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THE STRUCTURAL SHIFT
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Internal protein dynamics

Consideringthe rotational correlation time of the protein in
solutiontaken asa rigid body as a pivotal point of the timescale,
we can define as internal fast motions those faster than the
tumbling correlation time and as collective conformational
equilibria those involving processesslower than the tumbling
correlationtime.
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Exchangeprocess

a dynamic process that exposes a nucleus to ¢
least two distinct chemical environments
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Special case:
ligand binding to a protein

f!fl:u'l
Reactiorscheme P+ L k: PL.
off

The exchanging sites are the free (P) andabmplexed
form (PL) of the protein.

Theexchange rate is given byikc}; — Kon L] + knﬂ'



Line shapes simulated for the oi3&ep binding mechanism for
Increasing populations of the complex (from blue to red).

D n= 250 Hz
k., = 2000 Hz.




Thermodynamic®f ligandbinding

P+L= PL

Ke=[PLJ/[P]IC]

PL2P+L
K =[P]ILI/[PL]

Proteinprotein interactions(PPIs)spanan affinity range
that is extremely broad, with dissociationconstantskj

from 102to 1016 M.



Affinity constantand dissociation

constant
Ki=[P][L}[PL]
StrongPPIs dissociatiorconstantk; <1 niv
WeakPPIs 1mV <K, <100V

UltraweakPPls Ky>100mM



Kinetics

In the assumptionof one-stepreaction

Plng+L

Kon

Ig}l = koff Vkon

Different combinationsof k  and k,,, can give rise to
similaraffinities.



kex1 kon’ koff

The NMRexchange rate is given b&,&x — knn [L] -+ kUﬂ'

What are the factors affecting,, and
Ko IN PPIS?



Assoclationrate constantk,
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Wide spectrum of measuredassociation rate
constants.

AThe red vertical line marks the start of the
diffusion-controlled regime.

AThe shaded range marks the absence of fong
range forces.



Assoclationrate constantk,,

Theassociatiorof two proteinsis boundedby the rate
at whichthey find eachother throughdiffusion

To form a stereospecific complex the two molecules
must have appropriaterelative orientationswhen they
cometogether.

Therate of associationof a protein complexis limited by
diffusion and geometric constraints of the binding sites
and may be further reduced by subsequentchemical
processes




Assoclationrate constantk,,

A diffusioncontrolled rate constant falls on the high end of the
spectrumof observedvalues

Areactiorrcontrolledrate constantfallson the low end
A diffusion-controlled association typically involves only local
conformational changesbetween the unbound proteins and the

native complex

A reactiorrcontrolled associationtypically involves gross changes
suchasloop reorganizatioror domainmovement



Assoclationrate constantk:
electrostaticcontribution

Togobeyondthe basalrate constantky,,andreachvalues> 10" M1 st, as

observedfor many protein complexes,intermolecular forces must be
present

Forprotein-protein associatiorthe dominantlongrangeforceis provided
by electrostaticinteractions
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Assoclationrate constantk,,

For protein-protein associationthe dominantlongrangeforce is
provided by electrostatic interactions as manifested by
complementary charge distributions on the binding partners,
whichare illustratedin the figure for four protein pairs
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Kineticsvs.thermodynamics

When several proteins compete for the same receptor or when one
protein is faced with alternative pathways, kinetic control, not
thermodynamiccontrol, dominatesin manycasesthis is especiallytrue
whendissociations slow

Differencesin binding rate between related proteins may serveas an
additionalmechanisnfor specificity



Kineticsvs.thermodynamics

When several proteins compete for the same receptor or when one
protein is faced with alternative pathways, kinetic control, not
thermodynamiccontrol, dominatesin manycasesthis is especiallytrue
whendissociations slow

Differencesin binding rate between related proteins may serveas an
additionalmechanisnfor specificity



Dissociatiorrate constantk

Dissociations a first order reaction whose rate is dictated
by the strength of short range interactions between the
Interacting proteins (van der Waalsinteractions, hydrogen
bonds,hydrophobicinteractionsandsaltbridges)

Typicak arein the 10*-107 s range



Dissociatiorrate constantk

K. IS directly related to the lifetime of the complex:

mean lifetime = 1K

half-life = In2k

A higher value ok means a shorter lifetime for the
complex and vice versa.
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Transientcomplexes

Transient complexes form when a high turnover is a functional
requirement and their componentsassociateand dissociaterapidly,
namelywith k 2 10° st andk,, in the rangeof 107-10° M-1s.

