
CrystallographicCrystallographic studiesstudies
ofof biologicalbiological macromoleculesmacromolecules::

fromfrom atomicatomic resolutionresolution
to to molecularmolecular giantsgiants

Mariusz JaskolskiMariusz Jaskolski

DepartmentDepartment ofof CrystallographyCrystallography, , FacultyFaculty ofof ChemistryChemistry, UAM, UAM
Center for Biocrystallographic Center for Biocrystallographic ResearchResearch, , IBChIBCh PANPAN

PoznanPoznan



Protein Protein crystalcrystal XX--rayray diffractiondiffraction patternpattern

The Diffraction Pattern represents the intensity-weighted
Reciprocal Lattice of our crystal

The reflections usually
• are very closely spaced
• their intensity falls off quickly
• are on strong background visible as a dark ring 



TheThe ReciprocalReciprocal LatticeLattice

collectioncollection ofof pointspoints hklhkl associatedassociated withwith planesplanes ((hklhkl) ) inin directdirect latticelattice

collectioncollection ofof nodesnodes generatedgenerated by by basisbasis vectorsvectors a* b* c* a* b* c* defineddefined by: by: 

•• directdirect--latticelattice planesplanes (100) (010) (001)(100) (010) (001)

•• vectorvector productsproducts inin directdirect latticelattice, , e.ge.g.  .  c*c* = (= (aaxxbb)/V)/V

•• mixedmixed scalarscalar productsproducts:  :  aaii . a. ajj** = = δδijij
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X-Ray diffraction experimentXX--RayRay diffractiondiffraction experimentexperiment

λλ = 2d= 2dhklhkl sin sin θθ
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• capture more reflections on the detector
• change separation between reflections
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Water molecule
with four neighbors
H-bonded in a
tetrahedral fashion.
Variously oriented
1-3 O...O distances
4.4 Å long
will abound.

Protein crystals contain
a large volume of water
(about 50%)

Protein crystals contain
a large volume of water
(about 50%)



AtomicAtomic scatteringscattering factorsfactors
ee

sinsinθθ/λ/λ

scattering of X-rays
by atoms, i.e. their electrons

the scattering curves fall-off with angle
but scattering intensity drops also because of
• smearing of electron density by thermal vibrations of atoms
• imperfect order in protein crystals (flexible molecules, water)



Jean Baptiste Joseph Fourier
1768-1830



To be able to determine this electron distribution
- or electron density -

(in the form of electron density maps)
is of great importance to us:

in chemistry – everything is explained by electrons:
the character of different atoms

and the bonds between them in molecules

To be To be ableable to to determinedetermine thisthis electronelectron distributiondistribution
-- oror electronelectron densitydensity --

(i(in n thethe form form ofof electronelectron densitydensity mapsmaps))
isis ofof greatgreat importanceimportance to to usus::

inin chemistrychemistry –– everythingeverything isis explainedexplained by by electronselectrons::
thethe charactercharacter ofof differentdifferent atomsatoms

andand thethe bondsbonds betweenbetween themthem inin moleculesmolecules



ScatteringScattering ofof XX--raysrays by by mattermatter

•• XX--raysrays areare scatteredscattered by by electronselectrons
•• thethe AmplitudeAmplitude ofof scatteringscattering isis proportionalproportional to to thethe number number ofof electronselectrons

FF((rr*) = *) = ∫∫ ρρ((rr) exp[2) exp[2ππi(i(rr**.r.r)] d)] drr
vv

ρρ isis thethe densitydensity ofof electronselectrons atat point point rr withinwithin a a volumevolume VV

rr* * isis a point a point inin thethe reciprocalreciprocal spacespace definigdefinig thethe directiondirection ofof scatteringscattering

FF((rr*)  *)  isis calledcalled thethe StructureStructure FactorFactor

•• thethe IntensityIntensity ofof scatteringscattering isis proportionalproportional to to squaredsquared AmplitudeAmplitude

II((rr*)*) ∼∼ FF22((rr*)*)



FF((rr*) = *) = ∫∫ ρρ((rr) exp[2) exp[2ππi(i(rr**.r.r)] d)] drr
vv

TheThe Fourier Fourier TransformTransform

thethe expressionexpression

isis atat thethe heartheart ofof a a mathematicalmathematical theorytheory formulatedformulated byby
Jean Jean BaptisteBaptiste Joseph Fourier Joseph Fourier (1768(1768--1830)1830)

ItIt definesdefines, , thatthat thethe ((complexcomplex) ) functionfunction

FF((rr*) *) isis thethe Fourier Fourier TransformTransform ofof thethe functionfunction ρρ((rr))

SimultaneouslySimultaneously, , anan almostalmost identicalidentical expressionexpression definesdefines
ρρ((rr) ) inin termsterms ofof FF((rr*) *) 

