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Abstract

Three-dimensionalelectronmicroscopy (3D-EM) aimsat
obtainingstructuralinformationof macromolecularcom-
plexeswithin a typical resolutionrangeof between2 to
0.3 nm from the projectionimagesproducedby an elec-
tron microscope.As any otherimagingdevice, the elec-
tron microscopeintroducesa transferfunction (calledin
this field ContrastTransferFunction,CTF) into the im-
ageacquisitionprocesswhichmodulatesthedifferentfre-
quenciesof the projectionsignal. Thus, the 3D recon-
structionsperformedwith theseCTF-affectedprojections
is alsoaffectedby an implicit 3D transferfunction. De-
pendingon the preparationprocedure,the effect of this
CTFis quitedramaticlimiting severelytheachievableres-
olution. In this work we make useof the Iterative Data
Refinementtechniqueto obtainCTF-freereconstructions.
It is shown that theapproachcanbesuccessfullyapplied
to noiselessaswell asto noisydata.

1 Intr oduction

The structuralinformationof biological complexes,i.e.,
their shapeandspatialconformation,is vital in molecu-
lar biologyascomplementaryinformationto biochemical
studies. This knowledgecan help, for example,in new
drugdevelopmentandin theunderstandingof many dis-
eases.Nowadays,the 3D structureof a protein can be
addressedusing two different approaches:one predicts
theconformationalstateof thecomplex basedon its bio-
chemicalpropertiesandthepossiblesimilarity with other
proteinswhosestructureis known; andtheotherapplies
3D reconstructionalgorithmsto datacollectedby some
experimentaltechnique.Thereexist severalpossiblebio-
physicaltechniquesfor visualizinga protein,suchasX-
rays,NMR or electronmicroscopy (EM). Themaindraw-
backsof thefirst two arethatthey areveryrestrictivewith
respectto the rangeof proteinsthat canbe studied.3D-
EM is a techniquewhich providesonly medium-low res-
olution structuralinformation of macromolecules,how-
ever, it doesnot needspecialconditionsof thespecimens
and it hasbeenestablishedas a useful techniquein the
field of structuralbiology.

Oneof the limiting factorsof 3D electronmicroscopy
is that it is difficult to obtain high resolutionstructural
detailsdue to the strongeffect of the microscopetrans-
fer functionon theexperimentalprojections.Particularly,
aswill be shown later, the CTF introducesseverephase
shifts and eliminatesall information at certainfrequen-
cies. One way of obtaininghigher resolutionresultsis
by compensatingfor the effect of the microscopetrans-
fer function. Several suchmethodshave beenproposed
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[1, 6, 7, 12, 14, 16], but they usually apply somekind
of Wiener-like division by the transfer function in the
Fourierspace,andalsoamplify noiseat thosefrequencies
wherethetransferfunctionhassmallmagnitude.

In this work we apply the Iterative Data Refinement
(IDR) techniqueintroducedby Censor, Elfving andHer-
man [2] and further studiedby Hermanandco-workers
[8, 9, 11] to remove the effect of the microscopeimper-
fection and,thus,obtainhigh resolutionstructuralinfor-
mationaboutthemacromoleculesunderstudy. Although
in this work only simulationswith phantomshave been
carriedout, the resultsareencouragingenoughto justify
futuretestson experimentaldatasets.

2 Materials and methods

Contrast Transfer Function

Imageformationby an theelectronmicroscopeis dueto
two different physicalprocessesduring the electronin-
teractionwith thespecimen:first, a shift in theelectrons
phase,andsecond,anelectrondirectionchange.Bothef-
fectsarecombinedto producea singlemodulationtrans-
fer functioncalledContrastTransferFunction[5, Chapter
2.II]. A cross-sectionalplot of sucha modulatingfunc-
tion, typical for cryomicroscopy, canbeseenin Figure1.
Notice that the sign changesand the crossingsof 0 are
responsiblefor a contrastinversionin the projectionim-
ageandfor thecompleteeliminationof theinformationat
certainfrequencies.A parametricmodelof this transfer
functionis givenin [15], andit is usedin thesimulations
presentedin this work.

