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ABSTRACT: Efforts to developed detailed insights into the structure and function of the molecules of memory,
thought and sensory perception—physical organic chemistry on the brain—are described. By combining more
conventional chemical tools with a number of techniques adapted from modern biology, it is now possible to perform
systematic structure–function studies on the integral membrane proteins that play a central role in molecular
neurobiology. There are substantial challenges associated with such studies, but we believe the potential payoff is
considerable. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Physical organic chemistry has always been an evolving
field, receiving regular injections of revitalizing influ-
ences from new methodologies and new structural/
mechanistic challenges. After the basic paradigms were
established in pioneering studies, those foundations were
constantly challenged and refined as new tools such as
fast spectroscopy, gas-phase techniques, matrix isolation
and computational chemistry produced ever more
detailed insights into the nature of reactive intermediates.
Now, even select transition states can be directly
characterized.

Likewise, along with a vital core of issues related to the
basic nature of prototype reactive structures, physical
organic chemistry has always branched out to impact new
areas. The influence of physical organic chemistry is
easily found in organometallic chemistry, biochemistry/
bioorganic chemistry and materials science. Indeed,
much of the excitement in chemistry today is generated
at these ‘interfaces,’ such as chemistry/biology and
chemistry/materials science, and certainly physical
organic chemistry is very much involved in these
challenging new directions.

Our own work has emphasized both interfaces,
attempting to rationally develop organic magnetic
materials1 and to understand recognition phenomena
such as the cation–p interaction that are relevant to many
biological systems.2–4 More recently, though, our inter-
ests have moved in a new direction. From one perspective

we are doing physical organic chemistry on the brain.
Perhaps more correctly, we are asking whether it is
possible to do so. That is why we state the title as a
question—a question that just as easily could have been
stated as, ‘Is physical organic chemistry ready for the
brain?’

The issue is one of complexity. The brain is a
remarkably complicated structure. Of course, implicit
in the notion of thinking about the brain like a chemist is
that we are concerned with the molecules of the brain. To
do physical organic chemistry on the brain is to ask
structural and mechanistic questions about the molecules
of thought, memory and sensory perception. This is
indeed a daunting task, but we believe new capabilities,
some from chemistry and some from biology, make this a
viable goal for modern physical organic chemistry. We
will begin with a few comments on neuroscience in
general, and then introduce the molecules of the brain.
We will then describe several techniques that will be
unfamiliar to most physical organic chemists but that, we
feel, make it possible to think like a physical organic
chemist in this arena. Historically, new methods for
physical organic chemistry have come from physics
(lasers, matrix isolation, etc.), but here it is biological
tools that are being adapted to mechanistic problems. We
will close with a few examples from our own recent work
that we would consider to be physical organic chemistry
on the brain.

THE MOLECULES OF THE BRAIN

First, we present a few numerical estimates concerning
the brain.5–7 There are roughly 1012 neurons in a human
brain, and there is great diversity among them, with
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perhaps1000 different types of neurons.A ‘typical’
neuronmakesconnections(synapses)with 103–104 other
neurons—thebrain is wired in a massively parallel
fashion that is completelydifferent from the designof
currentcomputers.This meansthat thereare 1015–1016

synapsesin the humanbrain! Even the massiveunder-
takingof completelysequencingthe3� 109 basepairsof
thehumangenomeseemsmodestcomparedwith thetask
of unravelingtheworkingsof thebrain.

Moving towardmolecularissues,much of the action
occurs at the synapse.The brain is about cell–cell
communication,andthesynapseis thegapbetweentwo
cells. This gap is prototypically overcome by small
neurotransmittermoleculesthat are releasedfrom the
presynapticneuron,traversethesynapticgapandarethen
recognizedandprocessedby receptorson thesurfaceof
thepostsynapticneuron.In earliertimes,efforts to apply
physicalorganicchemistryto neurobiologyfocusedon
thesesmallneurotransmitters—structuressuchasacetyl-
choline,dopamineandserotonin.Now thechallengeis to
develop a chemical-scaleunderstandingof the neuro-
proteins themselves.Here we use the term ‘neuropro-
teins’ to identify generically the integral membrane
proteinsof the centraland peripheralnervoussystems,
including ion channels,neurotransmittertransporters,
ligand-gatedand G protein-coupledneuroreceptorsand
relatedstructures.Theseareproteinswith a tremendous
diversityof structure,but a few commonfeatures.