ρρ((rr)) = = ∫∫ FF((rr*) *) exp[exp[--22ππi(i(rr**.r.r)] d)] drr**
v*v*



MauritsMaurits CornelisCornelis EscherEscher (1898(1898--1972)       1972)       DrawingDrawing HandsHands 19481948

Fourier Fourier TransformTransform



StructureStructure FactorFactor FF22(hkl)=(hkl)=IIntensityntensity
andand electronelectron densitydensity ρρ((xyzxyz))

rr

ii

ΦΦ

|F||F|fjfj

FF(hkl(hkl)) = = ||FF||.exp(.exp(iiφφ))

FF(hkl)(hkl)==ΣΣ fjfj exp[2exp[2ππi(hxj+kyj+lzj)]i(hxj+kyj+lzj)]

ρρ(xyz)(xyz)=V=V**ΣΣ FF(hkl)(hkl)exp[exp[--22ππi(hx+ky+lz)]i(hx+ky+lz)]

||F(hklF(hkl)| = )| = I(hklI(hkl))

TheThe ΦΦasease ProblemProblem

Fourier Transforms



TheThe StructureStructure FactorFactor isis a a complexcomplex entityentity

ii FF(hkl(hkl))
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FF(hkl(hkl) ) = A + = A + iiBB

= |= |F(hkl)|.(cosF(hkl)|.(cosφφ + + iisinsinφφ))

= = ||F(hkl)|.exp(F(hkl)|.exp(iiφφ))
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TheThe PattersonPatterson FunctionFunction

•• Fourier Fourier transformtransform ofof thethe squaressquares ofof thethe structurestructure factorsfactors,,
i.ei.e. . ofof reflectionreflection intensitiesintensities::

P(P(uu) =  ) =  ΣΣ|F(|F(hh)|)|22 exp[exp[--22ππi(i(hh..uu)])]

•• thethe distributiondistribution ofof atomsatoms convolutedconvoluted withwith itsits
centrosymmetric image (centrosymmetric image (autocorrelationautocorrelation functionfunction):):

P(uP(u)= )= ρρ(x(x) ) ⊗⊗ ρρ((--xx) = ) = ∫∫ ρρ(x(x) ) ρρ(x(x--uu) dx) dx

•• thethe peakspeaks representrepresent interatomicinteratomic vectorsvectors

•• eacheach pairpair ofof atomsatoms hashas a a uniqueunique PattersonPatterson peakpeak

•• thethe peakpeak heightheight isis thethe productproduct ofof atomicatomic numbersnumbers

•• veryvery complexcomplex: N: N22 PattersonPatterson peakspeaks for for anan NN--atomatom structurestructure

Arthur Lindo Patterson



Protein Protein crystallographiccrystallographic methodsmethods for for solvingsolving
thethe PhasePhase ProblemProblem

IsomorphousIsomorphous ReplacementReplacement (MIR/SIR)(MIR/SIR)
(Max (Max PerutzPerutz))

MolecularMolecular ReplacementReplacement (MR)(MR)
((MichaelMichael RossmannRossmann))

MultiwavelengthMultiwavelength AnomalousAnomalous DiffractionDiffraction (MAD)(MAD)
((WayneWayne HendricksonHendrickson))

allall relyrely to to somesome extentextent on on thethe PattersonPatterson functionfunction



An electron density map is the primary product
of an X-ray diffraction study of a protein crystal.

Everything else is its interpretation.

AnAn electronelectron densitydensity map map isis thethe primaryprimary productproduct
ofof anan XX--rayray diffractiondiffraction studystudy ofof a protein a protein crystalcrystal..

EverythingEverything elseelse isis itsits interpretationinterpretation..

Electron density maps are generated via Fourier Transformation.
This is only possible when suitable Phases can be attributed

to the experimental Structure Factor Amplitudes

There are two fundamental ways to obtain the Phases:

Through additional
experimental measurements

in the methods of
Isomorphous Replacement (MIR) or

Multiwavelength Anomalous Diffraction (MAD)

Experimental PhasesExperimentalExperimental PhasesPhases
Model-derived Phases

can lead to
model bias

ModelModel--derivedderived PhasesPhases
cancan leadlead toto
model model biasbias

Through
calculations

using an assumed model
in the method of

Molecular Replacement (MR)



MolecularMolecular ReplacementReplacement ((MichaelMichael RossmannRossmann))