Iterati veData Refinement

This techniquewasfirst introducedin Censor[2] in the
context of 2D medicaltomography, seeSection10.5 in
[3]. Theunderlyingideais to changeiteratively thepro-
jection imagesso that the processconvergesto the ideal
(without transfer function) projections. Calling gk

i the
projectionin thedirectioni attheiterativestepk, gk theset
of projectionsatstepk, Pi theprojectionoperatorin thedi-
rectioni, Ci thecontrasttransferfunctionoperatorfor that
image,andR the reconstructionoperator, the IDR algo-
rithm is formulatedasgk� 1

i � µk� 1g0
i ��� Pi 	 µk� 1CiPi 
 Rgk

Figure1: CTF usedin thecryomicroscopy simulations.

whereµk � 1 is a relaxationparameterappliedat iteration
k � 1 and g0 representsthe set of experimentalimages.
Basically, theprocedureproceedsasfollows: afirst recon-
structionis donewith the experimentalimagesg0, then
every projectionis modified following a mixture of the
original projections,the reprojectionof the just recon-
structedvolumeandthissamereprojectionaftertheCTF.
Thenew setof imagesis againusedfor reconstructionand
soon. ART+blobs[10] hasbeenusedasthereconstruc-
tion operatorR.

Simulations

For the sake of objective assesmentof quality, simula-
tionswith aphantomhavebeenrunfollowing theFigures
of Merit approachdescribedin Sorzano[13]. The phan-
tom correspondsto bacteriorhodopsin,whosestructureis
known at atomicresolution(3.5Å) [4]. The surfaceren-
deringof thisstructure,calculatedfrom avolumesampled
at 2Å/pixel, canbeseenon Figure2.

Computationalprojectionshave beendonesimulating
the cryomicroscopy conditions. In cryomicroscopy the
specimensareembeddedin ice, andare then imagedat
very low electrondosesto preserve structuraldetails. As
a consequence,the projection imagesthat are obtained
with this techniqueare extremely noisy, with signal-to-
noiseratioslower than1.0. The CTF thathasbeenused
for the projectionsis shown in Figure 1. 2000 images
were taken all over the projectionspace,a selectionof
theseprojectionsis shown in Figure 3. Angular Gaus-



Figure 2: Bacteriorhodopsinphantomfiltered at 17Å
(maximumresolutionpermittedby thesimulatedCTF).

Figure3: A selectionof projectionssimulatingcryomi-
croscopy imagesfrom thebacteriorhodopsinphantom.

siannoise(N(0,5))andshift Gaussiannoise(N(0,2))have
beenaddedto simulatethe positionaluncertaintyin 3D
electronmicroscopy.

3 Results

Threedifferent reconstructionshave beenperformedto
testtheefficacy of theIDR algorithm: thefirst onewith-
out any CTF correction,the secondonewith phasecor-
rection,andthethird with amplitudeandphasecorrection
via IDR. Figure4 shows the resultsfor eachcasewhile
Table1 shows the L2 andL1 measuresof the error [13]
betweeneachreconstructionandtheoriginalphantomand
the maximumresolution[5, Chapter5.V] achieved with
eachmethod.Table1, aswell asthe 3D reconstructions

Correctiveaction L2error L1 error Resolution

No action 0.995844 0.961378 28Å
Phasecorrected 0.996125 0.963414 20Å

IDR 0.997908 0.967625 17Å

Table1: Reconstructionsimilarity measureafterdifferent
correctiveactions.

performedwith the differentdegreesof CTF correction,
show that the IDR techniqueachievesbetterreconstruc-
tionswith higherresolution.

4 Conclusions

The IDR’s ability of removing the transferfunction ef-
fect with noiselessdatahasbeenproved in [9]. In this
work we have extendedthoseresultsto extremelynoisy
data. At the sametime, we have shown the importance
of applyingCTF correctionto 3D electronmicroscopy in
order to obtain high resolutionreconstructions.Further
work mustbedoneto tunetheIDR freeparametersto the
specificcasesof cryomicroscopy and negative staining.
However, thesepreliminaryresultsencourageus to pro-
ceedfurtheron experimentaldatasetswith this CTF cor-
rectiontechniquewhichallowstheapplicationof particu-
lar transferfunctionsto eachprojectionandwhichavoids
the noiseamplificationeffect causedby mostothercor-
rectionmethodsusedsofar.

