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Abstract: The performanceof some heavy atom refinementand phasing programsor packages
(PROTEIN,VECREF/MLPHARE,HEAVY, DAREFI, PHASES, XtalView) was comparedn a test
case. Aghe succes®f heavyatomrefinementandphasingheavily depend®n the skills andexperience
of the investigatorandthe resourcegor evaluationof morethanoneor two packagesverenot locally
available,a proposalwas postedin a Internetnewsgroup(bionet.xtallographyynd two mailing lists
(CCP4andO-info). Participantaveregiven nativeandderivativediffraction datawhich had previously
servedto solvethe structure andusedtheir favourite heavyatomrefinementprogramto obtainthe best
possibleheavyatom modeland phasedor the SIR and MIR case.The resultingphasesvere usedto
calculate the non-crystallographicsymmetry (NCS) electron density correlation as a function of
resolution(a measurehatis alreadyavailableduring the heavy-atonrefinementprocessoncethe NCS
parameters are known) and were compared to the model phases; furthermoref thedibmicmodel
to the MIR mapswas calculated.The resultsdependon both input to the programsand the programs
themselves; with the data available these two factors of influence cannot be easily separated.

Introduction

Despite the increasingnumber of structuresknown and available for molecular replacementthe
Multiple IsomorphousReplacemenfMIR) methodremainsthe only way to obtainan electrondensity
map for a macromoleculevith unknownstructure.However, it is known that the joint refinementof
heavyatom parametergpositions,occupanciesindtemperaturdactors)andthe lack-of-closureerrors
thatare associateavith a given heavy-atommodelis often ill-defined andthe subjectof theoreticalas
well as practical investigation(see,for example,contributionsin the 1991 CCP4 DaresburyStudy
WeekendProceedings)Still, theredoesnot seemto exista clearagreemenaboutthe 'right' way to cal-
culatelack-of-closureerrorsand weighting of derivatives,if commonsitesare present.Also, scaling,
choiceof sigmacutoffs andinclusionof weaksitesare parametersf influence.Therefore all thoseof
uswho havetried to solvea macromoleculastructurewith the MIR methodhaveat somepoint faced
the questionwhatis the (in somesensepestheavy-atonrefinementrogram(or package andstrategy
to use?

In this paper,an attemptto answerthis questionfor onecase(seebelow)is describedlt must
be stressedhat no evaluationof userfriendliness,integrationinto an existing program packageor
special,uniquefeaturesof someprogramswas attemptedBasically, only the agreemenof phasesand
mapswith thosecalculatedfrom a refinedatomicmodelandan internalindicator basedon NCS were
evaluated. Also, no attempt to understand the reasons fdifférent performancef the programswas
made, as this would have requireda thorough understandingf the programsand their underlying
theory.

Oneway to overcomethe problemof lack of installed programsand knowledgeof operating
theseprogramsin my lab was to ask for help from the crystallographiccommunity, utilising this
wonderfulmeansof communicationthe Internet.After respondingo a proposalpostedto two Internet
mailing lists (CCP4and O-info) and one newsgroup(bionet.xtallography)five participantsof the test
copiedthe native and derivative diffraction datato their local computersite and ran the programsof
their choice.



Materials and Methods

a) Thetest system

Granulocyte-Macrophag€olony-StimulatingFactor(GM-CSF) is a hormoneof 127 aminoacid resi-
dues that triggers the development of granulocytengaxctophageoloniesfrom hematopoietigprogeni-
tor cells and canstimulatethe immuneresponsesimilar to Interferonandinterleukin.Crystalsgrow in
spacegroupP22121 (a=47.6A,b=59.1A, c=126.7A)with two moleculesper asymmetricunit. The
structure was solved with MIR, non-crystallographicsymmetry averagingand solvent flattening
(Diederichset al., 1991a).Iterative modelbuilding of poly-Ala/Leuchainsandrefinementenabledusto
completethe structureandrefineto 2.4 A, R=20.5%(Diederichset al., 1991b).The final modelin-
cludesa few water moleculesand can be obtainedfrom the ProteinData Bank (accessiorcode 1gmf;
water molecules not included).

All diffraction data had been collected on a San Diego Multi-wire proportional Detector
(Hamlin, 1985; Howardet al., 1985)andwere of good quality (RS m {0 3A betweerb% and 6% at 3-
fold redundancygand completenes@o -99%to 3A). The anomaIOU$|gnal was about60% complete,
but rather bad.

b) Reasons why thisisa good test case

The available data constitute a realistic test case because it is always easy tstsatverewith good
derivatives but the bad derivatives seem to be rather the rule than the exception.

