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Chapter 1Introdu
tionAbout 200 years ago, Antoine Lavoisier (1743-1794) showed that the gas he termed`oxygen' (a
id generating) is 
onsumed by animals while they produ
e 
arbon dioxideand heat. If the oxygen supply of our brain is suppressed, un
on
iousness o

ursafter a few se
onds and irreparable damage is 
aused after three to four minutes.Oxygen is the �nal ele
tron a

eptor in the energy generating pro
ess of the oxidativephosphorylation. The 
onstant supply of oxygen is 
ru
ial for the survival of 
ells.To 
ope with this 
hallenge, either stru
tural features assure that ea
h 
ell ofthe body is 
lose enough to the breathing medium, as the tra
hea system (internalair 
hannels) of e.g. the inse
ts, or oxygen binding proteins enri
h the body �uidssurrounding the 
ells with this vital mole
ule. Evolution 
ame up with three di�erenttypes of oxygen binding proteins: hemoglobins, hemerythrins, and hemo
yanins.Hemoglobins, a wide spread type of oxygen binding proteins, are present inmost vertebrates as well as in several spe
ies of the arthropods, mollus
s, and an-nelids. Human hemoglobin is a rather small mole
ule with a mole
ular weight ofabout 64,000 that is tightly pa
ked in the red blood 
ells, the erythro
ytes. Thishemoglobin in
reases the blood's 
apability of to transport oxygen from 4 ml/l(solved in water) to 200 ml/l, a 50-fold quantity. The dioxygen mole
ule is re-versibly bound to an iron ion that is lo
ated in the 
enter of a heme ring. Thegiant extra
ellular hemoglobins of some arthropods and mollus
s are also termed`erythro
ruorins'.A variation of hemoglobin are the `
hloro
ruorins'. They are giant extra
ellularheme proteins found in four marine poly
haete families ([Pallavi
ini et al., 2001℄).They 
ontain an altered heme with a formyl group substituting the 
anoni
al three-vinyl group and 
onsequently appear as greenish red ([Lamy et al., 1996℄).Hemerythrins are mainly found in animals of several marine invertebrate phyla(e.g. spin
ulids, priapulids, and some bra
hipods and annelids), but is also presentin the prokaryoti
 ba
terium Methylo
o

us 
apsulatus ([Karlsen et al., 2005℄). Thea
tive site of this metalloproteins 
ontain two iron atoms linked by 
arboxylategroups and a µ-oxo bridging atom ([Stenkamp, 1994℄).The hemo
yanins will be presented in detail in the following se
tion.



1.1 Hemo
yanins 21.1 Hemo
yaninsHemo
yanins (H
) are the extra
ellular oxygen transport proteins of many mollus
sand arthropods and freely dissolved in the hemolymph. The oxygen-binding siteis formed by a dinu
lear 
opper type 3 
entre that is dire
tly bound to the pro-tein (Figure 1.1), 
ausing the blue 
oloration of the hemolymph when oxygenated([Redmond and Gamlin, 1999℄). Hemo
yanins show a 
omplex allosteri
 behaviourduring oxygen binding.

Figure 1.1: Stereo view of the dinu
lear 
opper type 3 
entre from the arthropod Limulus polyphe-mus. The two 
opper ions (spheres) are bound to the protein through six histidines (wireframes �PDB ID: 1NOL).Hemo
yanins form a heterogeneous group of proteins. On the level of the primarystru
ture, the sequen
e similarity between mollus
s and arthropod hemo
yanins islimited to the region that binds the se
ond 
opper ion ([Volbeda and Hol, 1989b℄,[Lang and van Holde, 1991℄). Ele
tron mi
ros
opi
 data reveals that the quater-nary stru
tures are not related in any way. The mollus
an hemo
yanins form huge
ylindri
al 
omplexes (de
amers, dide
amers, or multide
amers) with Mr of up to8,000,000 and beyond. Ea
h 
ylinder 
onsists of polypeptides of Mr 350,000 or400,000 that 
arry seven or eight binu
lear 
opper sites ([van Bruggen et al., 1981℄,[van Holde et al., 1992℄).In 
ontrast, arthropod hemo
yanins are hexamers (1×6mers) or oligohexamers(n×6mers, Figure 1.2) of polypeptides of Mr ∼75,000, ea
h 
ontaining only a singledinu
lear 
opper site (see review [Markl and De
ker, 1992℄). The polypeptides arebean-shaped and 
omprise ∼660 amino a
ids. The `basi
 building blo
k' is a hex-amer with a mole
ular mass of ∼450,000 Da (the size range of a single polypeptide
hain of the hemo
yanin from mollus
s) arranged as a trigonal antiprism with ap-proximatly 32 (D3) point-group symmetry. The elu
idation of the X-ray stru
ture ofspiny lobster Panulirus interruptus hemo
yanin was a major step forward in under-standing the hexameri
 oligomer ([van S
hai
k et al., 1982℄, [Gaykema et al., 1984℄,
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Figure 1.2: S
hemati
 drawings of the quaternary stru
ture of di�erent arthropod hemo
yaninsa

ording to [Markl and De
ker, 1992℄. a � typi
al 
rusta
ean 2×6mer, b � 2×6mer of 
ertainspiders, 
 � thalassinid shrimps 4×6mer, d � 4×6mer of many ara
hnids, e � unusual 
rusta
ean2×6mer found in Squilla mantis, f � 6×6mer from the 
entipede S
utigera 
oleoprata, g � 8×6merfrom Limulus polyphemus.[Volbeda and Hol, 1989a℄). The X-ray stru
ture of a homo-hexamer 
omprising onlysubunit type II from the horseshoe 
rab Limulus polyphemus was presented someyears later and showed a very similar quaternary stru
ture ([Magnus et al., 1991℄,[Hazes et al., 1993℄, [Magnus et al., 1994℄). Higher-ordered arthropod hemo
yanins
an be assembled of up to eight hexamers (8×6mers).Single hexamers (1×6mers) are found in natantian shrimps, krill, spiny lobsters,�ddler 
rabs, and many isopods ([Ellerton et al., 1983℄, [Markl, 1986℄). Hemo
yaninrelated hexamers 
an also be found in 
rusta
eans ([Terwilliger et al., 1999℄) andinse
ts as 
opper-free serum proteins (se
tion 1.2).The 2×6mers exist in three di�erent variations of the quaternary stru
ture.2×6mers with the hexamers rotated 90◦ in respe
t to ea
h other (Figure 1.2 a)
an be found in most Reptantia, some natantian shrimps, and the isopod Ligia([Terwilliger, 1982℄, [Ellerton et al., 1983℄, [Markl, 1986℄). A 2×6mer with twosta
ked hexamers overlapping to about 60% of their hexagonal surfa
es (Figure 1.2 e)is present in the stomatopod Squilla mantis ([Bijlholt and van Bruggen, 1986℄).Many labidognath spiders have 2×6mers with hexamers 
onne
ted by a one-pointdisul�de bridge 
onta
t ([Markl, 1980℄, [Markl, 1986℄, Figure 1.2 b).Also among the 4×6mers, variations of the quaternary stru
ture 
an be observed.Hemo
yanins from the thalassinid shrimps have two 2×6mers with a 90◦ rotationarranged as a tetrahedron (Figure 1.2 
), in whi
h ea
h 
orner is o

upied by ahexamer ([van Bruggen et al., 1981℄, [van Bruggen, 1983℄). The 4×6mers of manyAra
hnida are built by two 2×6mers (the hexamers with a 90◦ rotation) in anantiparallel arrangement (Figure 1.2 d). The 2×6mers are 
onne
ted via two 
entralbridges. The 
enters of the hexamers are not 
oplanar and thus a `ro
king' e�e
t 
an



1.1 Hemo
yanins 4be observed. Furthermore, a skewing of the dode
amers leads to a slightly rhombi
shape with two di�erent fa
es, known as `�ip' and `�op' ([van Heel and Frank, 1981℄,[Bijlholt et al., 1982℄).In the 
entipede S
utigera 
oleoptrata, a myriapode, a 6×6mer was found (Fi-gure 1.2 f). A �rst proposal, as well as image pro
essing and model building, suggestan approximately o
tahedral arrangement of three 2×6mers ([Mangum et al., 1985℄,[Boisset et al., 1990℄).The 8×6mer of the Xiphosura is the largest arthropod hemo
yanin known(Figure 1.2 g). Eight di�erent subunit types are present in a di�erent num-ber of 
opies in the 8×6mer of Limulus polyphemus: six 
opies of type I,eight 
opies of type II, two 
opies of type IIA, eight 
opies of type IIIA,eight 
opies of type IIIB, eight 
opies of type IV, four 
opies of type V,and four 
opies of type VI subunit ([Sullivan et al., 1974℄, [Lamy et al., 1979℄,[Brenowitz et al., 1981℄, [Lamy et al., 1983℄). This heterogeneity 
orrelateswith the 
ooperativity of these oxygen transport proteins ([Markl, 1986℄,[Topham et al., 1986℄, [De
ker et al., 1989℄) and serves a prerequisite for the as-sembly to higher quaternary stru
tures ([Lamy et al., 1977℄, [Bijlholt et al., 1979℄,[Markl, 1980℄, [Markl et al., 1982℄, [Brenowitz et al., 1984℄).Although a plethora of arthropod hemo
yanin subunit sequen
es is now known([Burmester, 2001℄, [Burmester, 2002℄), only in a few 
ases the 
omplete subunit setof a parti
ular hemo
yanin has been sequen
ed. Among the 
heli
erates, this isonly the 
ase for the tarantula Eurypelma 
aliforni
um, the golden orb-web spiderNephila inaurata (with one type missing) and the 
tenid spider Cupiennius salei([Voit et al., 2000℄, [Ballweber et al., 2002℄, [Averdam et al., 2003℄).Thus, many details of the primary and quaternary stru
ture of arthropodhemo
yanins are known. However, sequen
e data of several fun
tionally well-studied hemo
yanins are still in
omplete or la
king, and the exa
t mode ofthe higher-ordered assembly of hexamers remains obs
ure. With respe
t to the4×6mer/8×6mer 
heli
erate hemo
yanins, di�erent image analysis pro
edures wereused to solve the quaternary stru
ture of Andro
tonus, Eurypelma and Limulushemo
yanin, starting from ele
tron mi
ros
opi
 images of negatively stained prepa-rations (e.g. [van Heel and Frank, 1981℄, [Bijlholt et al., 1982℄, [Lamy et al., 1982℄,[van Heel and Dube, 1994℄, [de Haas and van Bruggen, 1994℄).Three-dimensional re
onstru
tion from 
ryo-ele
tron mi
ros
opi
al images wasperformed for the Andro
tonus 4×6mer ([Boisset et al., 1995℄) and the Limulus8×6mer ([Taveau et al., 1997℄), but in both 
ases, the resolution limit was about40 Å. These approa
hes revealed various basi
 parameters of the 4×6mer and the8×6mer, but a reliable mole
ular �tting of the 
rystal stru
ture was not possible dueto the low resolution obtained. The exa
t orientation of the hexamers within theoligo-hexameri
, and their exa
t 
onta
t regions, are still unknown. This, however,is prerequisite to fully understand the allosteri
 fun
tions of these proteins.



