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How Does a Key Fit a Flexible Lock?
Structure and Dynamics in Receptor
Function
Richard R. Neubig and William J. Thomsen

Summary

tors, including those for adrenaline (f3- channels within their structure. The
adrenergic
and a-adrenergi~),~
muscar- nicotinic acetylcholine receptor, when
The preceding jive years have brought
remarkable advances in our understand- ine4 (another type of acetylcholine re- activated, allows passage of tremendous
ing of the primary structure of drug ceptor), epidermal growth factor numbers of sodium ions ( > lo6 per
receptors. The roles of certain amino (EGF)' and a peptide hormone derived second) through the plasma membrane. '
acid residues in binding drugs and effect- from the heart, atrial natriuretic factor.6 The receptors for gamma aminobutyric
This structural information has also acid (GABA) and the amino acid
ing receptor function have been proposed.
As even more detailed structures become shed light on receptor mechanisms since neurotransmitter glycine carry chloride
available, the goal of rational design of sequence similarities have been found anions in a similar manner. Surdrug molecules based on predicted fits between receptors which share common prisingly, these anion transporters have
between the drug and its receptor will be mechanisms. This is even the case for significant structural similarities and
near at hand. Although none of the receptors not previously thought to be sequence homologies with the cation
classical receptors has yet yielded to X - related such as the classical P-adrenergic carrying nicotinic acetylcholine recepray crystallographic analysis, the receptor (AR) and rhodopsin, the re- tor.' The second family includes recep~ . ~ tors that contain within their structure
methods of molecular biology facilitate ceptor for photons in the ~ e t i n a .Both
the production of the large amounts of proteins contain seven stretches of the enzymatic activity for tyrosine
these rare proteins necessary for crystal- hydrophobic amino acids that are pre- kinase.' Receptors for a wide variety of
lization. Receptor proteins share one dicted to span the lipid bilayer by growth factors, including insulin, EGF,
fundamental characteristic with allo- hydropathicity analysis. Indeed it is now platelet derived growth factor (PDGF)
sterically regulated enzymes. Both have recognized that the mechanism of signal and colony stimulating factor (CSF)
the structural Jexibility that allows in- transduction by both of these proteins fall into this category. The third group
formation to be transmitted to distant involves a guanine nucleotide binding has the fewest known members. It
parts of the molecule. W e will discuss regulatory protein (G protein). In fact, consists of receptors that contain the
recent observations about receptor struc- a whole family of receptors exerts their membrane-bound enzyme guanylate
ture and the dynamic nature of drug effects through activation of a G pro- cyclase. Two examples are the receptors
receptors, and pose questions about the tein.' Those for which the amino acid for atrial natriuretic peptide and the sea
signijicance of receptor dynamics for sequence is known all have seven hydro- urchin egg peptide speractk6 This
phobic regions and sequence homo- classification based on transduction
drug design.
was given a solid structural
logies to the AR and r h o d ~ p s i n . ~ , ' ' mechanism
.~
Three other receptor families have basis as the similarities in primary
Receptor Structure
related functional mechanisms and sequence of several receptors in each
Classical drug receptors are plasma share significant sequence homology class were identified. As new receptor
membrane proteins which bind agonist (Fig. 1). The first consists of multi- sequences are determined, the classifior antagonist drugs leading, in the subunit receptors that contain ion cation of the receptors in this structural/
former case, to the production of an
intracellular signal. The receptors for
insulin1 and acetylcholine' were the first
membrane receptors to be purified. This
established a biochemical identity for
what had previously been theoretical
entities. These two receptors were also
w
among the first for which the entire
U U
'P
-P
primary amino acid sequence of the
protein was determined. In both cases
Nicotinic acetylcholine
Adrenergic ( a ,p)
Insulin
EGF
Atrial natriuretic
the powerful techniques of molecular G A B A
PDGF
peptide
Muscarinic acetylcholine IGF
Angiotensin
Speractin
biology were used to find the protein Glycine
Substance K
sequence indirectly by sequencing a
Rhodopsin
complementary DNA (cDNA) derived
from the mRNA coding for the protein. Fig. 1. Receptor ,families identified by structure and function. Membrane receptors for which deduced
acid sequences are know5n can he divided into families based on their primary structure and
This approach has resulted in a plethora amino
biochemical mechanism. Structura1,features such as the presence of multiple subunits and the number and
of information about the primary struc- arrangement of hydrophobic @utatiuc,membrane spuming) helices are similar among members qf'a.farnily
ture of rare plasma membrane recep- of receptors wirh a common ,functional mechanism (see text .for details).
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functional framework will no doubt
further clarify the scheme.
As of yet, the primary sequence of a
protein cannot be parlayed into its 3dimensional structure which includes
secondary (a helices,
sheets etc.),
tertiary and quaternary elements of the
protein structure. The receptor for
which the quaternary structure is best
known is the nicotinic acetylcholine
receptor. Because of its near crystalline
arrangement in membranes of the electric organs of the marine ray Torpedo,
electron micr2scopic imaging has
yielded an 18 A resolution structural
map of this receptor.1° This resolution is
sufficient to localize the five subunits of
the receptor and to trace their orientation in the membrane. The gross
conformational change which accompanies desensitization of the nicotinic
acetylcholine receptor by prolonged
exposure to agonist has been visualized
directly by such reconstruction of electron microscopic images." Despite this,
there is still controversy regarding the
topology of the nicotinic acetylcholine
receptor in the membrane." Much
improved images or single crystal X-ray
studies will be necessary to localize the
peptide backbone and determine the
structure of the amino acid side chains
that make up the acetylcholine binding
site.
Predictions of the secondary and
tertiary structure of the G protein linked
receptors, rhodopsin and thc fi AR,
have been made based on a 7 A map of
bacteriorhodopsin." Although the latter is only very weakly related to
rhodopsin, it has been shown to have
seven transmembrane alpha helices and
serves as a paradigm for the structure of
the G protein-coupled receptors. The
model of the seven membrane spanning
regions for rhodopsin and the /3 AR
has been partially validated by affinity
labelling, proteolysis and antibody
(Fig. 2 ) . Based on these
theoretical predictions and data obtained from mutagenesis and protein
modification studies, models for the
ligand binding site of the /3 AR have
been proposed. The most striking aspect
of these models is that the agonist and
antagonist drugs do not bind to the
extracellular surface of the receptor.
Rather, they bind to a site deep in the
core of the receptor3 which requires the
ligand to partially traverse the membrane by entering a pocket in the
receptor. In bovine rhodopsin, the retinal is covalently attached by a Schiff
base linkage to lys 296 in the middle of
the seventh predicted membrane spanning region.' The site within the /3