AtomicAtomic model model ofof a a similarsimilar protein protein 

becomesbecomes a a probeprobe withwith whichwhich

we we cancan solvesolve thethe unknownunknown crystalcrystal structurestructure

ofof a a newnew proteinprotein

MRMR



Main steps of the method of Molecular
Replacement

MainMain stepssteps ofof thethe methodmethod ofof MolecularMolecular
ReplacementReplacement

we must have a sufficiently similar molecular model for the
unknown crystal structure
we we mustmust havehave a a sufficientlysufficiently similarsimilar molecularmolecular model for model for thethe
unknownunknown crystalcrystal structurestructure

we do not know the crystal architecture, i.e. the orientation
and placement of the model in the unit cell are unknown
we do not we do not knowknow thethe crystalcrystal architecturearchitecture, , i.ei.e. . thethe orientationorientation
andand placementplacement ofof thethe model model inin thethe unit unit cellcell areare unknownunknown

generate a set of interatomic vectors, Pm, from the modelgenerategenerate a set a set ofof interatomicinteratomic vectorsvectors, Pm, , Pm, fromfrom thethe modelmodel

find the position of the model relative to the unit cell origin
in the unknown crystal structure
findfind thethe positionposition ofof thethe model model relativerelative to to thethe unit unit cellcell originorigin
inin thethe unknownunknown crystalcrystal structurestructure

calculate the experimental Pattersona map, Po, based on 
Fo2, for the unknown structure
calculatecalculate thethe experimentalexperimental PattersonaPattersona map, Po, map, Po, basedbased on on 
FoFo22, for , for thethe unknownunknown structurestructure

find the orientation of Pm when superposed on the Po mapfindfind thethe orientationorientation ofof Pm Pm whenwhen superposedsuperposed on on thethe Po mapPo map



interatomic vectors
derived from
an atomic model Pm



PPmmPPmmPPoo

Solution
of the rotation
problem in
Molecular
Replacement
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Translation s of a correctly oriented model changes the
intermolecular vectors t generated by symmetry

TranslationTranslation ss ofof a a correctlycorrectly orientedoriented model model changeschanges thethe
intermolecularintermolecular vectorsvectors tt generatedgenerated by by symmetrysymmetry



IsomorphousIsomorphous ReplacementReplacement (Max (Max PerutzPerutz))

A A fewfew heavyheavy atomsatoms inin anan isomorphouslyisomorphously

derivatizedderivatized protein protein crystalcrystal becomebecome

markersmarkers ofof electronelectron densitydensity inin thethe structurestructure ––

theythey areare thethe startingstarting point for point for decipheringdeciphering

ofof thethe entireentire structurestructure

SIR/MIRSIR/MIR

Max Perutz



MainMain stepssteps ofof thethe MethodMethod ofof
IsomorphousIsomorphous ReplacementReplacement

introduce to the crystal lattice, without distorting
its structure, a few electron-rich atoms
introduceintroduce to to thethe crystalcrystal latticelattice, , withoutwithout distortingdistorting
itsits structurestructure, a , a fewfew electronelectron--richrich atomsatoms

compare the diffraction of the native crystal and
of the isomorphous derivative
comparecompare thethe diffractiondiffraction ofof thethe nativenative crystalcrystal andand
ofof thethe isomorphousisomorphous derivativederivative

determine the location of the heavy atoms in the
structure
determinedetermine thethe locationlocation ofof thethe heavyheavy atomsatoms inin thethe
structurestructure

use the information about the heavy atoms to 
estimate the phases of the reflections
useuse thethe informationinformation aboutabout thethe heavyheavy atomsatoms to to 
estimateestimate thethe phasesphases ofof thethe reflectionsreflections



Two X-ray photographs superposedTwoTwo XX--rayray photographsphotographs superposedsuperposed
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FFPHPH

FFHH

FFPP

ααPP ??

--FFHH

FFPP

|F|FPP||

FFPHPH = F= FPP + + FFHH

IsomorphousIsomorphous replacementreplacement
SIRSIR

HarkerHarker diagramdiagram

|F|FPHPH||

FFPHPH

ϕϕPP

--FFHH + + FFPHPH = F= FPP



IsomorphousIsomorphous replacementreplacement
MIRMIR

HarkerHarker diagramdiagram
|F|FPH1PH1||

FFPH1PH1--FFH1H1

FFPP

|F|FPP||

ϕϕPP
FFPH2PH2

--FFH2H2

|F|FPH2PH2||



MAD (MAD (WayneWayne HendricksonHendrickson))

•• OurOur protein protein isis ''labeledlabeled' ' withwith anan atom (atom (usuallyusually Se Se 
introducedintroduced as as SeSe--MetMet) ) thatthat cancan scatterscatter XX--raysrays anomalouslyanomalously

•• TheThe energyenergy ofof thethe XX--raysrays isis tunedtuned ((synchrotronsynchrotron) to) to
maximizemaximize thethe anomalousanomalous effecteffect

•• AnAn analysisanalysis ofof thethe anomalousanomalous effectseffects revealsreveals thethe phasesphases,,
andand thethe phasesphases revealreveal thethe crystalcrystal structurestructure

MAD:MAD: Multiwavelength Anomalous DiffractionMultiwavelengthMultiwavelength AnomalousAnomalous DiffractionDiffraction



resonanceresonance

ScatteringScattering ofof XX--raysrays by by electronselectrons inin atomsatoms

1. depends on the
scattering angle 2θ

2. does not depend on 
wavelength (except
resonance conditions)