1.2 Hexamerins 51.2 HexamerinsHexamerins are hemo
yanin-related storage proteins present in the hemolymph ofmost of the studied inse
ts. Phylogeneti
 analyses have shown that the hexam-erins from inse
ts are derived from 
rusta
ean hemo
yanins ([Beintema et al., 1994℄,[Burmester and S
heller, 1996℄, [Burmester et al., 1998℄) and diversi�
ated alongwith the divergen
e of the inse
t orders ([Burmester et al., 1998℄). They belongto the athropod hemo
yanin superfamily ([Burmester, 2001℄). Hexamerins have �veof the six 
opper binding histidines repla
ed by other residues and thus 
ontainno 
opper. The ability to reversibly bind oxygen is therefore absent. A typi
alhexamerin is built of six identi
al or 
losely related subunits with Mr ∼80,000.Hexamerins are tyrosine- and phenylalanin-ri
h serum proteins and are alsoreferred to as arylphorins ([Telfer et al., 1983℄). The 
on
entration of the stor-age proteins in the hemolymph 
an rise signi�
antly, espe
ially in the �-nal instar larvae prior pupation ([Telfer and Kunkel, 1991℄). It is assumedthat these proteins provide energy and amino a
ids during metamorphosis([Munn and Greville, 1969℄, [Telfer and Kunkel, 1991℄). Furthermore, hexamerinsare 
uti
le stru
tural 
ompounds ([Tsakas et al., 1991℄, [Peter and S
heller, 1991℄,[Chrysanthis et al., 1994℄). They are involved in the pro
ess of humoral immuno-logi
al response ([Phipps et al., 1994℄, [Beresford et al., 1997℄), and in the transportof hormones ([Ismail and Gillot, 1995℄, [Braun and Wyatt, 1996℄) and small organi

ompounds ([Magee et al., 1994℄, [Miura et al., 1994℄).Two immunologi
ally distin
t hexamerins have been identi�ed in the fruit-�y, Drosophila melanogaster : larval serum protein 1 (LSP-1) and larval serumprotein 2 (LSP-2) ([Roberts et al., 1977℄, ([Roberts, 1987℄, [Roberts et al., 1991a℄,[Roberts et al., 1991b℄). LSP-1 is a heterohexamer built of randomly asso
iated α-,
β-, and γ-subunit types, whereas LSP-2 is a homohexamer. A 
omparison of thesubunit types is shown in table 1.2.LSP-1α 762 amino a
ids 92,9 kDaLSP-1β 773 amino a
ids 94,4 kDaLSP-1γ 756 amino a
ids 91,7 kDaLSP-2 697 amino a
ids 83,4 kDaTable 1.1: Comparison of the hexamerin subunit types from Drosophila melanogaster.The LSP-1 and LSP-2 expression starts at the beginning of the last larval in-star in the fat body. LSP-1 expression starts earlier and rea
hes a higher levelthan the expression of LSP-2 ([Powell et al., 1984℄), but in adults only LSP-2 is fur-ther expressed ([Benes et al., 1990℄, [Shirras and Bownes, 1989℄). LSP-1 kno
k-outmutants have shown that this protein is possibly dispensable for the metamorpho-sis, but these mutants had a lower fertility in both sexes ([Roberts et al., 1991b℄).Thus, LSP-1 plays either a spe
i�
 role in the development of reprodu
tive or-



1.3 Single parti
le analysis 6gans or the ex
lusive expression of LSP-2 is not su�
ient for supplying the neededamounts of essential amino a
ids for the metamorphosis. Two di�erent typesof hexamerins within Drosophila melanogaster suggest di�ernt fun
tions, but aspe
i�
 role of LSP-2 has not been identi�ed yet ([Beverley and Wilson, 1982℄,[Bro
k and Roberts, 1983℄, [Beverley and Wilson, 1984℄, [Burmester, 1999℄). Thequaternary stru
ture of hexamerins is not known in detail, although a preliminarymodel is available ([Markl et al., 1992℄).1.3 Single parti
le analysisThe invention of the ele
tron mi
ros
ope (EM) by Ernst Ruska (Figure 1.3) inthe early 1930ies provided a new and powerful instrument for analysis in a bigvariety of �elds, in
luding the determination of the stru
ture of isolated biologi
alma
romole
ules (single parti
les). With modern ele
tron mi
ros
opes that takeadvantage of the very short ele
tron wavelength, resolution levels up to ∼0.7 Å aretheoreti
ally possible. The `phase' problem of the X-ray 
rystallography is absent inthe EM be
ause it produ
es images of the analyzed samples rather than di�ra
tionpatterns.However, there is a serious limitation to the resolution in the analysis of bio-logi
al assemblies that roots in the radiation sensitivity of the analyzed parti
les.The ele
tron beam of the mi
ros
ope intera
ts in di�erent ways with the sampleduring exposure. The image is 
reated by elasti
ally s
attered ele
trons whi
h leavetheir `prints' on a photographi
 emulsion. During the 
olle
tion of the data, non-elasti
 intera
tions gradually damage the parti
les. To redu
e the damaging e�e
tof non-elasti
ally s
attered ele
trons, imaging is performed under low-dose and 
ryo
onditions.Under low-dose 
onditions (5�10 ele
trons/Å2), the signal-to-noise ratio (SNR)of the images gets very poor and information is veiled by noise, but beam damageis redu
ed to tolerable levels. Freezing the sample in vitrious i
e and 
ooling it tothe temperature of liquid nitrogen (∼100 K) or even lower (to the temperature ofliquid helium 
lose to 0 K) permits an in
rease of the exposure dose by the fa
tor10�30 ([Stark et al., 1996℄) and thus an improvement of the SNR.The rather poor quality of the images 
an be improved by averaging te
hniques.Therefore, a large number of individual images of ma
romole
ular assemblies is re-quired. The a
quisition of these images 
an be divided in `zero-tilt' and `tomog-raphy' ([Hoppe et al., 1974℄, [Dierkensen et al., 1992℄, [Raderma
her et al., 1987℄,[Raderma
her, 1988℄) te
hniques. The tomography te
hnique tilts the sample inthe mi
ros
ope produ
ing images of the same parti
les in di�erent and de�nedorientations. For the zero-tilt te
hnique, the random orientation of the parti
lesembeded in the vitrious i
e is used to a

ess the 3D information of the ma
ro-mole
ule. The 3D information 
an be extra
ted in two di�erent approa
hes: the`proje
tion mat
hing' an the `angular re
onstitution'. In proje
tion mat
hing, re-
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Figure 1.3: Winner of the Nobel prize Ernst Ruska (right) and his assistant MaxKnoll adjusting the ele
tron mi
ro
ope (sour
e http://www.tu-berlin.de/uebertu/fotogalerie/his-toris
h/slides/ruska.html).proje
tions of a starting model or an earlier 
ryo-EM stru
ture are mat
hed tothe images by 
orrelating them ([van Heel, 1984b℄, [Harauz and Ottensmeyer, 1984℄,[Harauz and van Heel, 1986a℄). Angular re
onstitution is based on �nding 
om-mon line proje
tions between 2D proje
tion images of the same 3D obje
t([van Heel, 1987℄, [Orlova and van Heel, 1994℄).The strength of the single parti
le analysis has already been demon-strated in a number of studies by rea
hing sub-nanometer resolutions(e.g. [Bött
her et al., 1997℄, [Meissner et al., 2003℄, [Ludtke et al., 2004℄,[Klaholz et al., 2004℄, [Rawat et al., 2006℄). Resolution levels of ∼4 Å, at whi
h theba
kbone of the polypeptide 
hains would be identi�ed allowing an interpretationat atomi
 level, appear to be possible in near future by this te
hnique.The following study is based on the zero-tilt te
hnique with the 
ombination ofangular re
onstitution (as �rst approa
h and in the initial stages of the re
onstru
-tion) and proje
tion mat
hing (for �nal re�nements).