1. theheavyatomdataarequite bad:the threeHg derivativessharethe mainsitesandhavelow occu-
pancyand substitution(R,,~10% to 13%; higher soakingconcentrationslestroyedthe crystals),
andthe onePt derivativewith high substitution(R,,,~=29%), but anisomorphismConsequentlythe
MIR-phased maps were of low quality and hardly interpretable.

2. the twofold non-crystallographicsymmetry (NCS) can serveas a powerful internal indicator of
phase/map quality.

3. thestructureis knownwith relatively high accuracysothatthe modelphasesanserveasan exter-
nal referenceatfter severalroundsof model-buildingany biastowardsthe initial MIR phaseghat
were used to build a starting model is removed.

4. thespacegroupis not polarsothereareno possibleshifts oncethe origin is fixed by choosingthe
main site of one derivative in a consistent way.

5. GM-CSFis a small proteinwhich makesthe problemeasilytractablein termsof humanand com-
puter resources (reflection file size, CPU and wall clock time).

¢) Rules of the game
The following data were passed to the testers:

1. native data to 2.4A

2. 4 derivative data sets to be used out to 3.5A, not scaled to the native data.

3. coordinategno occupanciesand temperaturdactors!) of the sitesthat were found in the original
structure solution

The testerswereaskedto scalethe data,checkthe original sitesand given the optionto comeup with
their own heavyatommodelby differencefourier methods Phaseémprovementoy NCS averagingor
solvent flattening should not be done, as this would have addeda huge numberof programsand
parametersTo fix the origin, the main site of the first mercury derivative (p-chloromercuribenzene-
sulfonic acid) was to be chosenas in the original structuresolution. SIR phasesof the first Hg
derivative(which allowedto find the sitesof the otherderivativesin the original structuresolution)and
MIRAS phases and corresponding heavy atom models should be returned to the author.



d) Programs/packages used for refinement and phasing

The following heavy atom refinemeanhdphasingorograms/packagegereusedby thetesterswith the
respective peculiarities indicated:

1. MLPHARE and VECREF versionCCP4-2.5(CollaborativeComputationaProjectNo. 4, 1994).
Two alternativeswveretested:MLPHARE for (both) refinementand phasing,andthe combination:
VECREF for refinement/MLPHAREfor phasing(only). Furthermore,a secondattemptwith a
slightly improvedheavyatommodelandbettertreatmenbf the anomalousignalwassubmittedby
the sametester,againtrying both alternatives.In all casesthe heavyatom model employedfor
phasing was changed with respect to the model given out.

2. HEAVY (Terwilliger and Eisenberg, 1983; Terwilliger, 1987). The heatommodelemployedfor
phasingusedsomebut not all of the sites given to the testers.The anomaloussignal of the Pt
derivative, and only reflections in the 10-3.5A resolution range were used.

3. PHASES(Fureyand Swaminathan1990). The anomalousignalwasnot usedfor the MIR evalu-
ation. The heavy atom model employed for phasing was not altered wrt. the one given to the testers.

4. PROTEIN Version 3.1-5d (Steigemann1991). The anomaloussignal was not usedfor the MIR
evaluation.The heavyatommodelemployedfor phasingwas not alteredwrt. the one givento the
testers. Only reflections in the 10-3.5A resolution range were used.

5. XtalView 2.0 (McRee, 1993). Only the MIR resultswere returned.The heavy atom model em-
ployed for phasing was not altered wrt. the one given to the testers.

6. DAREFI - a modifiedversionof a programaccordingto Dickersonet al. (1968)whoserootsarein
Heidelberg (W. Kabsch) and is mainly used inltieof G.E. Schulzandmy lab. This wasalsothe
program that was used in the original structure solution. Focdhigarisonthe heavyatommodel
wasdeterminedagain,startingwith the main site of the first mercuryderivative,and hadesssites
than the model given out.

€) Methods and programsused for evaluation of results

As the classicalindicatorsprintedout by the programgR-factors figures of merit, phasingpoweretc.)
are unreliablefor a program-to-prograntomparisonthe following protocol was usedto assesshe
quality of the MIR phases without reference to the atomic model of GM-CSF.

- calculationof figure of merit (f.0.m.) weighted'best'electrondensitymap usingreflectionsfrom co-
6A, 6-4.5A and 4.5-3.5A.

« calculation of the correlation of all electrdansitypointsin a 15A spherearoundfractionalcoordi-
nates(0.3125,0.1, -0.07) to thosepoints relatedby NCS, namelyin a spherearound(0.6074,
0.5479, -0.1728) after rotation by the Eulerian angles (43.8, 8.3, 357.5).