Thisresultsin dissociationconstantstypical for weak and ultra weak
complexesaandlifetimes¢ ms.

Revealing the presence of such interactions is experimentally
challenging becausethey do not result in a sufficient amount of
complexesthat canbe directly detected.



K¢ IN electrostaticinteractions

The associationrate constant decreasessignificantly with increasing
lonic strength, whereasthe dissociationrate constantis only modestly
affectedby ionicstrenght

Asthe transient complexlies at the outer boundaryof the interaction
energywell and henceis closeto the native complex,ionic strengthis
expected to screen electrostatic interactions in the two types of
complexedo nearlythe sameextent

Hence the associationconstant and associationrate constant are
expectedto have nearly the same dependenceon ionic strength and
the dissociatiorrate would be little affectedby ionicstrength

Ka: I<on vkoff



Association rate constarkf

Electrostatidnteractions

Ratesbeyondthe 10°¢10f M1 st rangeimplicateelectrostaticenhancement

A hallmark of electrostatically enhanced diffusionlimited association is
manifestedby disparateionic-strengtheffectson the associatiorrate k,, andthe
dissociatiorrate K.

Specificallyk,,, decreasessignificantlywith increasingionic strength, but k_ is
affectedby ionic strengthonly marginally
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Affinity constantand dissociation

constant
Ki =[AlBJIC]
StrongPPls dissociatiorconstantk; <1 mM
WeakPPIs 1 mv <K,;<100nM

Ul KPPI > 100NV .
trawea S K;>100 MR =unique

tool to monitor
these
Interactions




NMR can be used to study protelilgand interactions, by
acquiring multiple NMR spectra along a [P]/[L] titration

coordinate.

As a rule of thumb,

In the diffusion controlled association regime:

(a) Slow exchange
Tight binding

(b) Intermediate
exchange

(c) Fast exchange
Weak binding

Ef; é /\Jé& Abj\cj%
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Kd® nM Kd® [vh Kd® mM



IH-15N HSQC = gold standard for
monitoring intermolecular interactions

Asn and Gln side cham NH»
group peaks are generally in
this part of the spectrum
and logically result in two

The 1H—15N HSQC peaks at the same Nitrogen

but different Hydmgen ppm f.p':}
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ThelH->N
HSQ@xperiment

'H chemicalshift asa signatureof the
degreeof protein folding
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IH-5N HSQC in interaction studies

THE CHEMICALSHIFT OR AMIDES OF RESIDUESN THE
INTERACTIOAREAIS EXPECTEDO CHANGBRJPONCOMPLEX

FORMATIONDUE TO THE CHANGEIN THE CHEMICAL
ENVIRONMENDFTHENUCLEUS

'H NUCLEAREVERYSENSITIMEEPORTEF-CHANGEBI THEIR
ENVIRONMENT

Different strategiesfor fast, slow
and intermediateexchange



: fasthemicalexc
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IH-5N HSQC: fasthemicalexchange
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Aoy =f oo Ot T d All the other NMR observablesare also
obs — free Miree = "bound™~bound populationweighted  including relaxation

Measurable effects od,,.even in the case of '21€S
ultra weak interactions (up tooM K,Qa


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2823773/figure/pone-0008943-g004/

Chemicakhift perturbation (CSP)
mappingvia HSQC

H-15N HSQC= simple and fast experiment, with cryoprobe technology can be
acquiredin a few minutesevenfor very low protein concentrations(down to tens
of V).