1.4 Obje
tives 81.4 Obje
tivesHexamerin LSP-2 is a hexameri
 hemolymph protein, 
onstituted of six iden-ti
al ∼83 kDa subunits. The quaternary stru
ture, espe
ially of the LSP-2 fromDrosophila melanogaster, has long time been nebulous, be
ause the EM-mi
rographsonly showed 
ubi
 shaped stru
tures ([Mousseron-Grall et al., 1997℄). The 
u-bi
 shape was also observed in the 
losely related LSP-2 from Calliphora vi
ina([Markl et al., 1992℄).The question was whether and to whi
h degree the stru
ture of a trigonal an-tiprism with 32 (D3) point-group symmetry that is typi
al for arthropod hemo-
yanins is also appli
able to the inse
t hexamerins ([Markl et al., 1992℄).Hemo
yanin The fun
tion of a protein is strongly 
orrelated with its stru
ture.Arthropod hemo
yanins show a moderate to low oxygen a�nity, high 
ooperativ-ity, and an a

entuated Bohr e�e
t ([Loewe, 1978℄, [van Holde and Miller, 1982℄,[Ellerton et al., 1983℄). The hemo
yanin of Limulus polyphemus employs 
oopera-tive oxygen binding and heterotropi
 allosteri
 regulation by protons, 
hloride ionsand divalent 
ations ([Brouwer et al., 1977℄), and its quaternary stru
ture is stabi-lized by hydrophili
 and polar for
es ([Dolashka-Angelova et al., 2005℄). To interpretthe fun
tionality of this huge oxygen transport ma
hine, detailed knowledge of thequaternary stru
ture is fundamental.The se
ond aim of this study was to a
hieve a highly resolved 
ryo-EM stru
tureof the 8×6mer hemo
yanin from Limulus polyphemus with a known oxygenationstate. Furthermore, the amino a
ids of the subunits involved in the di�erent typesof inter-hexamer 
onta
ts within the 8×6mer should be pre
isely identi�ed withthe te
hniques of mole
ular modelling and do
king. These results should allow aninsight into how allosteri
 e�e
ts are transferred between the eight hexamers.



Chapter 2Materials and Methods
2.1 Materials2.1.1 Limulus polyphemusLimulus polyphemus (Linnaeus, 1758) is 
lassi�ed as follows:Kingdom Animalia � animalsPhylum Arthropoda � arthropodsSubphylum Cheli
erataClass Merostomata � horseshoe 
rabsOrder XiphosuraSuborder LimulinaFamily LimulidaeGenus LimulusSpe
ies Limulus polyphemusThirteen spe
imens of living Limulus polyphemus were obtained from the MarineBiolab (Woodshole � USA). The horseshoe 
rabs were kept in seawater at 18◦C witha 12h/12h light-dark 
y
le and fed on �sh.2.1.2 Drosophila melanogasterDrosophila melanogaster (Meigen, 1830) is 
lassi�ed as follows:Kingdom Animalia � animalsPhylum Arthropoda � arthropodsSubphylum Hexapoda � hexapodsClass Inse
ta � inse
tsSub
lass Pterygota � winged inse
tsInfra
lass Neoptera � modern, wing-folding inse
ts
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Figure 2.1: Limulus polyphemus (a) and Drosophila melanogaster (b � sour
e http://de.wiki-pedia.org/wiki/Bild:Drosophila_melanogaster_-_side_%28aka%29.jpg).Order Diptera � gnats, mosquitoesSuborder Bra
hy
era � 
ir
ular-seamed �ies, mus
oid �iesInfraorder Mus
omorphaFamily Drosophilidae � poma
e �ies, small fruit �iesSubfamily DrosophilinaeGenus DrosophilaSpe
ies Drosophila melanogasterThe wild-type Drosophila melanogaster sto
k Oregon R was mantained at 25◦Con standard yeast/
ornmeal/su
rose medium sprinkled with a
tive dry yeast. Pro-pioni
 a
id and Nipagi were added as inhibitors for moulds. The larvae were grownin the fa
ilities of Institute for Geneti
s of the University of Mainz.2.1.3 Chemi
als and apparatusesAnalyti
 quality 
hemi
als were obtained from Roth (Karlsruhe � D), Mer
k (Darm-stadt � D) and Serva (Heidelberg � D). Apparatuses used were:Photometer Ultrospe
 Plus (Pharma
ia LKB, Freiburg � D)Centrifuge Centrifuge 5415R (Eppendorf, Colone � D)pH Meter Digital-pH-Meter (Kni
k, Berlin � D)Rea
tion vessels were obtained from Fal
on (Heidelberg � D) and Eppendorf(Colone � D). Other 
hemi
als and apparatuses are des
ribed elsewhere.



2.1 Materials 112.1.4 AntibodiesPrimary antibodies Anti-LSP-1 and anti-LSP-2, poly
lonal antibodiesagainst LSP-1 and LSP-2 hexamerins, antiserum fromrabbit (kindly provided by T. Burmester)Se
ondary antibodies Goat-anti-rabbit, 
oupeled with basi
 phosphatase,IgG (H+L), obtained from Dianova (Hamburg � D)2.1.5 Ele
tron mi
ros
opesThree di�erent mi
ros
opes were used, two of them able to work under 
ryo 
ondi-tions:
• Zeiss-EM 9A (80 keV) equipped with a wolfram 
athode � Mainz � D
• Philips CM200 
ryo-EM (200 keV) equipped with a �eld emission gun (FEG) �MPI Göttingen � D
• TECNAI F30 
ryo-EM (300 keV) equipped with a FEG � Mainz � D2.1.6 HardwareImage pro
essing was initially performed on a 
omputer 
luster (or `farm') with a32 bit INTEL Xeon 3.06 GHz dual pro
essor PC (3 GB RAM) as headnode and ten32 bit AMD Athlon MP 2.6 GHz dual pro
essor PCs (512 MB RAM) as nodes. The
omputer 
luster was a
quired at Te
hni
al Point Computer GmbH (Ho
hheim �D) Further pro
essing was performed on a `Beowulf' 
luster with a 64 bitAMD Opteron 2.4 GHz dual 
ore dual pro
essor (4 GB RAM) PC as headnode andeight 64 bit AMD Opteron 2.2 GHz dual 
ore dual pro
essor (4 GB RAM) blades asnodes. The Beowulf 
luster was pur
hased at transte
 AG (Tübingen � D).A drums
anner type PRIMESCAN from Heidelberger Dru
kmas
hinen AG (Hei-delberg � D) was used for digitalisation of the mi
rographs. The drums
anner wasoperated from a PowerMa
 64 with a 400 MHz pro
essor and 512 MB RAM.2.1.7 SoftwareIMAGIC-5 The IMAGIC-5 software pa
kage is a modular s
ienti�
 imagepro
essing environment for the analysis of images in various subje
ts su
has biology, medi
ine, and environmental s
ien
es ([van Heel and Keegstra, 1981℄,[van Heel et al., 1996℄).The various modules perform di�erent pro
edures, for example Fourier trans-forms, alignments, multivariate statisti
al analysis, 
lassi�
ation, angular re
onsti-tution, and three-dimensional re
onstru
tion from proje
tions (tomography). The



2.1 Materials 12modules will be explained in detail elsewhere. The IMAGIC-5 software was pur
hasedat Image S
ien
e Software GmbH (Berlin � D).EMAN Like IMAGIC-5, EMAN 1.7 is a modular software pa
kage spe
i�
allydesigned to make single parti
le re
onstru
tions ([Ludtke et al., 1999℄). Thissoftware is a freeware and the version EMAN was a
quired at the websitehttp://n
mi.b
m.tm
.edu/n
mi/software/.Lino
olor The Lino
olor 6.0.12 is a s
anning software espe
ially designed tooperate the drums
anner and able to s
an mi
rographs at very high resolution. Thesoftware was pur
hased along with the drums
anner.CTFFIND3 CTFFIND3 is a program to determine the defo
us and astigmatismfrom images of untilted spe
imens ([Mindell and Grigorie�, 2003℄). The software is afreeware and was a
quired at the website http://emlab.rose2.brandeis.edu/gri-gorieff/downloads.html.ClustalX ClustalX 1.8 is a multiple sequen
e alignment program([Higgins and Sharp, 1988℄, [Thompson et al., 1997℄). It provides an integratedenvironment for performing multiple sequen
e and pro�le alignments andanalysing the results. ClustalX is a freeware and was obtained at the ftp-siteftp://ftp-igbm
.u-strasbg.fr/pub/
lustalx.MODELLER MODELLER 8v2 is a software for homology or 
omparative mod-elling of three-dimensional protein stru
tures. With an alignment of a sequen
eto be modeled with known related stru
tures, MODELLER automati
ally 
al
ulatesa model 
ontaining all non-hydrogen atoms by satisfa
tion of spatial restraints([Sali and Blundell, 1993℄). MODELLER is a freeware and was a
quired at the websitehttp://salilab.org/modeller/download_installation.html.PROCHECK The PROCHECK v.3.5.4 suite of programs provides a detailed
he
k on the stereo
hemistry of a protein stru
ture [Laskowski et al., 1993℄).PROCHECK is a freeware and was a
quired at the website http://www.bio
hem.u
l.a
.uk/∼roman/pro
he
k/pro
he
k.html.MOLREP MOLREP 9.3 is an automated program for mole
ular repla
ement andis part of the CCP4 programs suite ([Vagin and Teplyakov, 1997℄). MOLREP is a free-ware and was downloaded from the website http://www.ysbl.york.a
.uk/∼alex-ei/molrep.html.