N.B. this procedurevasalsousedduring the original structuredeterminationDiederichset al., 1991a)

and proved very useful to help in choosing derivatives, picking up new sitedifferancefouriersand

monitoring the phasing process.

For the evaluationof figure-of-meritweightedphasedifferenceso the phasederivedfrom the
atomic model, X-PLOR (Brunger, 1992) was used. Maps calculatedin X-PLOR were used for
correlating MIR electron density to tidomicmodel(real spacecorrelationcoefficient,usingrsfit_all.o
and0.55,0.85for C and AO; only residuesl0-122)in the programO version5.9/5.10(Joneset al.,
1991). NCS density correlation was performed with NCSREF (see Diederichs, 1991a).

The inclusion of water molecules(not availablein the Protein Data Bank coordinate set
1gmf.pdb)did not changethe resultssignificantly (datanot shown).For the sakeof reproducibility,all
calculations involving the model were performed with 1gmf.pdb.



Results

The resolution-dependeilimternal and model-derivedphasequality indicatorsare presentecbn figures
shown on the next two pages. The first of these panels presents SIR evaluations, the second MIR data.

On eachof the figures, the two plots of the bottom half comparethe data obtainedwith
VECREFMLPHARE evaluationgasthe upperplots would havebecomeoo crowdedif theyalsohad
beenincluded).Out of these,one curve (that using VECREF for the refinementand MLPHARE for
phasingfirst attempt)is alsoshownin the upperplots. The strategyof combiningthe two programsin
this way seemgo give somewhatbetterresultsthan use of MLPHARE alone.However,the slightly
changedheavy atom model and treatment of anomaloussignal in the second attempt did not
considerabljimprovethe phasesThe scatterin the curvesof the bottom (VECREFMLPHARE) plots
is significantly lower thanthat of the plots comparingthe otherprograms.This smallamountof scatter
givesan impressionof how changesn the weak sitesaffect the phasingquality. In the following, the
'bottom plots' will not be discussed any further.

Oneshouldkeepin mind thatthe quality of the SIR phasess crucialin the startingphaseof a
structuresolution, as the succes®f differencefourier calculations(to find heavyatom sitesof other
derivatives)dependson them.Also, the SIR map might allow recognitionof the NCS, which meansa
big leapforward asit allows NCS averagingandimprovesthe solventflattening processOn the other
hand,the quality of the MIR phasedetermineghe electronmapinterpretability. This meansthat it is
not desirableto usea programthat gives good SIR phaseshut doesnot usethe whole information if
more than one derivativeis available.Vice versa,onewill probablynot arrive at a good MIR heavy
atom model if the SIR phases and hence the difference fourier maps are bad.

a) Internal measures of phase quality: NCS correlation asa function of resolution

The correlationof the two crystallographicallyindependenmoleculesof the asymmetricunit is shown
on the left side of each panel. Of course, the curves thabave the othersarethe betterones.For the
SIR casethe VECREFMLPHARE combooutperformghe othersat intermediataesolutionandis the
best, togetherwith PHASES, at low resolution. PHASES shows the highest correlation at high
resolution. For the MIR data, DAREFI is best, followed by PHASES.

b) Comparison with external (model) phases

A comparison baseoh the modelphaseg1gmf.pdb)is shownon theright sideof eachpanel.Here,the

lower curvesarethe betterones.The deviationof figure-of-merit(f.0.m.) weightedmeanphasediffer-

enceamongthe programss about5 degreeswhich is quite significant. SIR case:the phaseadifferences
beyond 4A appearto drop which seemserratic. HEAVY, PHASES and VECREF/ MLPHARE

perform about equally well. MIR case: PHASES, DAREFI and HEAVY vyield good results.

¢) Real space corréation coefficient and other quantities

The MIR mapinterpretabilityis relatedto the agreementf thefinal atomicmodelwith the MIR map,
calcuatedasthe meanvalueof the real spacecorrelationcoefficientwhich is computedn O on a per-
residuebasis.This quantitydoesnot measurdghe sameasthe f.0.m. weightedphasedifference,asinto
the dersity correlationthe amplitudesof the reflectionsenteraswell. It is givenin the form of a table
(after the figures). Here, DAREFI scoresbest,followed by VECREF/MLPHARE and PHASES.The
standard deviation of this quantity is high, and a scatterplot (not shown) reveatatlyatsiduesave
little or no density in all MIR maps.