First, sincetheissueis cell–cell communication,these
moleculestendto beonthesurfacesof cells.In molecular
neurobiologysurfacelocationgenerallyimplies integral
membraneproteins.That is, neuroproteinsarenot mem-
brane-anchoredor structureswith just one membrane-
spanningsegmentlike the family of hormonereceptor
molecules.Neuroproteinstypically crossthe membrane
manytimes,somecontaining12 or moretransmembrane
segments.Oftenmorethanhalf theproteinis embedded
in themembrane.It is still truethat,with few exceptions,
membraneembeddedmeans not amenableto high-
resolution structural methods such as x-ray crystal-
lography or NMR spectroscopy.8 For some systems,
very useful low-resolution images are available, but
atomic-scaledetail is not.

A further complication is that many, but not all,
neuroproteinsare multi-subunit systems.Often four or
five individual proteins, each with several transmem-
branesegments,combineto form the functionalsystem.
Becauseof thesefeatures,it is in generaldifficult to
accumulate significant quantities of pure, properly
folded, functionalneuroproteins.This makesthe taskof
characterizationall themoredifficult.

So, we have no high-resolutionstructuraldata,very
little materialto work with andonly thevaguestnotionof
how thesestructureswork—notexactlythe idealsystem
for detailed,physicalorganicchemistrystudies!Fortu-
nately,oneothercommonfeatureprovidessomerescue.
The currencyof the brain is current—moreprecisely,

highly regulated ionic movementsacross cell mem-
branes,which themselveshavea permanenttransmem-
branepotential.Either directly or indirectly, mostof the
importantmoleculesof neurobiologyareinvolved in the
productionof anionic current.If thereis onethingwecan
do, it is measuresmall electricalcurrents,andfor some
time modernelectrophysiological methodshaveenabled
themeasurementof theelectricalactivity of asinglecell.
With theremarkablecapabilitiesof thepatchclamp,it is
commonplaceto monitorin realtimethechemicalactivi-
tiesof a singleion channelmolecule! This connectionto
electrical activity is the first key to being able to do
physicalorganicchemistryon the moleculesof neuro-
biology.

MOLECULAR NEUROBIOLOGY

The staple of physical organic chemistry has been
structure–functioncorrelation.In the absenceof direct
observationof reactive structuresand high-resolution
structural data, important, fundamental insights into
mechanisticorganic chemistryhave beengainedfrom
structure–functionstudies.Forsometime,anoutstanding
groupof neurobiologistshasbeenperformingimportant
structure–functionstudieson neuroproteins.To do so,
one needstwo tools: a way to modify rationally the
structuresof theneuroreceptorsanda meansto evaluate
thefunctionalconsequencesof thestructuralchange.We
will summarizeherethenow standardway in which this
is donein molecularneurobiology.

The analog to organic synthesis is site-directed
mutagenesiscombinedwith heterologousexpression—
the former being familiar to all, the latter perhapsnot.
Nowadays,it is afairly straightforwardtaskto modify the
structuresof proteinsby changingthe codonin a given
geneto codefor a different aminoacid. Frankly, in our
experience,anyone who can do non-trivial organic
synthesiscan do site-directedmutagenesis,with the
latter often being much easier than the former. This
allows systematicstructural modification and has, of
course,revolutionizedmolecular-scalebiology.

Thereremains,however,asignificanthurdledueto the
very natureof neuroproteins—integral membrane,often
multi-subunit,coupledto ionic currents.Neuroproteins
are generally incompatible with conventionalprotein
expressionsystems.It is only meaningful to evaluate
themin thecontextof a living cell (in vivo), wheresome
semblanceof proper functional behavior is possible.
However,mostproteintranslationsystemsfunction in a
test-tube(in vitro). Fortunately,modernbiologyprovides
a solution to this problem—heterologousexpression.9

Amazingly (from a chemist’sviewpoint), if onedelivers
into certaintypesof living cellsthemRNA thatcodesfor
aproteinof interest,thecellswill obligingly translatethat
messageinto nascentprotein, and then properly fold,
assembleandtransportthenowintactneuroproteinto the
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cell surface.A typical vehicle, and the one we have
emphasized,is an oocyte cell from the frog Xenopus
laevis. It is a large(ca 1 mm diameter),very cooperative
cell that canbeusedto expressa wide variety of neuro-
proteins.Note that themRNA injectedinto theXenopus
oocyteneednot be from a frog gene;it can be from a
humanor mouseor almostany otherspecies,hencethe
term heterologousexpression.