2.2 Bio
hemi
al methods 13Situs Situs is a pa
kage for do
king 
rystal stru
tures into low-resolution densitiymaps from EM ([Wriggers et al., 1999℄. The Situs pa
kage is freeware and wasdownloaded from the website http://situs.bioma
hina.org/.Amira � ResolveRT Amira � ResolveRT 4.0 is a professional general-purposevisualization and 3D-re
onstru
tion software. 3D-volumes of di�erent formats aredisplayed as polygonal surfa
e models as well as tetrahedral grids. The software wasdownloaded from the site http://www.tgs.
om and the li
ense was pur
hased atTGS Europe (Düsseldorf � D).Chimera Chimera Version 1 Build 2199 is a highly extensible, intera
tive mo-le
ular graphi
s program ([Pettersen et al., 2004℄). Chimera is a freeware and wasobtained at the website http://www.
gl.u
sf.edu/
himera/download.html.Operating systems: SuSE LINUX � Debian LINUX The 
luster used forthe initial 
al
ulations was run on SuSE LINUX operation system versions 9.0 to 10.0.The `Beowulf' 
luster was run on the Debian 3.1 free operating system.Operating system: Ma
OS The operating system on the PowerMa
 64 was OSD1-9.2.2 and was pur
hased together with the hardware.2.2 Bio
hemi
al methods2.2.1 Hemo
yanin puri�
ationThe hemolymph was withdrawn from the dorsal sinus of a living Limulus polyphemuswith a syringe and 
entrifugated for 30 min at 3,300 g in an Eppendorf 
entrifuge.The 
ell free supernatant was then 
entrifugated for two hours at 130,000 g in an airdriven Airfuge Ultra
entrifuge from Be
kman (Muni
h � D). The hemo
yaninpellets were resuspended in a low-salt bu�er with 100 mM Tris�HCl (pH 7.8), 10 mMCaCl2, 10 mM MgCl2.2.2.2 Hexamerin puri�
ationHemolymph extra
tion Hemolymph was extra
ted out of third-instar larvae.In this stadium larvae have a extraordinary high 
on
entration of hexamerins in thehemolymph. The sele
ted larvae were washed in 
ooled PBS bu�er, nar
otized withi
e, and the skin torn open with pre
ision tweezers from Roth (Karlsruhe � D) ina droplet of PBS-bu�er. Five larvae were prepared as des
ribed in 10 µl droplets,whi
h were then 
olle
ted in 
aps for further pro
essing and analysis.



2.2 Bio
hemi
al methods 14PBS-bu�er 137 mM NaCl5 mM KCl8 mM Na2HPO41.5 mM KH2PO4pH 7.2Native polya
rylamidgelele
trophoresis The hexamerins were puri�
ated a
-
ording to [Mousseron-Grall et al., 1997℄. In the native polya
rylamidgelele
tropho-resis the hexamerins lost their quaternary stru
ture maintaining the ternary stru
-ture of the subunits. The separation of the three subunit types (α, β, and γ) o
urredin an ele
tri
 �eld a

ording to their mole
ular mass, 
harge and ternary stru
ture.The extra
ted hemolymph was diluted with sample bu�er in a ratio of 1:5 andapplied to a 160×120×1 mm gel. The separation was performed with 15 mA, maxi-mal voltage, and 4◦C for approximately three hours. The left and right outer laneswere 
ut o� the gel and stained with 
oomassie to determine the position of thehexamerins in the unstained gel. These positions were 
ut out of the unstained geland transferred with 2 � 3 ml ele
troelution bu�er into dialysis tubes from Roth(Karlsruhe � D).Protogel 37.5:1 a
rylamid solution(30% a
rylamid, 0.8% bisa
rylamid)Polymerisation starter 10% APSTEMEDEle
rophoresis bu�er 4% Natriumtetraborat (Na2B4O7)5.6% Gel 110 mM Tris/CitratpH 9Sample bu�er 120 mM Tris/Citrat8% Sa

haroseBromphenolbluepH 9Coomassie solution 0.2% Coomassie R 25040% Methanol7.5% A
eti
 a
idUnstaining solution 20% Isopropanol7% A
eti
 a
id



2.2 Bio
hemi
al methods 15Ele
troelution To extra
t the separated native subunits out of the gel, the sam-ples were eluted in an ele
tri
 �eld. The dialysis tubes were brought into a hori-zontal gelele
trophoresis 
hamber �lled with ele
troelution bu�er and elution wasperformed at 20 V, maximal amperage, and 4◦C for approximately twelve hours.Prior to the extra
tion of the samples, a high inverse voltage was applied to releasesubunits that were possibly atta
hed to the membrane of the dialysis tube.Ele
troelution bu�er 50 mM Tris38 mM Gly
inDialysis During the native gel ele
trophoresis, the hexamerins loose their quater-nary stru
ture and disso
iate into their (native) subunits. To reasemble hexamersfrom the subunits, the dialysis tubes from the ele
troelution step were transferredinto a reasso
iation bu�er. The tubes were dialysed for approximately twelve hoursat 4◦C. After that, the samples were transfered from the dialysis tubes into 
aps.Reasso
iation bu�er 15 mM KH2PO415 mM Na2HPO410 mM MgCl2140 mM NaClpH 6.3Protein enri
hment Due to the fa
t that the samples gained through the puri�-
ation had a rather low 
on
entration of less then 0.1 mg/ml, a protein enri
hmentwas ne
essary. A tenfold enri
hment was a
hieved using YM-100 Mi
ro
on 
en-trifugal �lters from Millipore (Bedford) with membranes of a threshold of 100,000Da.Western-Blot Proteins separated in the ele
trophoresis were transfered onto amembrane of nitro
ellulose to be dete
ted by immunoblotting. The transfer o

ureswith the appli
ation of an ele
tri
 �eld to the gel so that the separated proteinstransfer through the gel onto the membrane maintanining the same pattern as theyhad in the ele
trophoresis. Hydrophobi
 and 
harged intera
tions bind the proteinsto the membrane.The system used is 
alled `semi-dry'. Gel and membrane were pla
ed betweeneighteen layers of Whatman �lter papers soaked with transfer bu�er in a blotting
hamber SD1 from 
ti (Idstein � D). The transfer was performed at 0.8 mA/
m2 fortwo hours. After the transfer, the membrane was reversibly stained with a dilutedPon
eau S solution from Sigma (Deisenhofen � D) for approximately two minutes.The membrane was 
ut into �ve strips, two for ea
h primary antibody in di�erent
on
entrations and one 
ontrol.The strips were then washed brie�y with H2Odd and in
ubated in blo
king bu�erfor one hour. This step was taken to prevent non-spe
i�
 intera
tions between the
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hemi
al methods 16antibodies and the membrane. After the blo
king, four strips were in
ubated withthe 
orresponding primary antibody overnight at 4◦C under gentle agitation. Pri-mary antibody solutions were diluted in proportions of 1:5,000 and 1:20,000 withblo
king bu�er. After the �rst in
ubation, the strips were rinsed three times withTBS-T to remove unbound primary antibody. The four strips in
ubated with theprimary antibodies and the 
ontrol strip were then in
ubated with the se
ondaryantibody diluted in a proportion of 1:7,500 in TBS-T for two hours, at room tem-perature, and gentle agitation. At the end, the strips were rinsed again.Dete
tion was performed with the 
olorimetri
 dete
tion method. Hereby asoluble dye is 
onverted into an insoluble form of a di�erent 
olour pre
ipitatingnext to the enzyme staining the membrane. The strips were in
ubated with APbu�er for �fteen minutes in the dark. In
ubation was stopped by rinsing the stripswith H2Odd and drying them with Whatman �lter paper.Transfer bu�er 39 mM Gly
in48 mM Tris0.037% SDS20% MethanolpH 8.310x TBS 100 mM Tris1.5 M NaClpH 7.5TBS-T 0.3% Tween 20in 1x TBSBlo
king bu�er 5% (w/v) non-fat dry milkin TBS-T10x Developing bu�er 100 mM Tris1 M NaCl50 mM MgCl2pH 9.3AP bu�er 10 ml 1x developing bu�er33 µl BCIP (50 mg/ml in 100% Dimethylformamid)66 µl NBT (50 mg/ml in 70% Dimethylformamid)