1.1. dependsdepends on on thethe
scatteringscattering angleangle 22θθ

2.2. doesdoes not not dependdepend on on 
wavelengthwavelength ((exceptexcept
resonanceresonance conditionsconditions))

1. does not depend on 
the scattering angle 2θ

2. critically depends on 
wavelength

1.1. doesdoes not not dependdepend on on 
thethe scatteringscattering angleangle 22θθ

2.2. criticallycritically dependsdepends on on 
wavelengthwavelength

normalnormal anomalousanomalous oror resonantresonant



fafa = = fofo + + ff’’ + + ifif’’’’

dispersivedispersive
correctioncorrection

(rea(real)l)

BijvoetBijvoet
absorptiveabsorptive
correctioncorrection
((imaginaryimaginary))

The atomic scattering factor
in the case of anomalous scattering
TheThe atomicatomic scatteringscattering factorfactor
inin thethe casecase ofof anomalousanomalous scatteringscattering



Anomalous corrections f' and f" for  Se

inflection f’ = -10.5   f” = 2.5
peak f’ =  -4.0   f” = 8.0
remote f’ =  -0.5   f” = 4.5

source: Z. Dauter

black –
theory for single
atom in  vacuum

blue –
measured curve
from real sample 



AlgebraicAlgebraic solutionsolution ofof thethe phasephase problemproblem
inin MADMAD

||λλF(h)|F(h)|22 = = ||ooFFTT||22 + + a(a(λλ)) ||ooFFAA||22

+ + b(b(λλ)) ||ooFFAA|| ||ooFFTT|| cos(cos(ooφφTT -- ooφφAA))
+ + c(c(λλ)) ||ooFFAA|| ||ooFFTT|| sin(sin(ooφφTT -- ooφφAA))

separationseparation ofof λλ--independent:independent:
((||ooFFTT||,, ||ooFFAA||, , ooφφTT –– ooφφAA))

andand λλ--dependent dependent variablesvariables::
a(a(λλ)) = (f= (f’’22+f+f””22)/f)/foo22

b(b(λλ) = 2(f) = 2(f’’//ffoo))
c(c(λλ) = 2(f) = 2(f””//ffoo))

((JeromeJerome Karle, Karle, WayneWayne HendricksonHendrickson))



MainMain stepssteps ofof MADMAD
1. Elaborate an expression system of your protein

in Escherichia coli
1.1. ElaborateElaborate anan expressionexpression system system ofof youryour proteinprotein

inin EscherichiaEscherichia colicoli

2. Express, purify and crystallize an Se-Met
variant of your protein

2. Express, 2. Express, purifypurify andand crystallizecrystallize anan SeSe--MetMet
variantvariant ofof youryour proteinprotein

3. Tune the wavelength of synchrotron radiation to
resonance with Se atoms

3. 3. TuneTune thethe wavelengthwavelength ofof synchrotron synchrotron radiationradiation toto
resonanceresonance withwith Se Se atomsatoms

4. Collect X-ray diffraction data at λpeak, λedge and
λremote

4. 4. CollectCollect XX--rayray diffractiondiffraction data data atat λλpeakpeak, , λλedgeedge andand
λλremoteremote

5. Solve the phase problem using the MAD algebra5. 5. SolveSolve thethe phasephase problem problem usingusing thethe MAD algebraMAD algebra



MetMet SeSe--MetMet

SelenomethionineSelenomethionine
inin thethe methodmethod ofof

((MMultiwavelengthultiwavelength AAnomalousnomalous DDiffractioniffraction))
MADMAD

SSS SeSeSe
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When the phase problem has been solved,
by any of the three methods,

electron density maps can be calculated
and an atomic model can be built in them.

But even if a preliminary model of our protein
has been built,

it still needs to be refined.

WhenWhen thethe phasephase problem problem hashas beenbeen solvedsolved,,
by by anyany ofof thethe threethree methodsmethods,,

electronelectron densitydensity mapsmaps cancan be be calculatedcalculated
andand anan atomicatomic model model cancan be be builtbuilt inin themthem..

But But eveneven ifif a a preliminarypreliminary model model ofof ourour proteinprotein
hashas beenbeen builtbuilt,,

itit stillstill needsneeds to be to be refinedrefined..



StructureStructure RefinementRefinement
MinimizationMinimization ofof::

S1=S1=ΣΣw(|Fw(|Foo||--|F|Fcc|)|)22

AdjustableAdjustable parametersparameters::
for for eacheach atom, atom, itsits coordinatescoordinates x y z (x y z (positionposition) ) andand
AtomicAtomic DisplacementDisplacement ParameterParameter B (B (amplitudeamplitude ofof vibrationvibration))

Gigantic number of model parameters! e.g. a 50 kDa protein –
ca 450 residues – ca 3500 non-H atoms – ca 14 000 parametrs !

At 3 Å resolution only ca 8500 reflections!