'CCQH

Fig. 2. Model for the transmembrane topology of the

AR. Horizontal lines represent the limits of the
plasma membrane of the cell with the region at the top of the page corresponding to the exiracellular space
and the region at the bottom representing the cytoplasm. In this model, the receptor has seven
transmembrane helices, with the amino terminal end of the protein exposed extracellularly and the
carboxyl terminal end intracellularly. The amino acid residues represented by squares could be rleleted
from the protein nithout affecting ligand binding or protein folding, whereas the deletion of those residues
shown in circles aduersely affected either the folding or binding properiies of the receptor. The residues
shown in bold faced circles are proposed to be involved in interactions with the ligand. The regions of the
third intracellular loop delineated by the solid stripe were determined to be critical for G proiein coupling,
whereas the region delineated by the broken stripe was required for agonist mediated sequestration (i.e.
desensitization). Figure and legend modified from reference 3 by permission of The FASEB Journal.
Vol. 3. p. 1826, 1989.
TABLE 1. Classification of membrane receptors by amino acid sequence and function

Receptor type

Structural feature

Examples

Effector systems

G protein-linked

7 hydrophobic
domains

B Adrenergic

a Adrenergic

t, 1 Adenyl cyclase

Muscarinic acetylcholine
Opiate
Angiotensin
Substance K
Rhodopsin

T Phospholipase C
7 K' channels
1. Ca++channels
?T Phospholipase A,
?t Na+H+Antiport
T cGMP phosphodiesterase

Nicotinic
acetylcholine
GABA,
Glycine
Atrial natriuretic
peptide
Sea urchin egg
peptides