2.3 Ele
tron mi
ros
opy 172.3 Ele
tron mi
ros
opy2.3.1 Negative stainingThe negative staining te
hnique was used to analyse the reasembling pro
ess of thehexamerin ([Harris, 1997℄, [Harris, 1999℄). A 5 µl droplet of a 0.1 mg/ml sample wasspread onto a holey 
arbon 
oated grid that had previously been glow-dis
harged.After approximately 10 se
onds the ex
eeding volume was blotted with �lter paperand the grid washed 
onse
utively in four 10 µl droplets of distilled water. The gridwas then 
overed with a 10 µl droplet of stain (2% uranyl a
etate with 0.1 mM o
tyl-
β-D-gly
opyranosid) and after approximately 5 se
onds blotted dry with �lter paper.2.3.2 Cryo-plungingCryo-plunging was performed a

ording to [Adrian et al., 1984℄: a droplet of thepuri�ed protein (hemo
yanin or hexamerin) with 
on
entrations between 0.1 and0.3 mg/ml was applied to a glow-dis
harged holey 
arbon support �lm. After re-moving ex
eeding �uid by blotting, the grid was rapidly plunged frozen in liquidethane.The plunging for the hemo
yanin under 
ontrolled atmosphere was performed ina `plunging tube' (Figure 2.2). A 
onstant stream of gas inside the tube providedstable and 
ontrolled 
onditions during plunging. For the oxygenated state of thehemo
yanin, a gas stream with a mixture of 25% O2 and 75% N2 was used.2.3.3 Cryo-ele
tron mi
ros
opyThe hemo
yanin 
ryo-transfer was performed using a 626 single tilt 
ryotransfersystem from Gatan (Gatan GmbH, Muni
h � D) to a Te
nai F30 equipped witha �eld emission gun (FEG) operated at an a

elerating voltage of 200kV. Ele
tronmi
rographs were re
orded under low-dose 
onditions at 59,000x instrumental mag-ni�
ation. The underfo
us was set between 1.0 µm and 5.0 µm. The Agfa S
ientanegatives were developed for twelve minutes in full-strength Kodak D19 developer.The LSP-2 protein 
ryo-transfer was performed using a Gatan model 626 DH
ryo-holder to a Philips CM200 equipped with a �eld emission gun (FEG) operatedat an a

elerating voltage of 200kV. Ele
tron mi
rographs were re
orded under low-dose 
onditions at 50,000x instrumental magni�
ation. The underfo
us was setbetween 0.77 µm and 1.5 µm. The Agfa S
ienta negatives were developed for twelveminutes in full-strength Kodak D19 developer.
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Figure 2.2: Plunging tube. a � guillotine, b � reservoir for liquid ethane, 
 � reservoir for liquidnitrogen, d � gas inlet, e � exhaustor.2.4 Bioinformati
al methods2.4.1 DigitisationDrift- and astigmatism-free ele
tron mi
rographs were s
anned and digitized using aPRIMESCAN drums
anner from Heidelberger Dru
kmas
hinen AG (Heidelberg � D).The hemo
yanin mi
rographs were s
anned at 8 bit and with 10.6 and 5.9 µm stepsize with a pixel 
orresponding to 1.8 and 1.0 Å, respe
tively, on the mi
rograph.LSP-2 mi
rographs were s
anned with 10.6 µm step size with a pixel 
orrespondingto 2.12 Å on the mi
rograph. The s
anned �les were saved in the tiff-format2.4.2 Parti
le sele
tionImages of single parti
les were sele
ted semi-automati
ally with the module boxerfrom the EMAN 1.7 software pa
kage. Fo
al pair mi
rographs pro
essing was per-formed with this module as well.



2.4 Bioinformati
al methods 192.4.3 Prepro
essingCTF 
orre
tion The image produ
ed by an ele
tron mi
ros
ope is the result ofthe intera
tion between the ele
tron beam and the analysed sample. The image isformed by a 
ombination of elasti
 and inelasti
 ele
tron s
attering indu
ed by thesample. The importan
e of the inelasti
 s
attering 
an be negle
ted in the 
ontextof the single parti
le analysis, on
e it produ
es an almost featureless ba
kground atlow resolution and falls of towards higher resolution ([Zhu et al., 1997℄).Most of the stru
tural information of the sample is thus 
ontained in the elasti
s
attered ele
trons, that produ
e the phase 
ontrast of unstained spe
imens. Thephase 
ontrast is modulated by the 
ontrast transfer fun
tion (CTF) of the mi
ro-s
ope: it is a fun
tion of defo
us, astigmatism, spheri
al aberration, and ele
tronwave length.

Figure 2.3: Siemens star with imposed CTF. The e�e
t of the phase 
ontrast on an image is
learly visible in the skipping of the bla
k an white 
olours of the spikes on the right half of theFigure.The CTF 
orre
tion is of 
ru
ial importan
e to a
hieve highly resolved 
ryo-EM stru
tures. The CTF of the mi
ros
ope 
auses the so 
alled `Thon rings'([Thon, 1966℄) that 
an be observed in a power spe
trum and are amplitude modula-tions and phase reversals of an image. During 
orre
tion, the phases of the negativelobes of the CTF are `�ipped' and therefore, the pre
ise determination of defo
usand astigmatism are of great importan
e. The e�e
t of the phase 
ontrast on animage 
an be seen in Figure 2.3, a siemens star. The right half of the �gure has animposed CTF: the 
olour of the spikes skips from bla
k to white (and vi
e-versa)when passing through the grey 
on
entri
 rings. Latter are the regions with zeroinformation.



2.4 Bioinformati
al methods 20The estimation of the defo
us and astigmatism parameters were performedwith the program CTFFIND3 and the CTF 
orre
tion was realized with the mod-ule transfer from the IMAGIC-5 software pa
kage.Band-pass �ltering The CTF-
orre
ted images 
ontain information (spatial fre-quen
ies) that do not represent the analysed ma
romole
ules. Images are thus �l-tered to restri
t the information to the relevant spatial frequen
ies.The disturbing low spatial frequen
ies, whi
h are asso
iated with density rampsor other large-s
ale e�e
ts, 
an seriously interfere with alignment pro
edures that use
ross 
orrelation fun
tions. On the other hand, high spatial frequen
ies beyond theexpe
ted maximum resolution mainly represent noise and hen
e 
an be suppresed.The applied band-pass �lter is the produ
t of a wide Gaussian low-pass �lter anda narrow Gaussian high-pass �lter. The low-pass �lter 
uts away the high spatialfrequen
ies whereas the high-pass �lter 
uts away the low spatial frequen
ies. Band-pass �ltering was exe
uted with the module in
ore-prepare-filtered from theIMAGIC-5 software pa
kage. The 
uto�s where generally determined as follows:High-pass 
uto� 2 × pixel size (Å) ÷ parti
le size (Å)Low-pass 
uto� 2 × pixel size (Å) ÷ maximal expe
ted resolution (Å)In later stages of the re
onstru
tion, the 
uto�s were gradually shifted to thehigh spatial frequen
ies.After �ltering, a 
ir
ular mask was applied to all images to remove unwantedba
kground. The images were normalised by �oating the average density of thegreyvalues to zero and by setting an arbitrary varian
e value of three within themask.2.4.4 Referen
e-free alignmentTo approa
h the stru
ture of the studied mole
ules without biasing the dataset right from the beginning (thus avoiding `self-ful�lling prophe
y pro
essing',[van Heel et al., 2000℄), a `referen
e free' alignment pro
edure was applied. Im-ages of a data set were translationally 
entred a

ording to their rotationally av-eraged total sum, maintaining the original rotational orientation of every singleimage. The following multivariate statisti
al 
lassif
ation and image averaging (seebelow) identi�ed similar images with 
omparable orientations and produ
ed im-proved views. These improved views were then used to start an unbiased multi-ple referen
e alignment ([van Heel and Stö�er-Meili
ke, 1985℄, [Dube et al., 1993℄,[van Heel et al., 1996℄).The referen
e free alignment was performed with the module align-mass fromthe IMAGIC-5 software pa
kage.



2.4 Bioinformati
al methods 212.4.5 MRA � multiple referen
e alignmentThe aim of the mutliple-referen
e alignment is to align a mixed population of noisymole
ular proje
tion images with respe
t to a large number of referen
es. A pre
isealignment is 
ru
ial for averaging the proje
tions (see below) and thus for improvingof the signal-to-noise ratio (SNR).
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Best of twoBest of twoFigure 2.4: Pro
edure of the MRA - multiple referen
e alignment a

ording to [van Heel et al.,2000℄ (modi�ed). Images are aligned in respe
t to the referen
e with the best resulting 
orrelation
oe�
ient.In the �rst step of an MRA, ea
h image of the proje
tion images �le sta
k isaligned to referen
e no. 1 and a 
orrelation 
oe�
ient is asso
iated. In the subse-quential step, images are aligned to referen
e no. 2 and again a 
orrelation 
oe�
ientis asso
iated. The 
riteria to de
ide whi
h alignment is kept (with respe
t to refe-ren
e no. 1 or no. 2) is the 
orrelation 
oe�
ient. The result of these �rst two stepsis a mixed data set of di�erently aligned images. In the next step, the mixed dataset is aligned to referen
e no. 3 and again alignments with the the higher 
orrelation
oe�
ients are kept. The pro
edure is repeated for all referen
es. MRA pro
eduresneed most of the 
omputing resour
es during a single-parti
le analysis.During an alignment a proje
tion image 
an be rotated or translated in respe
tto its referen
e. Rotation and translation are per se independent from ea
h other,but most 
ommonly both are used iteratively to optimize an alignment.Translational alignment In a translational alignment, the proje
tion image andthe referen
e are initially 2D-fourier transformed. The fourier transforms are thenmultipli
ated and the result, a 
ross-
orrelation fun
tion between both images, is2D ba
k-transformed from fourier spa
e into real spa
e. The resulting image in real
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Figure 2.5: S
heme of the alignment of a target against its referen
e a

ording to [S
hatz, 1992℄(modi�ed). a � Translational alignment. Referen
e and target are 2D Fourier-transformed (FFT2),the results multipli
ated (∗), and transformed ba
k into real-spa
e (FFT−2). The resulting imagehas a strong peak that is shiftet by a ve
tor ~r (red arrow) from the 
entre of the image. Thetarget is �nally shifted a

ording to this ve
tor. b � Rotational alignment. Referen
e and targetare represented in a 
ylindri
al 
oordinate system (
yl. 
oos), 1D Fourier-transformed (FFT1), theresults multipli
ated (∗), and transformed ba
k into real-spa
e (FFT−1). The resulting RCF hasa maxima at the angle by whi
h the target is rotated in relation to the referen
e. The target is�nally rotated a

ording to this angle.spa
e has a strong and easily dete
table peak that is shifted in relation to the image
entre. The shift of the peak 
orresponds to the shift of the proje
tion image inrelation to its referen
e and 
an be des
ribed as ve
tor ~r. The proje
tion image isthen shifted a

ording to this ve
tor (Figure 2.5 a).Rotational alignment For a translational alignment, proje
tion image and re-feren
e are initially represented in 
ylindri
al 
oordinates to then be 1D-fouriertransformed. The fourier transforms are multipli
ated and the result, this time arotational 
orrelation fun
tion (RCF), is 1D ba
k-transformed. The result in realspa
e is the RCF plotted against the rotational angle. The highest peak of the RCF
orrelates with the angle whi
h the proje
tion image is rotated in relation to itsreferen
e. The proje
tion image is then rotated a

ording to this angle (Figure 2.5b). The multiple referen
e alignment (translational and rotational) was a

omplishedwith the module multi-referen
e-alignment from the IMAGIC-5 software pa
kage.