GiganticGigantic number number ofof model model parametersparameters! ! e.ge.g.. a 50 kDa protein a 50 kDa protein ––
caca 450 450 residuesresidues –– caca 3500 3500 nonnon--HH atomsatoms –– caca 14 000 14 000 parametrsparametrs !!

At 3 At 3 ÅÅ resolutionresolution onlyonly caca 8500 8500 reflectionsreflections!!

SolutionSolution: : getget moremore experimentalexperimental data (data (alwaysalways thethe bestbest) ) oror
reducereduce thethe number number ofof parametersparameters ((constraintsconstraints) ) oror
betterbetter increaseincrease thethe number number ofof ""observationsobservations" (" (restraintsrestraints))

StereochemicalStereochemical restraintsrestraints as as additionaladditional equationsequations::
S2=S2=ΣΣw[p(ideal)w[p(ideal)--p(calc)]p(calc)]22

((analogyanalogy to "to "energyenergy" " minimizationminimization))



BBkk = 8= 8ππ22 <<uukk
22>>

AtomicAtomic vibrationsvibrations ((displacementsdisplacements fromfrom equilibriumequilibrium
positionspositions) ) andand disorderdisorder smearsmear thethe electronelectron densitydensity..

TheThe vibrationsvibrations areare assumedassumed to be to be harmonicharmonic andand generallygenerally areare
anisotropicanisotropic ((describeddescribed by a by a symmetricsymmetric secondsecond--rankrank tensor, tensor, oror
sixsix Bij Bij parametersparameters).).

IfIf a a simplesimple isotropicisotropic modelmodel isis assumedassumed, , thethe magnitudemagnitude ofof
displacementdisplacement isis thethe same same inin allall directionsdirections, , thethe thermalthermal ellipsoidellipsoid
becomesbecomes a a spheresphere, , andand onlyonly oneone parameterparameter, , thethe isotropicisotropic
DisplacementDisplacement ParameterParameter, , BisoBiso, , isis necessarynecessary for atom k.for atom k.

TheThe TemperatureTemperature FactorFactor oror ADPADP
AtomicAtomic DisplacementDisplacement ParameterParameter

anisotropicanisotropic thermalthermal ellipsoidellipsoid
expressedexpressed inin crystallographiccrystallographic axesaxes

"A "A crystalcrystal shouldshould not be not be consideredconsidered
a a chemicalchemical cemeterycemetery" (J. " (J. DunitzDunitz))



Stereochemical restraintsStereochemical restraints

bond lengths

bond angles

torsion angles

Bond lengths, angles, etc. are parameters 
that must be reproduced by the model. 

van der Waals contacts

S = Σhkl w[|Fobs| - |Fcalc|] 2 + Σpar (σ)-2[dobs – dstd] 2
…

planar groups



ResolutionResolution inin crystallographycrystallography

ResolutionResolution ddminmin==λλ/(2sin/(2sinθθmaxmax))

ÅÅ 33 2.72.7 2.02.0 1.51.5 1.2  1.01.2  1.0
L o w M e d i u m H i g h A t o m i c

Sheldrick
criterion

it can be shown that the technically defined resolution dmin is
almost exactly equivalent to optical resolution, i.e. the minimum 
separation of two points that are still distinguishable in the Fourier 
Transform of the diffraction data, i.e. in electron density map

itit cancan be be shownshown thatthat thethe technicallytechnically defineddefined resolutionresolution ddminmin isis
almostalmost exactlyexactly equivalentequivalent to to opticaloptical resolutionresolution, , i.ei.e. . thethe minimum minimum 
separationseparation ofof twotwo pointspoints thatthat areare stillstill distinguishabledistinguishable inin thethe Fourier Fourier 
TransformTransform ofof thethe diffractiondiffraction data, data, i.ei.e. . inin electronelectron densitydensity mapmap

λλ=2d=2d⋅⋅sinsinθθ

Bragg equation:



In small-molecule crystallography, atomicatomic resolutionresolution is nearly
always achieved and atomic coordinates are determined directly as 
peak coordinates in Fourier or difference-Fourier maps

In macromolecular crystallography this is rarely the case; the
primary product is a (lower resolution) electron density map, and
an atomic model of a macromolecule is (at least to some degree) a 
result of its subjective interpretation by a crystallographer

small-molecule crystallography

(full Cu sphere, λ=1.54 Å)
dmin = 0.77 Å

Mo radiation, λ=0.71 Å
2θ=60º
dmin = 0.71 Å

smallsmall--moleculemolecule crystallographycrystallography

((fullfull Cu Cu spheresphere, , λλ=1.54 =1.54 ÅÅ))
ddminmin = 0.77 = 0.77 ÅÅ

Mo Mo radiationradiation, , λλ=0.71 =0.71 ÅÅ
22θθ=60=60ºº
ddminmin = 0.71 = 0.71 ÅÅ

macromolecular crystallography

dmin = 1.2 Å (Sheldrick criterion)
(atomic resolution)

already a big success

macromolecularmacromolecular crystallographycrystallography

ddminmin = 1.2 = 1.2 ÅÅ (Sheldrick (Sheldrick criterioncriterion))
((atomicatomic resolutionresolution))

alreadyalready a big a big successsuccess

but but eveneven ifif atomicatomic resolutionresolution isis not not achievedachieved ––
atomicatomic modelsmodels cancan be be builtbuilt





figures courtesy of Z. Dauter

Model building at low and high resolutionModel Model buildingbuilding atat lowlow andand high high resolutionresolution