Sodium channels

Insulin
Insulin-like growth
factor 1
EGF
PDGF
CSF

Protein tyrosine kinase

Ion channels

Multiple subunits

Guanylate
cyclase

Single hydrophobic
domain

Tyrosine kinase

Single hydrophobic
domain

Chloride channels
cGMP

The general structural features and effector systems are illustrated for some classes of receptors for
which deduced amino acid sequences are known. See text for details and literature references.
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Fig. 3. Proposed structural model for the ligand
binding site ofthe Jl A R . The ligand isoproterenol
isshown, as viewedfrom outside the cell, surrounded
by several qf the proposed transmembrane helices.
The Roman numerals indicate the locution of the
proposed transmembrane helix within the sequence
of the adrenergic receptor with I being closest to
the amino terminus and VII being closest to the
carboxyl terminus. The proposed locations of the
' ' ~ser"' side chains are
asp" 3, phe"', ~ e r ~and
indicated. The location of the cationic amine of
isoproterenol in the binding pocket is indicated by
N,,,. Figure and legend modified from reference 3
by permission of The FASEB Journal, Vol. 3 p .
1828, 1989.

adrenergic receptor that has been proposed for binding to agonists is similar
to that for the retinal chromophore in
rhodopsin. Aspartate 113 in the third
predicted membrane spanning region of
the p2 AR is necessary for both agonist
and antagonist binding while serine
resides in the fifth and seventh hydrophobic regions are necessary for agonist
binding3 (Fig. 3). Thus, the drugs which
activate G protein-linked receptors associate with the hydrophobic membrane
spanning regions in an ideal position to
produce a conformational change in the
intracellular loops of the receptor that
interact with the G protein.

ing of tryptophan to the trp aporepressor appears to modulate the biological function of the protein (i.e. its
DNA binding affinity) in a particularly
simple manner. The tryptophan becomes wedged between hinged domains
of the aporepressor, forcing two flexible
loops out from the main core of the
protein.15The spacing of those domains
is then optimal for binding in two
adjacent major grooves of the DNA
helix (Fig. 4). Although there are two
tryptophan binding sites in the aporepressor, each tryptophan appears to
bind independently and there is no
cooperativity in the structural transition
to the active form.
Aspartate transcarbamylase illustrates the effects of regulatory ligand
binding to a more complex protein
system. This enzyme catalyzes the committed step in pyrimidine biosynthesis,
the formation of carbamyl-aspartate
from carbamyl-phosphate and asparate.
Because of its central role in nucleotide
metabolism, it is regulated both by
substrates, aspartate and carbamylphosphate, and by allosteric effectors,
ATP and CTP. Most of the data
regarding regulation of this enzyme is
consistent with a two-state model in
which one state (T) is less active than
the other (R)."Activating ligands such
as substrates and ATP shift the equilibrium to the R state while the inhibitory ligand, CTP, shifts it back to
T.16 The aspartate transcarbamylase

complex has six catalytic and six regulatory subunits. Each substrate binding
and catalytic site includes amino acid
residues from two catalytic subunits. A
stable carbamylaspartate analog, Lphosphonoaspartate (PALA) has been
used to study the X-ray crystal structure
of the liganded enzyme." The binding
of a single PALA molecule is sufficient
to convert the entire dodecameric complex into the R state. In contrast to the
steric effect of tryptophan to open the
structure of the trp aporepressor, PALA
binding to asparate transcarbamylase
results in a more closed, but more
active, structure of the catalytic site.
Several amino acid residues undergo
large shifts in the transition from the T
to the R state. Lys84 of the adjacent
catalytic subunit exhibits a dramatic
shift into !he catalytic site. Its 01 chaip
moves 6 A and its side chain lOA
toward the ligand m01ecule." The negative charges of the carboxylate groups
on PALA produce a bridge between the
positive charges on arg167 and arg229
causing an entire 01 helical chain to shift.
This motion breaks salt bridges and
forms new ones that are thought to be
crucial for the change in quaternary
structure of the complex."
Aspartate transcarbamylase and
hemoglobin have been considered to be
good examples of the allostery theory of
' ~ two state thermoMonod et ~ 1 . since
dynamic mechanisms have been able to
account for most of the experimental