Heterologousexpressionsolvesthe‘organicsynthesis’
problem, and electrophysiologyprovides the ‘spectro-
scopic tool.’ With these two tools and many related
approaches,systematic structure–functionstudies of
neuroproteinsarefeasible.

The in vivo nonsense suppression method for
unnatural amino acid incorporation

However,we needone more tool to do ‘real’ physical
organic chemistry.A severelimitation of site-directed
mutagenesisis thatit is restrictedto the20naturalamino
acids.Obviously,Naturehasdonefairly well with thisset
of options, but to a physical organic chemist, the
structuralvariationpresentedby thenaturalaminoacids
is limited. For example,supposeoneidentifiesa crucial
tyrosinein a proteinof interest,andonewantsto know
what role this residueplays.Oneobviousmutationis to
phenylalanine, converting a phenol into a simple
benzene.However,this causesmany changes:a hydro-
genbondinggroup is removed;the electronicnatureof
thearomaticring is altered;andasignificant‘sterichole’
is left behind.Clearly, somethingmoresubtlewould be
valuable.Forexample,O-methyltyrosine(anisoleinstead
of phenol)addressesthehydrogenbondingissuewithout
seriouslyalteringtheelectronicstructureof thearomatic.
This is perhapsthefirst thingachemistwoulddo,but the
lastthingabiologistwoulddo,becauseO-methyltyrosine
is not a naturallyoccurringaminoacid.

Fortunately, there is a way around this limitation.
Building ontheextensivebiologyof ‘suppressor’tRNAs,
andsomeimportantefforts by Hecht,PeterSchultzand
co-workersdeveloped,in 1989, a generalmethod for
biosyntheticincorporationof unnaturalaminoacidsinto
proteins.10,11 Briefly, oneusessite-directedmutagenesis
to incorporatea ‘stop’ codonat thesiteof interestanda
specialsuppressortRNA that recognizesthe stopcodon
to incorporateunnaturalamino acids at the site. This
methodhasbeenappliedbrilliantly by Schultz’sgroupto
a numberof systemsusing in vitro proteinsynthesis.At
Caltech,in collaborationwith my colleaguein biology
Henry Lester, we have adaptedthis protocol to the
heterologousexpressionsystem of the Xenopusoo-
cyte.12,13 It canbe appreciatedthat a living cell is much
different from a test-tube,so this initially presenteda
significant challenge.However, as describedin detail
elsewhere,12–15the in vivo nonsensesuppressionmethod
for unnaturalaminoacid incorporationis now a general

methodology.As such, we now have the ability to
incorporatealmostany functionalgroupinto almostany
location in a wide range of neuroproteins.It is this
advancethat we feel makesphysicalorganicchemistry
on thebrain a plausiblegoal.

This new capability opensup an essentiallylimitless
number of experimentsdesignedto probe structure–
functionissuesin neuroproteins.Overthepastfew years,
a major focusof theLester–Dougherty collaborationhas
been to develop an appreciation of what types of
experimentsarebestsuitedto thisprotocol.Onreflection,
one can imagine two different types of applications:
incorporatingstructuralvariationsthat are more subtle
thanis possiblewith thenaturalaminoacidset,allowing
systematicstructure–functionstudies;or incorporating
unnatural amino acids that are wildly different from
Nature’s set, allowing totally new structure–function
probes.We havepursuedboth, and will briefly outline
examplesof each.