Acknowledgements

Dr. Marabini is partially supportedby a grant from the Span-
ish "Ministerio deEducacióny Ciencia". Partial supportis ac-
knowledgedto the"ComisiónInterministerialdeCienciay Tec-
nología"of SpainthroughprojectBIO980761andTIC990361.
The work of Y. Censor was supportedby ResearchGrant
592/00from the IsraelScienceFoundationfoundedby the Is-
raelAcademyof SciencesandHumanities.

References

[1] N. BoissetandF. Mouche. Sepiaofficinalis Hemo-
cyanin: A refined3D structurefrom Field Emission
Gunmicroscopy. J. Mol. Biol., 296:459–472,2000.



Figure 4: From top to bottom: Reconstructionwithout
CTF correction,reconstructionwith phasecorrection,re-
constructionwith amplitudeandphasecorrection.

[2] Y. Censor, T. Elfving, andG.T. Herman.A method
of iterative data refinement and is applications.
Math.Meth.Appl.Sci., 7:108–123,1985.

[3] Y. Censorand S.A Zenios. Parallel optimization:
theory, algorithmsand applications. Oxford Uni-
versityPress,New York, NY, USA, 1997.

[4] T.A. Ceska,R. Henderson,J.M.Baldwin,F. Zemlin,
E. Beckmann,andK. Downing. An atomicmodel
for thestructureof bacteriorhodopsin,a seven-helix
membraneprotein. Acta Physiol. Scand.Suppl.,
607:31–40,1992.

[5] J.Frank.ThreeDimensionalElectronMicroscopyof
MacromolecularAssemblies. AcademicPress,San
Diego,1996.

[6] J. Frank andP. Penczek. On the correctionof the
contrasttransferfunction in biologicalelectronmi-
croscopy. Optik, 98:125–9,1995.

[7] N. Grigorieff. Three-dimensionalstructure of
bovine NADH : Ubiquinoneoxidoreductase(com-

plex I) at22Å in ice. J. Mol. Biol., 277:1033–1046,
1998.

[8] G.T. Herman.Standardimagerecovery methodsin
the Iterative DataRefinementframework. In Proc.
SPIE, number1199,pages1501–1511,1989.

[9] G.T. HermanandD.W. Ro. Imagerecovery using
iterative datarefinementwith relaxation.Opt.Eng.,
29:513–523,1990.

[10] R. Marabini, G.T. Herman,and J.M. Carazo. 3D
reconstructionin electronmicroscopy using ART
with smooth spherically symmetric volume ele-
ments(blobs).Ultramicroscopy, 72:53–65,1998.

[11] D.W. Ro, G.T. Herman,andP.M. Joshep.Resolu-
tion enhancementof magneticresonanceimagesus-
ing an iterative datarefinementtechnique. In Proc
SPIE, volume1199,pages952–962,1989.

[12] U. Skoglund, L.G. Ofverstedt, R. Burnett, and
G. Bricogne. Maximum-entropy three-dimensional
reconstructionwith deconvolution of the contrast
transfer function: A test application with aden-
ovirus. J. Struct.Biol., 117:173–188,1996.

[13] C.O.S.Sorzano,R. Marabini,N. Boisset,E. Rietzel,
R. Schröder, G.T. Herman,andJ.M. Carazo. The
effect of overabundantprojectiondirectionson 3D
reconstructionalgorithms.J. Struct.Biol., 2001.(in
press).

[14] H. Stark, EV. Orlova, J. Rinke-Appel, N. Junke,
F. Mueller, M. Rodnina,W. Wintermeyer, R. Brima-
combe,andM. vanHeel. Arrangementof tRNAs in
pre- andposttranslocationalribosomesrevealedby
electroncryomicroscopy. Cell, 88:19–29,1997.

[15] Z.H. Zhou, S. Hardt, B. Wang, M.B. Sherman,
J. Jakana,andW. Chiu. CTF determinationof im-
agesof ice-embeddedsingleparticlesusingagraph-
ics interface.J. Struct.Biol., 116:216–222,1996.

[16] J. Zhu, P.A. Penczek,R. Schröder, and J. Frank.
Three-dimensional reconstruction with contrast
transfer function correction from energy-filtered
cryoelectronmicrographs:Procedureand applica-
tion to the70SEscherichia coli ribosome.J. Struc.
Biol., 118:197–219,1997.