Protein Conformational
Changes

Although the first crystal structure of
an integral membrane protein has recently been solved,'* no high resolution
structure of a receptor is known. Thus,
the molecular details underlying ligandinduced
protein
conformational
changes can be best appreciated by
considering allosteric proteins whose
crystal structures are available. Hemoglobin and two bacterial proteins, the
tryptophan repressor and the enzyme Fig. 4. Schematic drawing of the trp aporepressor conformational change upon binding tryptophan. The
(E.C. structures without and with tryptophan bound are superimposed with the regions exhibiting the greatest
aspartate
transcarbamylase
shown in gray shading. Cylinders represent a-helices and the operator DNA is represented as
2. I .3.2) from E. coli are well studied movement
a double helix. Tryptophan binding between the C and E helices causes the D and E helices to shift out
allosteric proteins for which high res- from the core of the molecule. The outward movement results in tight binding of the liganded repressor to
olution structures of both liganded and the operator DNA. Figure and legend modified from reference 15 with permission from Nature Vol. 327
unliganded forms are known. The bind- pp. S91-597 copyright 0 1987 Macmillan Magazines Ltd.
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data."j In both cases, there are now by a maximal absorbance at 380nm, formations, a resting state, the active
indications that an additional confor- appears to be the conformation of state and two distinct desensitized
mational state of the protein is necess- rhodopsin that binds and activates states.'
ary to account for therm~dynamicl~ transducin, the G protein which mediConformational changes of ARs and
or structural" data. Despite these new ates visual tran~duction.'~
The presence other receptors that are coupled to G
conclusions, the fundamental concept of the retinal chromophore provides a proteins have been more difficult to
of ligand binding energy perturbing a unique tool for studying rhodopsin study for two reasons. First, the recepthermodynamic equilibrium of protein activation and the accompanying pro- tors are present in cell membranes in
conformational states appears to be tein conformational changes.
very small amounts. Second, the coupc~nfirmed.'~
A regulatory protein for
For receptors that don't have a simple ling of the receptor to the G protein
which three structural forms have been spectroscopic handle, changes in agonist greatly increases the receptor's apparent
directly demonstrated is citrate synthe- binding affinity have been used to affinity for agonists.8 Perhaps the best
tase.'l In this case, an induced fit infer and characterize receptor confor- evidence that agonists can cause a
mechanism has been proposed. In ad- mations. This approach has proven conformational change in these recepdition to the major functional states of effective for the nicotinic acetylcholine tors without a G protein being present
proteins identified by ligand binding receptor", 26 and more recently for the comes from the observation that a
and enzyme activity, proteins appear to a , AR.'? Agonists are most useful unique protein kinase, termed ,8 AR
have multiple conformational sub- because antagonist affinities generally kinase can phosphorylate the purified
states.22An ensemble of conformational do not depend on the conformation of p AR and a2 AR only when they are
substates makes up a single functional the receptor. Indeed, allostery theory occupied by a g o n i ~ t . ~ '
state. The most direct demonstration of predicts that the active receptor conWhile the /3 AR mediates stimulation
these substates comes from low tem- formation would have a high affinity of adenylyl cyclase, the a2AR as well as
perature studies of hemoglobin.22Mol- for agonist relative to the non-activated several other receptor types3' inhibit
ecular dynamic simulations of protein receptor while there would be no adenylyl cyclase through the action of
motion have also begun to suggest the difference between the affinity of active the inhibitory guanine nucleotide reguexistence of sub state^.'^ At normal bio- and inactive receptors for antagonist. latory protein, Gi. These receptors also
logical temperatures, there would be In the case of the nicotinic receptor, the mediate a variety of other cellular
rapid interconversions between the sub- inactivated or desensitized states also signals through Gi or G,-like proteins.32
states, resulting in the appearance of a have a unique (and relatively high) A high affinity radiolabelled full ap
small number of functional states.
affinity for agonists, thus making them agonist makes the a2 AR ideal for the
accessible to detection by this approach. use of agonist affinity measurements in
Depending on the abundance of the detecting receptor conformational
Identification of Receptor
27
or changes.*? As with other G protein
receptor, either radi~labelled'~~
Conformational Changes
fluorescently labelledz6 agonists have coupled receptors, a2 agonist binding
Only limited direct studies are available been used. This approach is even more affinity is reduced by conditions that
on conformational changes of classical powerful when combined with in vitro disrupt receptor G protein
34
receptors (see discussion of electron measures of receptor f u n ~ t i o n . ' ~28. ~ ~ . The ability of purified G proteins to
microscopic images of the nicotinic
At least four conformational states of restore high affinity agonist binding to
acetylycholine receptor above). How- the nicotinic acetylcholine receptor are
and
adrenergic and muscarinic
ever, several indirect approaches have necessary to account for the binding a ~ e t y l c h o l i nreceptorsdirectlydemone~~
been used to study receptor confor- and response data. In the absence of strates the role of protein-protein
mation. Receptor conformation can agonist, the Torpedo nicotinic acetyl- interactions in conformational changes
alter: (1) spectral properties of covalent choline receptor exists in an equilibrium of G protein-coupled receptors. Unor reversibly bound fluorescent reporter with 8076 of the receptor in a resting fortunately, it has not been possible to
groups, (2) the sensitivity of the receptor conformation and 20 7; in a desensitized form receptor G protein complexes in
to various enzymes (including proteases conformation that binds agonist with detergent solutions ; the membrane enand kinases), (3) the sedimentation or high affinity.26 Within microseconds vironment is necessary, possibly to
chromatographic properties of the re- after binding, agonist shifts the receptor correctly orient the proteins for inceptor, (4) the affinity of binding of into the active conformation in which teraction. Kinetic modelling of the time
radioligands (especially agonists), or (5) the intrinsic cation channel is open.29 course of a2 agonist binding in memthe functional state of the receptor. The receptor is then converted on a brane preparations from human plateThus, by monitoring any of these time scale of hundreds of milliseconds lets shows that approximately 3 O 0 h of
properties of the receptor, changes in to a desensitized conformation that the aqreceptors are coupled to Gi before
binds agonist with an intemediate agonist is added, then the agonist
conformation can be Followed.
The best example of a signal trans- affinity.25.26Subsequently, there is a induces further coupling.27 The temducing protein for which spectral in- slow desensitization such that nearly all perature dependence of the agonistformation has provided a detailed view of the receptor is converted to the high induced coupling suggests that the lipid
of protein conformational changes is affinity desensitized state.25'26 These two bilayer plays an important role in this
rhodopsin.** Following the initial distinct desensitized states have also process either because there is diffusion
isomerization of the retinal chromo- been identified by single channel electro- of the proteins in the membrane or a
phore to the all trans form, the spectral physiological methods and were found protein conformational change occurs
properties of the retinal change as the to have kinetic properties similar to which is dependent on the state of the
~ ~ the membrane lipids.38 The concept of
opsin traverses a sequence of confor- those seen b i o ~ h e m i c a l l y .Thus
mations. The lifetimes of these confor- nicotinic acetylcholine receptor can diffusional coupling of /3 receptors and
mations range from picoseconds to exist in at least four functional states, G, (or adenylyl cyclase) has been a
seconds. Metarhodopsin 11, identified which presumably reflect distinct con- major paradigm in the theory of G
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protein-linked receptors and is supported by many experimental observ a t i o n ~ .40.
~~,
Parallel measurements of adenylyl
cyclase inhibition and u2 agonist binding using rapid kinetic techniques have
shown that the rate-limiting step in the
a, response is distal to agonist binding.41
Both activation and inhibition of
adenylyl cyclase in biological membranesZ8 are much faster than would
be expected from measurements of
receptor-stimulated guanine nucleotide
binding in reconstituted ~ystems.~”
40 In
platelet membranes, the rate-limiting
step in inhibition of adenylyl cyclase
appears to be the conformational
change of the G,-GTP complex.28
These conclusions are based on indirect
approaches such as kinetic modelling
of ligand binding and inhibition of
adenylyl cyclase in biological membranes. Future work in this area will
require new methods to probe more
directly the conformational changes of
the receptors and the G proteins. A
complete understanding of these
mechanisms in intact cells will also need
to account for the role of membrane
lipids and cytoskeletal elements in regulating the organization and movement
of membrane proteins.
Unanswered Questions