Physical organic chemistry on the nicotinic recep-
tor

Although the unnatural amino acid methodology is
applicableto a wide rangeof neuroproteins,we will use
justonesystemto illustrateoureffortsatphysicalorganic
chemistry on the brain. The nicotinic acetylcholine
receptor(nAChR) is the major neuroreceptorat neuro-
muscularjunctions,andis increasinglyrecognizedto be
importantin thebrain (Fig. 1).16–21It is theprototypical
ligand-gatedion channel.Whenagonist(ACh) is released
into the synapseby a presynapticneuron, it binds to
postsynaptic nAChRs, causing a cation-specific ion
channelcontainedwithin the receptorto open.Nicotine
is a competitiveagonistof thenAChR,andcertainlythe
neuronal nAChRs play an important role in nicotine
addiction. The nAChR is also the best studied,proto-
typicalmemberof alargeclassof neuroreceptors,thatalso
includesreceptorsfor GABA, glycineandserotonin.The
nAChR is a pentamerformed from four homologous
subunits,a,b, g and�, in aratioa2bg� (Fig.1).Theagonist
bindingsiteisthoughttobeprimarilyassociatedwith thea
subunit,and so thereare two agonistbinding sitesthat
interactin a positively cooperativeway. We emphasize
that it is not our goal hereto provide a comprehensive
discussionof the nAChR.Rather,we hopeto providea
senseof thekindsof chemistrythatarenowpossiblewith
neuroproteins,andwe will usethe nAChR asa vehicle
for thatdiscussion.For thoseinterestedin furtherdetails,
a number of excellent reviews emphasizingstructural
issuesin thenAChRareavailable.16–21

Classical structure/function studies

Tyrosines at the agonist binding site. Perhapsasmany
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as nine aromatic residues, five tyrosines and four
tryptophans,havebeenimplicatedascontributingto the
binding of ACh in the nAChR. Although initially
surprising,thesefindings can be seento be consistent
with an important role for cation–p interactionsin the
nAChR,as in otherACh binding sites.2–4 Conventional
mutagenesisconfirmedthat theseresiduesareimportant,
but couldnot establishspecificrolesfor each.Certainly,
all nine cannotbe directly contactinga small molecule
like ACh. We felt theunnaturalaminoacidmethodology
mightbewell suitedto definingtheparticularrolesof the
variousaromatics.

We began by focusing on the highly conserved
tyrosineresidues.12,14Figure2 showstheresultsof such

a studyon oneparticulartyrosine,that at position93 of
the a subunit. Clearly, the OH group of Tyr a93 is
crucial—receptorswith an OH show near wild-type
behavior, whereasthose without are significantly im-
paired.The one residuewith intermediatebehavior,4-
COOH-Phe,can be viewed as a OH-containinggroup,
but with theOH in a suboptimalposition.A comparable
study on Tyr a198 showsa completelydifferent trend.
Thereis no stringentrequirementfor anOH. Rather,the
substituentseemsmorea stericplaceholder.At botha93
and a198 the conventionalTyr to Phe mutationsgave
qualitatively similar results. Only with the unnatural
aminoacidseriescana cleardistinctionbe realized.

Closerinspectionof the Tyr a93 datarevealsa more

Figure 1. Left: schematic diagram of the nAChR. Overall dimensions from Unwin,20 but the arrangement of subunits is that
advocated by a number of other workers.15,16,22 Right: structures of acetylcholine and nicotine.

Figure 2. Mutations at a93 of the nAChR. Shown is EC50 for ACh as a function of side-chain structure. The wild-type residue is
tyrosine (third from left).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 334–340(1998)

IS THE BRAIN READY FORPHYSICAL ORGANIC CHEMISTRY? 337



subtle effect. The fluorinated Tyr derivatives show
essentiallywild-typebehavior,despitetheexpectedlarge
variationsin the pKas of the OH groups.Whereasone
expectsapKa of approximately10for Tyr, F4-Tyr should
showa pKa closeto 5 andso shouldbe ionized in bulk
water at physiologicalpH.23,24 We considerit implau-
siblethatreceptorswith neutral(Tyr) vsanionic(F4-Tyr)
residuesatabindingsiteshouldshowthesameresponses
to a cationicagonist,andso we concludethat F4-Tyr is
not ionized at the agonistbinding site of the nAChR.
Clearly,themicroenvironmentof theagonistbindingsite
is not comparableto bulk water, but is more likely
relatively hydrophobicandnot overly surfaceexposed.