correlation coefficient

correlation coefficient

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

SIR: density correlation between the 2 monomers of the as. unit

T L T T T r . :
PROTEIN ——
VECREF/MLPHARE -+--
HEAVY -8--
r DAREFI - |
PHASES -&--
I L1 1 1 | | ) .
50 10 8 6 4 e
resolution [A]
SIR: density correlation between the 2 monomers of the as. unit (VECREF, MLPHARE)
T T T T T r . :
VECREF/MLPHARE —+—
VECREF/MLPHARE 2nd try -+--
MLPHARE -8--
o MLPHARE 2nd try -x- |
I L1 1 1 | | . .
50 10 8 6 5 4 Py

resolution [A]

delta phi [degrees]

delta phi [degrees]

90

85

80

75

70

65

60

55

50

45

90

85

80

75

70

65

60

55

50

45

SIR: mean f.0.m.-weighted phase difference to model

T L T T T r ' :
B PROTEIN —~—
VECREF/MLPHARE -+--
HEAVY -B8--
L DAREFI -x-
PHASES -&-
o
I L1 1 1 | | . .
50 10 8 6 4 e
resolution [A]
SIR: mean f.o.m.-weighted phase difference to model (VECREF, MLPHARE)
T T T T T r . :
B VECREF/MLPHARE —~—
VECREF/MLPHARE 2nd try -+--
MLPHARE -8--
L MLPHARE 2nd try -x-
I L1 1 1 | | . .
50 10 8 6 5 4 Py

resolution [A]




correlation coefficient

0.8

0.6

0.4

0.2

MIR: density correlation between the 2 monomers of the as. unit

MIR: mean f.0.m.-weighted phase difference to model

correlation coefficient

0.8

0.6

0.4

0.2

T T T T T T T T T 90 T T T T T T T T T
PROTEIN —-— L [N
VECREF/MLPHARE -+--- 85 VECREF/NTLRP?-;L%E -
HEAVY -8-- HEAVY -9-- K +
L DAREFI -5 4 DAREE] .- >
PHASES -a- 80 - PHASES -4 -
XtalView -%-- XtalView
75
o
' T <]
(&)
> 70
[<5]
=
=
P 65 |-
- : o
©
60 -
B | 55
50 |
o ></
Il 1 1 1 1 1 1 1 1 45 Il 1 1 1 L= 1 1 1
50 10 8 6 5 4 35 50 10 8 6 5 4 35
resolution [A] resolution [A]
MIR: density correlation between the 2 monomers of the as. unit (VECREF, MLPHARE) MIR: mean f.0.m.-weighted phase difference to model (VECREF, MLPHARE)
T T T T T T T T 90 T T T T T T T T
VECREF/MLPHARE —>— 85 |- VECREF/MLPHARE ~o— o
VECREF/MLPHARE 2nd try -+-- VECREF/MLPHARE 2nd try —--
MLPHARE -&-- LPHARE -&-- o
- MLPHARE 2nd try -x- B 80 | MLPHARE 2nd try -
X
75
o
- T <]
[
> 70
Q
=
=
P 65 -
= E ©
©
60 -
B | 55
50
Il 1 1 1 1 1 1 1 1 45 Il 1 1 1 1 1 1 1 1
50 10 8 6 4 3.5 50 10 8 6 4 3.5

5
resolution [A]

5
resolution [A]




In the following table, further quantities are listed:

- the mean value of the f.0.m, as expected, has virtually nothing to do with the quality of the phases
- the 'correlation of the figuref merit with the phaseerror' (asprintedout by X-PLOR) is a measure
of thereliability of thefigure of merit. If its absolutevalueis high, indeedthe meanfigure-of-merit
weightedphasedifferenceg<f.0.m.*Dphi>, for their dependencen resolutionseethe figures) are
much lower than the non-weighted phase differences (<Dphi>).

PROT-| VEC- | VEC- | MLP- | MLP- | HEA- | DA- | PHA- | Xtal-
EIN | REF/ | REF/ | HARE | HARE| VY REFI | SES | View

MLP- | MLP- 2nd try
HARE | HARE
2nd try

<real space 10-3.54 0.338| 0.481| 0.464 | 0.419| 0.453| 0.390| 0.532| 0.489 | 0.389
correlation> 99-3.584 n.d. | 0.566| 0.546 | 0.501| 0.529| n.d. | 0.587| 0.556 | 0.466

std. dev. of 10-3.5A 0.196 | 0.164| 0.166 | 0.170| 0.158 | 0.160| 0.159| 0.170| 0.173
real sp.corr. 99-3.54 n.d. | 0.137| 0.144| 0.161| 0.145| n.d. | 0.149| 0.153 | 0.165