Resolution     Features Observed

5.0 Å Overall shape of the molecule
3.5 Å Cα trace 
3.0 Å Side chains
2.7 Å Carbonyl O atoms (bulges)

First chance to see water molecules
2.5 Å Side chains well resolved,

Peptide bond plane resolved
1.4 Å Holes in aromatic rings

Anisotropic B-factors possible
1.2 Å True atomic resolution
1.0 Å First chance to see H atoms
0.6 Å Current limit for best protein crystals

Resolution     Features ObservedResolution     Features Observed

5.0 5.0 ÅÅ Overall shape of the moleculeOverall shape of the molecule
3.5 3.5 ÅÅ CCαα trace trace 
3.0 3.0 ÅÅ Side chainsSide chains
2.2.77 ÅÅ Carbonyl Carbonyl O O atomsatoms (bulges)(bulges)

FirstFirst chancechance to to seesee waterwater moleculesmolecules
2.5 2.5 ÅÅ Side chainSide chainss well resolved,well resolved,

Peptide bond plane resolvedPeptide bond plane resolved
1.1.44 ÅÅ Holes in Holes in aromaticaromatic ringsrings

AnisotropicAnisotropic BB--factorsfactors possiblepossible
1.2 1.2 ÅÅ TrueTrue atomicatomic resolutionresolution
1.0 1.0 ÅÅ FirstFirst chancechance to to seesee H H atomsatoms
0.6 0.6 ÅÅ Current limit for best proteinCurrent limit for best protein crystalscrystals

Resolution of electron-density maps and the corresponding model detailResolution of electron-density maps and the corresponding model detail



http://www.rcsb.org/pdb/

1971 - Protein Data Bank created in Brookhaven Natl Lab (USA)
1998 - moved to RCSB (USA)
2003 - International organization (wwPDB)
Current Director – Dr. Helen Berman

1971 1971 -- Protein Data Bank Protein Data Bank createdcreated inin BrookhavenBrookhaven NatlNatl Lab (USA)Lab (USA)
1998 1998 -- movedmoved to RCSB (USA)to RCSB (USA)
2003 2003 -- InternationalInternational organizationorganization ((wwPDBwwPDB))
CurrentCurrent DirectorDirector –– DrDr. Helen Berman. Helen Berman



The Worldwide Protein Data Bank (wwPDB)
is an international organization.
It consists of organizations that act as:
deposition, data processing and distribution centers for PDB data.
The founding members are:
RCSB PDB (USA), PDBe (Europe) and PDBj (Japan).
The BMRB (USA) group joined the wwPDB in 2006.
The mission of the wwPDB is to
maintain a single Protein Data Bank Archive
of macromolecular structural data
that is freely and publicly available
to the global community

http://www.rcsb.org/pdb
http://www.ebi.ac.uk/pdbe/
http://www.pdbj.org/
http://www.bmrb.wisc.edu/
http://www.wwpdb.org/index.html


HowHow to to assessassess crystallographiccrystallographic structuresstructures??

ResolutionResolution ddminmin==λλ/(2sin/(2sinθθmaxmax))

ÅÅ 33 2.72.7 2.02.0 1.51.5 1.2  1.01.2  1.0

DeviationsDeviations fromfrom „„idealideal”” geometrygeometry
rms(bondrms(bond--lengthlength –– standard)standard)

ÅÅ 0.030.03 0.020.02 0.010.01

R (R (residualresidual), ), RRfreefree : : RR==ΣΣ||F||Foo||--|F|Fcc||/||/ΣΣ|F|Foo||

%% 3030 2020 1515

%% 88 55 22

RRfreefree -- RR

L o w M e d i u m H i g h A t o m i c

Rfree: how well does
the model predict data

it has never 'seen'?



advancements in crystallization methods

development of cryocrystallographic techniques

powerful synchrotron X-ray sources

faster and more sensitive detectors

faster computers

better algorithms

Protein crystallography
areas of advancement



ProteinProtein
CrystallographyCrystallography

TodayToday

StructuralStructural
GenomicsGenomics

LargeLarge
BiomolecularBiomolecular
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HighestHighest
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AccuracyAccuracy

StructureStructure--
--GuidedGuided

DrugDrug DesignDesign



The aim of structural genomics is to determine
in a high-throughput automated approach the
3D structure of all the proteins encoded in the

genome of a given organism in order to 
understand their function. Contrary to classical
biochemistry, the structure is studied before
biochemical characterization of the target.