In interaction experiments the *H-15N HSQGpectrumof one protein is monitored
when the unlabeled interaction partner is titrated in and the chemical shift
perturbationsare recordedfor eachaminoacid

Provided the assignmentof the 'H->N HSQCspectrum is available, shift
perturbationmeasurementsdentify residuesat the interface

If a structural model of the protein exists residues undergoing meaningful
chemicalshift perturbationsare mappedon the protein structure, thus providing
the locationof the interface

In the case of protein-protein interactions, the procedure is repeated for the
secondpartner,



CSHmapping fast

1H-15N HSQC
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DataDrivenDocking

Chemical shift perturbation mapping Yyields the
Interaction area on the individual binding partners, but
does not allow defining the relative orientation of the
two moleculesnor the atom-to-atom interactionsat the
basisof the recognitionprocess

Nevertheless, residues undergoing chemical shift
perturbations can be used as selection filters in data
drivencomputationalsoft-dockingprograms



Ky measurements

Under fastexchangeconditions
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K, valueswere obtained by plotting the weightedaverage """
chemicalshift variationsof perturbedresidueson the 1°N-
enrichedBckx_ as a function of the concentrationof the
unlabeledpartner cytochromec andwere foundto be in

the 1-3 mM range



OptimalK, /[B] when
titrating with A

Protein in excessof 10-50*Kd results in very large
errorsin measurement

makesthe fitting
difficult/impossible

[Atot]

[B] <<K;

Fittingisgoodbut too
muchligandis

Smallamountsof protein with weakbindingrequirea
largeexcessf ligandto achievesaturation

needed
| [Atot]
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Chemicakhift mapping limitations of
the approach

In the presenceof bindinginduced conformational
rearrangementsthe chemicalshift perturbation may
extend to residuesthat are not at the interface, and
the chemicalshift perturbationfailsasa mappingtool,
although it still representsan excellent indicator of
allostericprocesses

Sucha situationis associate ...
to slowk,.. —




IH-15N HSQC: intermediatexchange
regime

itermedliate

During the titration signals may A
be broadened beyond detection
due to exchangebroadeningand
canbe retrieved at the end (if we
cangetthe final adduct). o~

Chemical shift (ppm)



Chemicakhift mappingunder slow

exchangeconditions
(A) ®) (©)
Ec-Fpg €V | 1.0:0.5 — eV 1.0:1.0 o .
weon 65 {ly | W71 mq | 671 : bo 5 e
w1161 L:‘:g‘ 1250 wnms L"’”"% W16 1 m.;.o i &
was 1) b 5 g‘“” Rt = 85 ;.1'3?‘ wasy  Pass gmn z
T plas ][ g 5 0 pLa4 P
vios® L? - Vtosqf ‘~ vios? |-
] —T R 1 nl) . . . o)
106 100 9S4 10.6 10.0 9.4 106 100 94
'Hppm

Structural Info

can be derived  Theproblemof signalassignment
only if we know

the assignment



EXS¥xperiments apossibletool for
the (straightforwarg assignment

under slowexchangaegime
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Homonuclear

v IH-H or13G13Clike
experiments

EXchang&pectroscopY
(EXSY), also known as
the zzexchange
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Observingsignalsof the boundand freeformsin the sameNMRspectrumisa
prerequisite



Slowexchange

If the exchangeate iIs<< B, then the exchangesventhaslittle
or noeffecton thelinewidth.

But, if the exchangeate is> R it maybe possibleto measure
the rate constantsby detectingthe exchangenf magnetization
betweenthe nuclei in thawo environments

1H-EXSY 1SN-EXSY 13C-EXSY
EXchang&pectroscopY |
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EXS¥éxperiments

heteronulcear

(b)

Slowexchangewith respectto the chemical
©) shift time scale but fastwith respectto T,

Hereft  is the mixing time!!!