2.4 Bioinformati
al methods 232.4.6 MSA � multivariate statisti
al analysisAfter a referen
e-free alignment or on
e images were aligned to referen
es, a pattern-re
ognition pro
edure was used to identify the di�erent views of the analysed ma
ro-mole
ules. The te
hnique applied was the MSA in the form of the eigenve
tor-eigenvalue analysis ([van Heel and Frank, 1981℄, [Lebart et al., 1984℄).In a �rst step, aligned images with n × n = m pixels were represented as singlepoints in a m-dimesional `hyper'-spa
e. Every pixel represents a ve
tor in this hy-perspa
e and the position of a single point is determined by the linear 
ombinationof the pixel densities. Thus, a single point in the MSA-hyperspa
e is entirely equiv-alent to its 2D mole
ular image. A sta
k of images will result in a 
loud of points inthe hyperspa
e, in whi
h similar images will end in 
lose positions whereas di�erentimages will be far apart.Then, the original 
oordinate system in the hyperspa
e is rotated in su
h a waythat the new 
oordinate system is optimally adapted to the shape of the 
loudprodu
ed by the sta
k of images. With the modulation distan
e metri
s used here([Borland and van Heel, 1990℄), the �rst axis of the new 
oordinate system 
orre-sponds to the 
entre of the 
loud and des
ribes the total average of the alignedimages. The se
ond axis, orthogonal to the �rst, des
ribes the most important di-re
tion of the di�eren
es within the sta
k of images. The third axis, orthogonal tothe �rst two, then des
ribes the next most important dire
tion of the remaining dif-feren
es, et
. The signi�
an
e of the inter-image varian
e (eigenvalues) des
ribed byevery new axis (eigenve
tors) falls and the higher axes represent noise rather thanstru
ture information. Therefore, the 
omparison between images 
an be redu
edto the �rst (max. 69) eigenve
tors. This redu
tion fa
ilitates the understanding ofthe data set and minimizes 
omputational requirements.To restri
t the MSA to the region with the relevant ma
romole
ule information,a narrow 
ir
ular mask was applied to the images to redu
e the in�uen
e of theba
kground.The MSA pro
edure and the 
reation of the MSA-mask were performed withthe modules msa-run and test-image, respe
tively, from the IMAGIC-5 softwarepa
kage.2.4.7 MSA 
lassi�
ationThe MSA pro
essed data sets were then 
lassi�ed with an automated hierar
hi-
al as
endant 
lassi�
ation (HAC) 
ombined with a moving-elements-re�nement([van Heel, 1984a℄, [Borland and van Heel, 1990℄). The aim of this 
lassi�
ation wasto minimise the intra-
lass varian
e, maximising at the same time the inter-
lassvarian
e between the 
entres of mass of the 
lass averages.The HAC begins 
onsidering every image of the sta
k as a single 
lass, whi
hare then su

esively merged, two at a time, following the 
riterium of the lowestpossible in
rease of the intra-
lass varian
e (Ward 
riterium, [Ward, 1982℄) at the
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orresponding level of the pro
edure. Classes are merged until the whole data set isgrouped into one single 
lass. The grouping pro
ess 
an be tra
ked in a `
lassi�
ationtree' (Figure 2.6). The number of 
lasses is 
hosen by the user and the 
lassi�
ationtree is 
ut at the level that 
orresponds the requested number.

Figure 2.6: S
heme of the hierar
hi
al as
endent 
lassi�
ation a

ording to [S
hatz, 1992℄ (mod-i�ed). At the beginning (bottom), every image of the sta
k is a single 
lass. The 
lasses aregradually merged, two at a time, following the Ward 
riterium. The dotted line represents thelevel of the requested number of 
lasses.The primary 
lustering obtained with the HAC is then re�ned by allowing allmembers of the 
lasses to move to other 
lasses (moving-elements-re�nement) if thistransfer leads to a redu
tion of the varian
e ([van Heel, 1984a℄, [van Heel, 1989℄).The re�nement pro
ess is performed iteratively until the total grouping stabilizes.Finally, all images belonging to a 
lass are averaged, improving the SNR. The SNR isproportional to the number of averaged images. Class averages with their improvedSNR may be used as referen
es for new MRA/MSA/HAC iteration rounds (seeSubse
tion 2.4.10 below) and are of great importan
e for a pre
ise determination ofthe Euler angles.The MSA 
lassi�
ation was realised with the module msa-
lassify, 
lass averg-ing with the module msa-sum, both from the IMAGIC-5 software pa
kage.2.4.8 Angular re
onstitutionTwo 2D proje
tions of the same 3D obje
t always have a 1D line proje
tion in
ommon (
ommon line proje
tion theorem, [van Heel, 1987℄). The 
ommon lineproje
tion theorem is the real-spa
e equivalent of the Fourier-spa
e 
ommon linestheorem ([DeRosier and Klug, 1968℄). The relative Euler angles orientations of the2D proje
tions to one another 
an be determined through the angles between su
h
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Figure 2.7: De�nition of the Euler angles in a 
ommon 
oordinate system a

ording to [Stohr,2001℄ (modi�ed). The α-angle is de�ned as the in-plane rotation perpendi
ular to the proje
tionaxis Z; the β-angle is the angle of the tilting of the parti
le main axis; the γ-angle represents arotation around the parti
le main axis. When the parti
le main axis 
oin
ides with the proje
tionaxis Z, then the α-angle and the γ-angle rotate in the same plane.
ommon line proje
tions. The de�nition of the Euler angles is shown in Figure 2.7.For ma
romole
ules with no stru
tural symmetry (i.e., a ribosome), at least threedi�erent proje
tions are required to solve the orientation problem. The �rst two 2Dproje
tions 
an freely rotate around their 
ommon line (Figure 2.8). The relativeorientation of these �rst two proje
tions is �nally determined through the thirdproje
tion that has di�erent 
ommon lines with ea
h of the initial proje
tions.Finding the orientational relationships between the 2D 
lass averages produ
edby the MSA/HAC produres, allows the re
onstru
tion of the analysed 3D-stru
ture.The angular re
onstitution te
hnique is thus a posteriori method to �nd relativeorientations of 2D proje
tions.To �nd the relative orientations, �rst `sinograms' of the 
lass averages were 
re-ated. A sinogram is a sta
k of the 1D line proje
tions of a 2D proje
tion. Then, thesinograms of two 2D proje
tions were 
ompared line-by-line in a sinogram 
orrela-tion fun
tion (Figure 2.9). The sinogram 
orrelation fun
tion will have a maximum
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Figure 2.8: 2D proje
tions from the same 3D obje
t represented in the Fourier spa
e a

ording to[Stohr, 2001℄ (modi�ed). a � Two 2D proje
tions of the same 3D obje
t share one line in 
ommon,around whi
h they 
an freely rotate. b � With a third 2D proje
tion, the rotation around the �rst
ommon line is �xed and the relative orientations of all 2D proje
tions de�ned.at the position 
orresponding to a pair of shared line proje
tions. The higher thesymmetry of a parti
le, the more peaks the sinogram 
orrelation fun
tion will have.Due to the fa
t that 
orrelation fun
tions and 
orrelation 
oe�
ients are`squared' similarity measures, low frequen
y 
omponents of the data may be over-weighted during the sear
h of the relative orientations ([van Heel et al., 1992a℄).To prevent this, the sinogram lines are `amplitude square root �ltered'([van Heel et al., 1992b℄) and are normalised prior the sinogram 
orrelation.The introdu
tion of a new 
lass average to a set of proje
tions with alreadydetermined relative orientations is performed over all Euler-angles orientations 
or-responding to the full `asymmetri
 triangle' (see below) for the given point-groupsymmetry ([S
hatz et al., 1995℄). The normalised standard deviation of the peakheights among all 
orresponding peaks serves as an internal 
onsisten
y 
he
k.The asymmetri
 triangle of an asymmetri
 parti
le like the ribosome 
overs theentire unit 
ell. For a parti
le with a D3 symmetry, i.e., a hexamerin, the asymmetri
triangle rea
hes from the `north pole' of the unit sphere to the equator and thereit spans 360◦/3 = 120◦. The hemo
yanin from Limulus polyphemus with a D2symmetry spans 360◦/2 = 180◦ along the equator.The �rst 
ryo-EM stru
ture 
an be used to 
reate a set of images by reproje
tionwithin the asymmetri
 triangle ([Orlova and van Heel, 1994℄, [S
hatz et al., 1995℄,[Serysheva et al., 1995℄). This set, also 
alled `an
hor set', is 
onsistent in terms ofrelative orientations and will 
ontain less noise than the original 
lass averages fromwhi
h the 
ryo-EM stru
ture was generated. The sear
h of Euler-angles in laterphases of the analysis is performed by 
omparing ea
h of the 
lass averages with thean
hor set.
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Figure 2.9: Sinogram 
orrelation fun
tion a