Despite the explosion of information
about the primary structure of membrane receptors there are many unanswered questions regarding tertiary
and quaternary structure. Also, the
dynamic aspects of receptor function
are even less well understood. Some
areas that must be addressed to obtain
a true molecular understanding of receptor function can be outlined in the
following questions : (1) Are there relatively few conformational states for
receptors with fluctuations around those
states or are there hundreds of stable
conformational states? (2) What implications do these multiple receptor conformations have for the use of static
structural information in the design of
drugs?(3) Are the structural interactions
that result in receptor activation necessary and sufficient for desensitization or
can agonist drugs be designed that
would not result in desensitization? (4)
Do receptors complexed to G proteins
with different nucleotides bound have
different conformations? ( 5 ) How does
the membrane location of receptors and
G proteins affect their conformational
state and do membrane lipids or the
cytoskeleton modulate their interactions and conformational changes?
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We may get hints about the answer to
the first of these questions by reference
to soluble proteins for which the structures are better established. In those
cases it appears that there are a relatively
small number of stable states of the
proteins. Also, single channel electrophysiological studies of ion channel
coupled receptors and voltage sensitive
ion channels indicate that while there
are increasing numbers of states being
identified, there is not a continuum of
states as indicated by the discrete single
channel conductances that are observed.
The answers to some of the other
questions must await the development
of methods to study the structure and
function of the membrane receptors
more directly.
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Regulation of Pituitary Peptides by the
Immune System
Nicholas R. S . Hall and Maureen P. O’Grady