A number of human pathogens are being studied
in this way, in search of new therapeutic targets.

The aim of structural genomics is to determine
in a high-throughput automated approach the
3D structure of all the proteins encoded in the

genome of a given organism in order to 
understand their function. Contrary to classical
biochemistry, the structure is studied before
biochemical characterization of the target.

A number of human pathogens are being studied
in this way, in search of new therapeutic targets.

StructuralStructural
GenomicsGenomics



Growth of the PDBGrowthGrowth ofof thethe PDBPDB

effect of structural genomics

StructuralStructural
GenomicsGenomics

Structural genomics has a dramatic
effect on the growth rate of the
PDB and on technological advances
in protein crystallography

Structural genomics has a dramatic
effect on the growth rate of the
PDB and on technological advances
in protein crystallography





European Synchrotron Radiation Facility, Grenoble



SynchrotronSynchrotron

undulator

wiggler



CharacteristicsCharacteristics ofof synchrotron synchrotron radiationradiation

•• WideWide spectralspectral rangerange ((λλ))

•• TuneabilityTuneability

•• VeryVery high high intensityintensity

•• PolarizationPolarization ((EE inin equatorialequatorial planeplane))

•• Has a Has a timetime structurestructure



Poznan-ESRF remote access session



source: Dr M.Miller
Prof. M.Geller

HIVHIV--1 1 ProteaseProtease

StructureStructure--
--GuidedGuided

DrugDrug DesignDesign



Overall structure of HTLV-1 PR






Examples:

• viruses

• the ribosome

Examples:

• viruses

• the ribosome

LargeLarge
BiomolecularBiomolecular
ComplexesComplexes



Virus structure by X-ray crystallographyVirus structure by XVirus structure by X--ray crystallographyray crystallography

helical viruseshelihelical virusescal viruses

TMV
• Aaron Klug (1978) single-crystal X-ray diffraction, 2.8 Å
• Kenneth Holmes, Gerald Stubbs (1986) fiber X-ray diffraction, 3.6 Å

TMVTMV
•• AAaronaron Klug (1978) Klug (1978) singlesingle--crystal Xcrystal X--ray diffractionray diffraction, 2.8 , 2.8 ÅÅ
•• KKennethenneth Holmes, GHolmes, Geralderald StubbsStubbs (1986) (1986) fiber Xfiber X--ray diffractionray diffraction, 3.6 , 3.6 ÅÅ

TBSV - Stephen Harrison (1978) 2.9 Å

Bean mosaic virus - Michael Rossmann (1980) 2.8 Å

STNV - Lars Liljas (1984) 2.5 Å

Polio virus - James Hoggle (1985) 2.9 Å

Common cold virus - Michael Rossmann (1985) 2.8 Å

TBSVTBSV -- SStephentephen HarrisonHarrison (1978) 2.9 (1978) 2.9 ÅÅ

Bean mosaic virusBean mosaic virus -- MMichaelichael RossmannRossmann (1980) 2.8 (1980) 2.8 ÅÅ

STNVSTNV -- LLarsars LiljasLiljas (1984) 2.5 (1984) 2.5 ÅÅ

PolioPolio virusvirus -- JJamesames HoggleHoggle (1985) 2.9 (1985) 2.9 ÅÅ

Common cold virusCommon cold virus -- MMichaelichael RossmannRossmann (1985) 2.8 (1985) 2.8 ÅÅ

icosahedral (spherical) virusesicosahedralicosahedral (spherical) viruses(spherical) viruses



several hundred virus structures
are known today

several hundred virus structures
are known today



Ribosome – the protein factory of the cellRibosomeRibosome –– thethe protein protein factoryfactory ofof thethe cellcell

small subunitsmallsmall subunitsubunit large subunitlargelarge subunitsubunit

proteinsproteins

rRNA
major
minor

rRNArRNA
majormajor
minorminor

bacterial ribosome:
mass: > 2.5 MDa
non-H atoms: ca 170 000

bacterial ribosome:
mass: > 2.5 MDa
non-H atoms: ca 170 000



RibosomeRibosome structurestructure

•• smallsmall subunitsubunit, 3.0 , 3.0 ÅÅ, , VenkiVenki RamakrishnanRamakrishnan et al., 2000; et al., 2000; 
3.3 3.3 ÅÅ, Ada , Ada YonathYonath et al., 2000et al., 2000

•• largelarge subunitsubunit, 2.4 , 2.4 ÅÅ, Thomas , Thomas SteitzSteitz et al., 2000; et al., 2000; 
3.1 3.1 ÅÅ, Ada , Ada YonathYonath et al., 2003et al., 2003

•• completecomplete ribosomeribosome withwith tRNAtRNA & & mRNAmRNA, , 
5.5 5.5 ÅÅ, Harry , Harry NollerNoller et al., 2001;et al., 2001; 3.2 3.2 ÅÅ, Jamie , Jamie CateCate et al., et al., 
2006; 2006; 2.8 2.8 ÅÅ, , VenkiVenki RamakrishnanRamakrishnan et al., et al., 
2006 2006 