Hydrophobic residues in the ion channel. Another
regionwheresystematicstructure–functionstudieshave
provedvaluableis in the actual ion channelpart of the
receptor—thepore throughwith cationsflow once the
channelis placedinto theopenstateasa consequenceof
agonistbinding. In particular,a crucial leucineresidue,
the so-called9' residue,in this regionis thoughtto play
an importantrole in the ‘gating’ of the ion channel.25–27

In onemodel,five leucines,one from eachsubunit,are
proposedto form a‘hydrophobicplug’ in theclosedstate,
with channelopeninginvolving a swinging of the Leu
side-chainsaway from the pore.21 Using the in vivo
nonsensesuppressionmethod,we wereable to test this
hypothesisby systematicallyalteringthehydrophobicity
of the 9' side-chain.15 Figure 3 showstypical compari-
sonsthat were possible.We had a numberof ways of
studyinghomologousseries—addingoneCH2 group—to
increasehydrophobicity.More subtlewerethe compari-
sonssuchasO-Me-threoninevs isoleucine,in which the
sterics were almost identical but the hydrophobicities
weresignificantlydifferent.

In mostcomparisons,increasedhydrophobicityat the
9' positiondid makethe channelmoredifficult to open,
consistentwith thehydrophobicplugmodel.However,at
one site, the 9' position of the � subunit,a very subtle
effect was seen.At this site only, the stereoisomeric
sidechainsof isoleucine(Ile) and allo-isoleucine(aIle)
gavemeasurablydifferentresponses.This is clearlynota
hydrophobiceffect, and it suggeststhat a more subtle,
highly structuredfeatureis involved.Furtheranalysisof
thisresultledto theproposalof aspecialpair relationship
betweentheb and� subunitsand,perhaps,a revisionof
theproposedgatingmodel.

It is worthconsideringtheIle–aIlecomparisonfurther.
The nAChR is a large protein with Mw� 290000, five
subunitsand20 membranespanningsegments.Yet two
diastereomericreceptorsdiffering only in the relative
positionsof methyl vs ethyl groupscanbedistinguished
easily,adistinctionoftennotpossiblein smallmolecules.
Thisatteststo thepowerof electrophysiology,andaugurs
well for systematicstructure–functionstudiesof neuro-
proteins.

More dramatic mutations

We havealsodevelopedunnaturalaminoacidsthat are
far outsidetherealmof thenaturalset,andwewill briefly
outline someexampleshere.

SNIPP. Shownbelow are the unnaturalamino acid (2-
nitrophenyl)glycine(Npg) andtheexpectedresultsfrom
irradiation of a protein containing this novel residue.
Whenincorporatedinto aprotein,Npggivesriseto ano-
nitrobenzyl amide group. The o-nitrobenzyl group has
beenextensivelyusedas a photochemicallyremovable

Figure 3. Examples of the kinds of structural comparisons made at the 9' site of the nAChR. In the full study,15 many more
comparisons were made. For each pair, hydrophobicity increases on moving from left to right.
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protecting group for alcohols, amines, carboxylates,
amidesand relatedheteroatomfunctionalities.28 In the
presentcontext, following through the usual o-nitro-
benzylphotochemistrywith Npg leadsto cleavageof the
peptide backbone. Such a site-specific, nitrobenzyl-
induced, photochemicalproteolysis (SNIPP) could be
usefulin evaluatingwhich domainsof a complexprotein
arecrucial to specificfunctions,andwhich arelessso.

In a number a recent experiments involving the
nAChR and other ion channel proteins, we have
establishedthat irradiation of an intact Xenopusoocyte
expressinga protein containing Npg site-specifically
incorporatedby the in vivo nonsensesuppressionmethod
doesleadto cleavageof theproteinbackbone.29 Wehave
usedSNIPPto evaluateseveralcrucialstructuralfeatures
of thenAChR,andweanticipateextensiveapplicationof
this methodologyto a wide arrayof neuroproteins.