Summary

It has long been thought that the central
nervous system is able to influence the
progression of disease. Furthermore,
there is now overwhelming evidence that
the communication pathways are bidirectional. A variety of immune system
peptides are now known to be capable of
transmitting information from the immune system to the central nervous
system. These immunotransmitters include interleukins, interferons and thymosine peptides which have the capability of
modulating slow-wave sleep as well as the
release of neuro- and pituitary peptides.
In some instances, release of these
peptides during early development may
have long lasting, if not permanent effects
upon the normal development of neuroendocrine circuits. Collectively these
various brain mediated events appear to
contribute in various and diverse ways to
defense against pathogens. It is becoming
more and more apparent that certain
abnormalities within the immune system
may be the consequence of a neurological
abnormality. The converse is also true.
Introduction

For thousands of years a role for
emotional state in modulating the balance between health and disease has
been suspected. As early as the second
century A.D., the Greek philosopher
Galen reported that melancholy individuals are more susceptible to cancer
than are sanguine individuals.’ In recent

years, investigators have successfully
correlated episodes of stress with debilitated health. These include models
in which bereaved individuals have been
found to have depressed immunity* as
well as models using medical students
who have been found to have increased
susceptibility to viral infections correlated with preparation for academic
exams.3 Since anxiety and negative
emotional states can sometimes be
correlated with activation of the autonomic nervous system as well as with
increased secretion of ACTH and subsequently cortisol, the pituitary-adrenal
axis has been suspected as serving as the
conduit via which the central nervous
system is able to modulate the activity
of the immune system (see ref. 4).
Evidence that immune system tissues
are extensively innervated by projections from the sympathetic branch of
the autonomic nervous system is reviewed el~ewhere.~
In addition, virtually
every hormone produced by cells within
the pituitary gland is able to either
directly or indirectly influence the biological activity of lymphocytes and/or
macrophages (see ref. 6). Because of the
afferent links with the nervous system,
it is widely accepted - although not
proven- that it is via the autonomic
nervous system and specific neuroendocrine circuits that emotional state
is ultimately transduced into an immunomodulatory signal.
If the central nervous system does
indeed modulate the course of immune
responsiveness, then there ought to be a

mechanism via which the brain can
monitor the level of activity within the
immune system. Similar mechanisms
exist for various endocrine systems
within the body and are manifested as
either positive and/or negative feedback
loops. A typical mechanism would
involve the inhibition of releasing factors within the hypothalamus by excessively high levels of an endocrine
target gland’s products and increased
release when levels of the target organ’s
hormone were low. A number of signals
emanating from within the immune
system compartment might well serve in
such a capacity. These would also
include the antigen which would serve
as the trigger of the immunologic
cascade. Other signals might be in the
form of cytokines, many of which are
active in the brain.’
While not directly related to regulation of the immune system, the various
brain controlled processes that are
influenced by immune system peptides
can be considered as contributing to the
well being of the host. For example,
interleukin 1 is capable of stimulating
slow wave sleep as well as a fever
response.’ It is during this particular
stage of sleep that growth hormone is
released which has tropic- and growthpromoting effects and which are undoubtedly beneficial during a period
when tissue repair would be needed
following infection of the host. Furthermore, hyperthermia results in an
inhospitable environment for many
microorganisms and facilitates the ac-