ThermusThermus thermophilusthermophilus, , HaloarculaHaloarcula marismortuimarismortui, , DeinococcusDeinococcus radioduransradiodurans, , EscherichiaEscherichia colicoli



Ribosome structure



Record breaker: crambin at 0.54 Å

Examples from the structure of BPTI (Bovine
Pancreatic Trypsin Inhibitor) at 0.86 and 0.75 Å

Record breaker: crambin at 0.54 Å

Examples from the structure of BPTI (Bovine
Pancreatic Trypsin Inhibitor) at 0.86 and 0.75 Å

HighestHighest
ResolutionResolution andand

AccuracyAccuracy



N24N24

φ/ψ = φ/ψ = −−95/10395/103οο

χ1 = 179χ1 = 179οο

φ/ψ = φ/ψ = −−84/6784/67οο

φ/ψ = φ/ψ = −−171/106171/106οο

χ1 = χ1 = −−167167οο

χ1 = 172χ1 = 172οο

2.732.73
3.203.20

3.173.17

2.732.73

N43N43

N44N44

BPTI BPTI atat 0.86 0.86 ÅÅ resolutionresolution



FoFo--FcFc
33σσ

Sul1Sul1

F4F4

N43N43

N43N43

P8P8

Y10Y10

K41K41

N44N44W2W2

W3W3

W4W4

W5W5

Four internal
water molecules
FourFour iinternalnternal
waterwater moleculemoleculess

22FoFo--FcFc
55σσ

BPTI BPTI atat 0.75 0.75 ÅÅ



Proteinrotein Dataata Bankank –– growth of atomicgrowth of atomic--resolution entriesresolution entries

ResolResol ((ÅÅ))
at leastat least

All All 
holdingsholdings 1.41.4 1.21.2 1.01.0 0.80.8

19811981 9898 77 00 00 00

19861986 222244 1313 33 11 00

19911991 11103103 4040 1515 77 00

19961996 55929929 116116 4444 1616 00

20012001 1176947694 590590 284284 102102 66

JulyJuly 0099 5900059000 28002800 950950 360360 2020

55PTIPTI -- BPTI, Wlodawer & HuberBPTI, Wlodawer & Huber (1984)(1984): N: N-- and Xand X--ray refinementray refinement



CrystallographyCrystallography –– throughthrough thethe studystudy ofof thisthis specialspecial
solid solid statestate ofof mattermatter –– crystallinecrystalline protein, was protein, was 

historicallyhistorically thethe firstfirst methodmethod to to revealreveal to to usus, , almostalmost
exactlyexactly 50 50 yearsyears ago,ago,

thethe secretsecret ofof protein protein structurestructure. . ThisThis was was donedone for for 
myoglobinmyoglobin by John by John KendrewKendrew andand for hemoglobin by for hemoglobin by 

Max Max PerutzPerutz..
TodayToday, we , we havehave accumulatedaccumulated inin thethe PDB PDB anan

enormousenormous amountamount ofof structuralstructural informationinformation aboutabout
proteinsproteins..

CrystallographyCrystallography isis nownow assistedassisted inin thisthis efforteffort by by otherother
methodsmethods: NMR, : NMR, electronelectron microscopymicroscopy, , bioinformaticsbioinformatics..
But But crystallographycrystallography stillstill remainsremains thethe mainmain sourcesource ofof

informationinformation aboutabout thethe structurestructure ofof proteinsproteins, , especiallyespecially
inin thethe contextcontext ofof StructuralStructural GenomicsGenomics..

http://upload.wikimedia.org/wikipedia/commons/6/60/Myoglobin.png




only proper symmetry possible

huge unit cells (ca 100 Å) – very weak diffraction (I ~ V-2)

huge numbers of reflections (e.g. 106 collected, 105 unique)

gigantic molecules, often multiple, > 10,000 non-H atoms not rare

molecules with a degree of flexibility - disorder

high solvent content in crystal volume (50% or more)

disorder in bulk water region

crystals often sensitive and unstable

Protein crystals
high resolution – high goal



TheThe StructureStructure FactorFactor inin thethe casecase
ofof anomalousanomalous scatteringscattering

normalnormal scatteringscattering

anomalousanomalous scatteringscattering

ff’’

ff””

rr

ii

FhklFFhklhkl

FhklFFhklhkl

||FFhklhkl|| ≠≠ ||FFhklhkl||



TheThe Ewald Ewald constructionconstruction

((hklhkl))

θθ
θθ

1/1/λλ 0*0*

PP
1.1. 0*P 0*P ⊥⊥ ((hklhkl) ) 

2.2. 0*P0*P = (2/= (2/λλ))sinsinθθ
== 1/1/ddhklhkl

λλ = 2d= 2dhklhkl sinsin θθ
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