<figure of  10-3.5A] 0.506 | 0.446| 0.429 | 0.526 | 0.442| 0.429| 0.600| 0.556 | 0.853

merit> 99-3.5A n.d. | 0.457| 0.439| 0.532| 0.450| n.d. | 0.606| 0.563 | 0.853
corr. (f.o.m., 10-3.54 -0.163| -0.252| -0.239| -0.211| -0.216| -0.250| -0.237| -0.231| -0.101
Dphi) 99-3.5A| n.d. [-0.261| -0.250| -0.220| -0.223| n.d. | -0.238| -0.233| -0.107

<Dphi> 10-3.5A| 723 | 728 | 735 | 749 | 725 | 708 | 67.3 | 67.9 | 72.7
99-35A nd. | 71.7 | 726 | 739 | 71.8 | nd. | 66.8 | 67.0 | 71.3

<f.o.m.* 10-3.5A| 67.0 | 63.1 | 64.1 | 68.1 | 645 | 61.6 | 61.3 | 61.6 | 70.9
Dphi> 99-35A| nd. | 61.7 | 628 | 66.8 | 63.5| nd. | 60.8 | 60.7 | 70.0

n.d. = not determined

For comparisontheseare the resultsof refining and phasingin DAREFI with the heavyatom model
sentout to the testers:(10-3.5A) <real spacecorrelation>=0.505standarddeviation of real space
correlation=0.159, <figure of merit>=0.601, correlation (f.0.m.,Dphi)=-0.239, <Dphi>=67.9,
<f.0.m.*Dphi>=61.7

The (10-3.5A) valuesof those programswhere the 99-3.5A resolutionrangeis presentare simply
calculated from the 10-3.5A subset, without prior refinement.

Conclusions

Both internal and externalindicatorsof phasequality agreevery well, which meansthat an a priori
deteminationof the usefulnes®f a heavyatommodelandrefinementstrategyis possible However,to
the bestof my knowledge,none of the refinementprogramsallows to monitor the NCS correlation
during the refinementor to choosemaximisingthe NCS correlationas a refinementtarget- a strategy
which, of course,could only be appliedif NCS is presentand known. Also, as a proposal,l would
suggesto integratethe conceptof the free R-factorinto the heavyatomrefinementprogramsto make
the decision about whether to include weak sites easier.

Disclaimer The statementdn the following paragraphreflect the impressionsof the author,
basedon this testcaseonly. Other datasetsand/orother testersmight yield different results.As the
resultsof the comparisonprobably dependas much on the personwho chooseshe refinementand
phasingstrategyas on the program,it is clearthatit is hardto separatehe influenceof the persons
from that of the programsbasedon the dataavailable.In the following, the nameof the programis
assignedo a personusingthe program.It is not my intentionto makeanyoneor a programlook good
or bad. The conclusions are meant to elicit further investigations and are not to be considered as final.

Onething this testcertainly shows- thereis quite a bit of variationin the resultsof a heavy
atomrefinementandphasing As a summary,t appearghatin this testcasethereappeardo be a 'top
group' consisting of PHASES, VECREF/MLPHARE and DAREFI. The good phasaamguality of
PHASES was achieved without using the anomaloussignal, which also demonstrateghat the



anomaloussignal of the derivative datadoesnot carry muchinformation. In the caseof XtalView it
seemdo methata problemconsistdn the lack of temperature-factarefinementA surpriseto mewas
that MLPHARE did not perform significantly better than some of the other programs; | had ttr@ight
the applicationof Maximum Likelihood theorywould 'help the phasesmore.Concerninghe very good
performanceof DAREFI, one hasto keepin mind that beforethe datawere sentout, they had been
selectedfor good electrondensity after phasingwith DAREFI, so clearly the testis biasedtowards
DAREFI and the program should give a reasonable result. It could be thatlsdvativedatasetsthat
were originally discarded would give better data when used with the other programs.

Oneweaknes®f the presentstudy clearly is that the differencesbetweerthe programsare to
some extent obscuredby different inputs to the programs,as is the casee.g. for the use of the
anomalous signal or the resolution range used in the PROTEIN and HEAVY refinertmamessultsof
theseprogramsmight be betterif the refinementincludedthe low-resolutionreflectionsas well. This
should be attributedto unclearstatementsaboutthe tasksto perform and can be avoidedin future
studies.

It is planned to deposit the native and derivative structure factors with the ProteBaDktto
facilitate comparisonswith otheror improved programs.This '‘competition'could be consideredas an
ongoing test, with a follow-up - perhaps in the next CCP4 Newsletter?

Clearly, it is necessary and desirable to repeat the test with data sets from other projects.
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