ording to [van Heel et al., 2000℄ (modi�ed). 2D
lass averages (small squares) are 1D proje
ted leading to sinograms (re
tangles). Sinograms are
ompared line-by-line in the sinogram 
orrelation fun
tion (big square), in whi
h every point isthe 
orrelation 
oe�
ient of two lines of the sinograms. The D2 symmetry of the hemo
yaninfrom Limulus polyphemus 
an be identi�ed in the four 
orrelation peaks (red dots) of the sinogram
orrelation fun
tion.The sear
h of the Euler-angles (relative orientations) of 
lass averages was per-formed with the module angular-re
onstitution from the IMAGIC-5 softwarepa
kage.2.4.9 Three-dimensional re
onstru
tionThe mathemati
al prin
iple of re
onstru
ting a 3D obje
t from a set of 2D pro-je
tions was analyti
ally solved by Radon ([Radon, 1917℄). He proved that an-dimensional fun
tion 
an be des
ribed by its (n-1)-dimensional proje
tions.[DeRosier and Klug, 1968℄ presented the `proje
tion theorem' and introdu
ed a te
h-nique to extra
t the 3D information from ele
tron mi
rographs: a 2D proje
tion of a3D obje
t 
orresponds to a 
entral se
tion of the 3D Fourier transform of the obje
t.The 3D-re
onstru
tion is performed by �lling the Fourier spa
e with 
entral se
tionsderived from the 2D proje
tions.The 
entral se
tion of a 3D obje
t in Fourier spa
e is not in�nitelythin as the mathemati
al plane in the analyti
al 
on
ept of Radon, but a`slab' (Figure 2.10) with the thi
kness of ∼1/D ([Harauz and van Heel, 1986a℄,[Harauz and van Heel, 1986b℄). D is the the largest linear dimension of the 3D
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Figure 2.10: Overlapping 
entral se
tions in Fourier spa
e a

ording to [van Heel et al., 2000℄(modi�ed). The slabs have a thi
kness of 1/D, where D is the largest linear dimension of the3D obje
t. Overlapping areas 
lose to the origin (that 
orrespond to low spatial frequen
ies) are
oloured in blue and yellow.obje
t. Be
ause the slabs have a �nite thi
kness, they overlap over more then onesingle line in Fourier spa
e (blue and yellow areas in Figure 2.10). The 
loser to theorigin of Fourier spa
e, the more the slabs overlap (yellow area). Therefore, simplyadding the data in Fourier spa
e to perform a 3D-re
onstru
tion would end in over-weighting the low spatial frequen
ies that are 
lose to the origin. To avoid this over-weighting, exa
t-�lter algorithms were introdu
ed ([Harauz and van Heel, 1986b℄,[Raderma
her, 1988℄) in whi
h a spe
i�
 �lter is 
omputed for ea
h proje
tion inthe re
onstru
tion.The module true-threed-re
onstru
tion from the IMAGIC-5 software pa
kagewas used to perform the 3D-re
onstru
tion.2.4.10 Iterative re�nementsThe whole pro
ess of the single parti
le analysis is a 
onstant re�nement pro
edureat di�erent levels. Beginning with the sample preparation (Figure 2.11 top left), the
ryoele
tron mi
ros
opy (see Subse
tion 2.3.2) 
an serve as a purity 
he
k for thesample. On
e the sample preparation is optimised, a large number of mi
rographsis generated, subsequently digitised at high resolution (see Subse
tion 2.4.1), andparti
les sele
ted (see Subse
tion 2.4.2). In the �rst step of the re
onstru
tion, 
lassaverages obtained through the referen
e-free alignment (see Subse
tion 2.4.4) areused as referen
es for the �rst MRA (see Subse
tion 2.4.5). After stabilisation ofthe 
lass averages, the Euler angles are assigned (see Subse
tion 2.4.8) and a �rst
ryo-EM stru
ture is 
al
ulated (see Subse
tion 2.4.9). Few reproje
tions of the �rst3D re
ontru
tion are used for the re�nement of the Euler angles of the 
lass averages.When the 
ryo-EM stru
ture gets stable, many reproje
tions are generated for thenext round that starts with a new MRA. After some re�nement rounds and the �nalstabilisation of the 
ryo-EM stru
ture, the stru
ture interpretation pro
ess starts.
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Figure 2.11: Single parti
le analysis a

ording to [van Heel et al., 2000℄ (modi�ed). The qualityof the puri�ed sample is �rst assesed with the 
ryo-ele
tron mi
ros
opy (top left � the explanationpro
eeds 
lo
kwise) and if ne
essary optimised. A large number of mi
rographs is generated andsubsequently digitised at high resolution. Single parti
les are extra
ted from the mi
rographs,CTF 
orre
ted, and pretreated to then be aligned (MRA). Class averages generated by MSA
lassi�
ation 
an serve as referen
es for new rounds of MRA or Euler angles are assigned to former.Class averages with assigned Euler angles are used to 
al
ulate a 
ryo-EM stru
ture. On
e a 
ryo-EM stru
ture is 
al
ulated, reproje
tions are generated and used as referen
es for the Euler anglesassignment or for new rounds of MRA. The pro
ess is iterated until the results are stable. A stable
ryo-EM stru
ture allows stru
ture interpretations.2.4.11 Proje
tion mat
hingAfter a
hieving a median resolution (∼15 � 10 Å), the te
hnique of proje
tion mat
h-ing was used to improve the 
ryo-EM stru
ture. To do so, I �rst adapted the routineof 3D-re
onstru
tion from the EMAN software pa
kage to our IMAGIC-5 environment.Mi
hael Stohr (Institute of Zoology � University of Mainz) developed a C-programme
alled 
reate-mra-
lasses upon this pro
edure. The programme 
ombines mod-ules from the IMAGIC5 software pa
kage and shell s
ripts to generate 
lass averagesbased on Fourier 
orrelation values.
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al methods 30A data set is aligned against a multiple referen
e �le with a large number ofimages (> 1,000 referen
es) that preferably 
overs the asymmetri
 triangle uniformly.Ea
h image of the data set is aligned to the refen
e with the highest resulting 
ross-
orrelation 
oe�
ient (see Subse
tion 2.4.5). Images of the data set, whi
h werealigned against the same referen
e, are then averaged and the Euler angles of latterare assigned. Thus, the 
reation of the 
lass averages is not based on MSA andHAC, and Euler angles assignment is not based on the 
ommon line theorem, buton the Fourier 
orrelation 
oe�
ient.2.4.12 Mole
ular modellingMole
ular modelling was performed with the MODELLER software. The alignments ofthe sequen
es for the modelling were 
al
ulated with the ClustalX software.The models of the subunit types II, IIIA, IV, and VI from Limulus polyphemusand the subunit types e, g, and f from Eurypelma 
aliforni
um were built using the3D-stru
ture of the hemo
yanin from Limulus polyphemus in the oxygenated state(RSCB PDB-IDCODE: 1NOL, [Magnus et al., 1994℄) as template for the homologystru
ture modelling. For ea
h sequen
e, 20 di�erent models were genereated.The model of the LSP-2 hexamer was built in 
oorperation with the Departmentof Mole
ular Biophysi
s (University of Mainz) using the three-dimensional stru
tureof the hexameri
 hemo
yanin from Panulirus interruptus (RSCB PDB-IDCODE:1HCY, [Volbeda and Hol, 1989a℄) as template for the homology stru
ture modelling.For this protein, 31 hexameri
 models were generated.2.4.13 Mole
ular �ttingIn a �rst step, densities of the subunits from the hemo
yanin were isolated from thewhole EM density map with the Resolve RT software. To 
hoose the best model ofthe 20 generated for ea
h subunit type (from Limulus and Eurypelma), ea
h modelwas �tted into its respe
tive isolated subunit density with the MOLREP software. Themodel with the highest 
orrelation 
oe�
ient of the 20 generated was then 
hosen.The se
ond step was to �t the 
hosen models of all subunit types into the wholeEM density map. This work was done in 
ooperation with the Health S
ien
eCenter � Houston � University of Texas with a reprogrammed version of the Situssoftware. Homo-48mers of ea
h subunit type were generated and the �nal result wasassembled by sele
ting the subunits in their respe
tive positions within the 8 × 6merwith Chimera.For the hexamerin, the hexameri
 models were �tted into the density map withthe Chimera software. The model with the highest 
orrelation 
oe�
ient was 
hosen.
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al methods 312.4.14 Stereo
hemi
al quality of the modelsThe stereo
hemi
al quality of the generated models was 
he
ked with the PROCHECKsoftware. Its outputs give an assessment of the overall quality of the stru
tureas 
ompared with well re�ned stru
tures of the same resolution and also highlightregions that may need further investigation.2.4.15 Stru
ture predi
tionsFor the hexamerin, two di�erent stru
ture predi
tions were made withservers. The predi
tion of the se
ondary stru
ture of the loop with theinsertion of ∼20 amino a
ids between β-sheets 3B and 3C (
onvention of[Gaykema et al., 1986℄) was 
al
ulated with the PSIPRED Protein Stru
turePredi
tion Server (http://bioinf.
s.u
l.a
.uk/psipred/) and the SCRATCHServers (http://www.igb.u
i.edu/tools/s
rat
h/). The predi
tion of theN -gly
osylation site was 
al
ulated with the NetNGly
 1.0 Server.



