH/TRH-R complex

‘L’i ‘f’2 P2 X2’ X22 /‘3 Population

%

Cyclohexyl/Ala2-TRH
trans-TRH in a crystal
aCH-TRH
3CH-TRH
trans-TRH in TRHTrRH-R complex

180
146
160
160
1 38

120
-70

60
-60

- 1 10

- 1 40

137
-165

169
-63

60

-163
0

0
1 74

±60

-71
120

120
- 1 67

1 80

154
160

160
-99

94

100

89

82
NA.
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tended in TRH in the complex as it is in trans-TRH in

solution; rather, it assumed a helical turn (Table 2). In this

study, we provided evidence that the more active analogue

(f3CH-TRH) restricts the <glutamate and Pro-NH2 to rela-

tive positions that are superimposable with the positions of

these residues in TRH in the TRHj’FRH-R complex. We think

this is important because it provides an independent test of

the accuracy of the model. The conformation of TRH in the

TRH-R binding pocket, therefore, likely represents a biolog-
ically active TRH conformer because experimental support
for the model includes measurements of binding affinity and

potency of activation. We suggest that the three-dimensional

model may be an accurate representation of the form of the
binding pocket in the activated state of TRH-R. It will, of

course, require a model that includes the intracellular do-

mains to provide an understanding of the activated state of

the receptor because it is the intracellular loops of GPCRs

that couple to G proteins to transduce the signal (30).
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