`Caged' tyrosine. A relatedaspectof photochemistry,
andonethathasbeenusedextensivelyin othercontexts,
is theuseof so-called‘caged’ residues.This approachis
well suitedto the unnaturalaminoacid methodology,30

andwehaveusedaTyr with theOH protected(caged)as
a photoremovableo-nitrobenzylether(Tyr-ONB). This
more conventional type of photochemistryhas also
producedinterestingresults.In particular,incorporation
of Tyr-ONB into thea93 anda198sitesdiscussedabove
produces receptors that are unresponsiveto ACh.
However,photolysisrescuesthe receptor,and restores
wild-type function.31

The cagedtyrosineapproachhasalsobeenamenable
to time-resolvedstudies.Using a modified electrophy-
siology rig that focusesthe outputof a flashlamp on an

oocyte that is already ‘wired’ for electrophysiological
recording,we can record responsesin the millisecond
timedomain.Interestingly,weseebothafast(t� 10ms)
phaseanda muchslower(t = 50–2000ms) phase,with
the latterdiffering considerablybetweenthetwo sitesof
incorporationof Tyr-ONB. The implications of these
findingsfor nAChRbehaviorarestill underinvestigation,
but already the potential usefulnessof incorporating
cagedresiduesinto neuroproteinsis evident.

Biocytin. Another interesting,‘highly unnatural’amino
acid we haveincorporatedinto a numberof sitesin the
nAChR is biocytin. Despite its relatively large size,
biocytin is very compatible with the suppression
methodology.Of course,the value of biocytin as an
unnaturalaminoacid is that it allows theexploitationof
themuchusedbiotin–streptavidinsystem.32–34

A commonissuein studiesof complexneuroproteinsis
the transmembrane‘topology’ of the protein.8 In the
neuroproteinfield, topologyhasadifferentmeaningthan
in conventionalchemistry.Topology refers to the ‘ins’
and ‘outs’ of a transmembraneprotein—whetherthe N
andC termini areon theinsideor theoutsideof thecell,
andhow manytimesthe chain traversesthe membrane.
When no direct structuralinformation is available,this
simple issue can be difficult to resolve. Although a
number of approachesto topology mapping exist, all
have considerable disadvantages,mostly revolving
aroundthe fact that major structuralperturbationsare
introduced, making the ultimately deduced topology
suspect.

We envisionedbiocytin asa relatively non-perturbing
tool for evaluating transmembranetopology. If it is
incorporatedinto asurface-exposedresidue,treatmentof
the oocytewith 125I-labeledstreptavidinshouldirrever-
sibly label the cells in an easily detectablemanner.If
insteadthe biocytin is intracellularly located,or extra-
cellular but buried, it will not be accessible to
streptavidin,andno labelingshouldoccur.Again using
thenAChRasatestingground,wehaveverifiedthebasic
validity of this concept.Using a region of the receptor
known to be surfaceexposed,we were able to label
biocytin-containing receptorswith streptavidin.35 The
structuralrequirementsfor this interactionappearto be
fairly stringent,asonly themosthighly exposedresidues
couldbecomplexed.This is thereforea moredemanding
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testthanjust topology—thebiocytin approachevaluates
surfaceexposure(aresiduecanbetopologically‘out’ but
still buried). We anticipatemany usesfor biocytin in
evaluatingsurfaceexposure.

CONCLUSIONS

There is no doubt that the molecules of molecular
neurobiology are extremely complex, and that they
operatein an even more complicatedenvironment.In
addition, the totally reductionist view that a detailed
understandingof thesemoleculeswill beequivalentto a
detailedunderstandingof the brain is certainly wrong.
Much of how thebrainfunctionsdependson ‘context’—
the organizational and communication issues at all
levels—molecule-to-molecule, cell-to-cell, region-to-
regionof thebrain.Nevertheless,it is certainlytrue that
a detailed understandingof the brain will require a
detailedunderstandingof molecularneurobiology.This
is especially true when considering pharmaceutical
designor efforts to understandthe complexeffectsof a
widerangesmallmolecules,bothhelpfulandharmful,on
brain function.

Wehavearguedherethatphysicalorganicchemistryis
readyto tacklethechallengeof molecularneurobiology.
Substantialchallengesremain.It canbedisconcertingto
attemptmechanisticstudiesonasystemwhereyouknow
from theoutsetthatyouwill neverisolatepuresamplesof
substrateor product,will neverget an NMR or an IR
spectrumand are operatingin an extremely complex,
dynamic,heterogeneous,‘impure’ environment(a living
cell). Nevertheless,we believethat therearetremendous
opportunitiesfor physical organic chemiststo have a
significant impact on an undeniablyimportant areaof
science.I hopethis paperwill encouragea few chemists
to makethe leapinto neuroscience.
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