Chapter 3Results and Dis
ussion of thehexamerin LSP-2 from Drosophilamelanogaster
3.1 Introdu
tory remarksFor a better 
larity, results and dis
ussion of ea
h protein are treated as a unit andnot in separate 
hapters.As shown in Figure 2.7 of the Subse
tion 2.4.8, the Z axis is de�ned as the mainsymmetry axis of the mole
ule and this is the axis along whi
h, by the IMAGIC-5software pa
kage, the tomographi
 layers of the 
ryo-EM stru
ture are sta
ked. Inthe following two 
hapters, all �gures showing views along the main symmetry axesof the mole
ules (hemo
yanin and hexamerin) are arranged in the order Z, X, Y.3.2 Cryo-EMA total number of 21 mi
rographs were re
orded under low-dose 
onditions (Fi-gure 3.1). Nominal defo
us was set between 1.26 and 2.5 µm. With the s
anningstep size 
orresponding to 10.6 µm, the digitalised mi
rographs ended up with a sizeof 65 MB.In the study of [Volbeda and Hol, 1989a℄, the terms `trimer', `tight dimer', and`loose dimer' were introdu
ed. [Hazes et al., 1993℄ showed Figures in whi
h thetrimer was seen along the three-fold axis, the tight dimer was seen along the �rsttwo-fold axis, and the loose dimer was seen along the se
ond two-fold axis. This
onvention is used throughout this 
hapter.
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Figure 3.1: Cryo-EM negative of the Drosophila melanogaster hexamerin LSP-2. The Figure ofthe 
ryo-EM negative is a s
reenshot of the parti
le sele
tion pro
edure with the programme boxer.The highlighted parti
les represent the views along the main symmetry axes. a � tight dimer view(almost a square, view along the �rst two-fold axis), b � loose dimer view (re
tangular, view alongse
ond two-fold axis), 
 � trimer view (hexamer, view along the three-fold axis).3.3 Single parti
le analysisSingle parti
les were semi-automati
ally extra
ted from the mi
rographs. The dataset 
omprised 41,555 single parti
les. Defo
i were estimated between 1.21 and2.9 µm.3.3.1 Angular re
onstitutionThe analysis started with a referen
e-free alignment of the 41,555 single parti-
les. The resulting 
lass averages (proje
tions) from multivariate-statisti
al anal-ysis (MSA) and hierar
hi
al as
endent 
lassi�
ation (HAC) were used for a �rstmulti-referen
e alignment (MRA). After three alignment re�nements, one top, twotilted, and three side view proje
tions were sele
ted. The 
riteria for the sele
tionwas the user based opti
al 
omparison with reproje
tions of the 
ryo-EM stru
turefrom Palinurus elephas ([Meissner et al., 2003℄). In a �rst step, the Euler angles ofsimilar reproje
tions from Palinurus were assigned to the six sele
ted proje
tions
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le analysis 34from Drosophila. Then, the angles of the six proje
tions were manually varied untilno further improvement 
ould be a
hieved. These six proje
tions were used as an`an
hor-set' for the rest of the data set. After angular re
onstitution, a preliminaryre
onstru
tion was 
al
ulated. Re-proje
tions of the �rst re
onstru
tion were usedfor the next rounds of MRA and MSA.After several re�nement rounds, the data set was split a

ording to 
lassi�
ationand assigned Euler angles. The �rst subset of single parti
les 
omprised proje
tionswith a β-angle smaller than or equal to 75◦, the se
ond subset 
omprised singleparti
les with a β-angle larger than 75◦. The reason for the splitting was to improvethe results of the MSA and HAC, whi
h led to more detailed 
lass averages. Duringre�nement iterations, the data set was subsequently redu
ed by eliminating singleparti
les of 
lass averages with high 
ross 
orrelation errors.In the �nal re�nement round of the angular re
onstitution te
hnique, the dataset 
omprised 24,163 single parti
les divided in a subset with 13,309 parti
les with a
β-angle smaller than or equal to 75◦ (top and tilted view proje
tions), and a subsetwith 10,854 parti
les with a β-angle larger than 75◦ (side view proje
tions). The topan tilted view proje
tions were 
lassi�ed in 1,664 
lasses (∼8 parti
les per 
lass),and the side view proje
tions in 1,357 
lasses (∼8 parti
les per 
lass). Of the 3,021resulting 
lass averages, 1,500 were used for the �nal 
ryo-EM stru
ture with thiste
hnique. The �nal 
lass averages were sorted by as
endant 
ross 
orrelation error.The resulting re
onstru
tion of the angular re
onstitution te
hnique (Figure 3.2)a
hieved a resolution of 13.8 Å1/2−bit and 12.6 Å3σ as shown in Figure 3.3 a. Thethreshold was set to 
orrespond to a mole
ular weight of 488 kDa. The distributionof the Euler angles is shown in Figure 3.3 b. The distribution of the proje
tionsin the asymmetri
 triangle is homogeneous with a light predomination of top and
lose-top-top/tilt images (β-angles smaller than 45◦).3.3.2 Proje
tion mat
hingAfter the stabilisation of the 
ryo-EM stru
ture by the te
hnique of angular re-
onstitution, four rounds of proje
tion mat
hing were applied. The �nal 
ryo-EMstru
ture was 
al
ulated with a sele
ted data set of 11,292 single parti
les distributedbetween 3,880 
lass averages (average of ∼ 3 parti
les per 
lass). The �rst 88 
lassaverages of the �nal 
ryo-EM stru
ture (sorted by as
ending 
ross 
orrelation error)are shown in Figure 3.4. There is a 
lear predomination of side view proje
tions(β-angle 
lose to 90◦). The �rst 
lose to top view (proje
tion along the Z axis) 
anbe seen in position 34, and the �rst 
learly tilted view (β-angle 18◦) is found inposition 67. Again, the threshold was set to 
orrespond to a mole
ular weight of488 kDa. The tomographi
 layers of the �nal 
ryo-EM stru
ture are presented inFigure 3.5 and are visualised as stereo surfa
e views in Figure 3.6.The distribution of the Euler angles is shown in Figure 3.7 a. The homogeneousdistribution of the angles is due to the te
hnique of proje
tion mat
hing. As shownin Figure 3.7 b, the resolution rea
hed 9.3 Å1/2−bit and 8.1 Å3σ.
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le analysis 353.3.3 The adapted te
hnique of proje
tion mat
hingThe proje
tion mat
hing routine I adapted from the EMAN software pa
kage to ourIMAGIC-5 environment (see Subse
tion 2.4.11 on page 29) yielded large improve-ments in the quality of the re
onstru
tion after only a few steps. The LSP-2 proje
twas the �rst in our group to pro�t from this new routine. This new method is dis-
ussed along with the hexamerin LSP-2 be
ause the improvements 
an be elu
idatedmore 
learly on the level of the hexamer than on the 
omplex level of the 8×6merof the Limulus hemo
yanin.Figure 3.8 shows a 
omparison of the best result obtained by the te
hnique ofangular re
onstitution after several iterative steps (left 
olumn) with the �nal resultof proje
tion mat
hing after four rounds (right 
olumn). Hen
e, the improvementis obvious. In the left 
olumn, the 
ryo-EM stru
ture already shows the stru
turalfeatures that will be dis
ussed in detail in the following se
tion, but the surfa
e issmooth without namable details. The �nal 
ryo-EM stru
ture in the right 
olumnresembles the overall shape of the left side, but reveals a signi�
antly more detailedstru
ture. The improvement of the quality assesed by the FSC 
on�rms the opti
alimpression: the resolution dropped from 13.8 Å to 9.3 Å (1/2-bit 
riteria) and 12.6 Åto 8.1 Å (3σ 
riteria), in both 
ases more than 4 Å after a few steps.The new routine was then applied to other proje
ts of our working group (onEurypelma 
aliforni
um and Nautilus pompilius hemo
yanins), and proved to bevery e�e
tive. The adapted proje
tion mat
hing te
hnique is now well establishedand the standard method in our group after a
hieving a median resolution of ∼15 �10 Å.
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Figure 3.2: Stereo views of the 
ryo-EM stru
ture of the Drosophila melanogaster hexamerinLSP-2 by the te
hnique of angular re
onstitution along the main symmetry axes. a � trimer view(view along the three-fold axis), b � tight dimer view (view along the �rst two-fold axis), 
 � loosedimer view (view along se
ond two-fold axis).
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Figure 3.4: The �rst 88 
lass averages of the �nal 
ryo-EM stru
ture of the Drosophilamelanogaster hexamerin LSP-2 sorted by as
ending 
ross 
orrelation error. The data set shows a
lear predomination of side views (β-angles 
lose to 90◦) in the positions with lower 
ross 
orrela-tion erros. The �rst top view appears at position 34 and the �rst tilted (β-angles between 15◦ and75◦) view 
an be seen at position 67.
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Figure 3.5: Density map of the �nal 
ryo-EM stru
ture of the Drosophila melanogaster hexamerinLSP-2 by the te
hnique of proje
tion mat
hing. The 
ryo-EM stru
ture is sta
ked along the Z axisand every sta
k has a thi
kness of ∼1 Å. The 
entral 
hannel along the Z axis is dis
ernible in thesta
ks 50 � 65 and 120 � 135.
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Figure 3.6: Stereo views of the 
ryo-EM stru
ture of the Drosophila melanogaster hexamerinLSP-2 by the te
hnique of proje
tion mat
hing along the main symmetry axes. a � trimer view(view along the three-fold axis), b � tight dimer view (view along the �rst two-fold axis), 
 � loosedimer view (view along se
ond two-fold axis).
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Figure 3.8: Comparison between the results of the te
hnique of angular re
onstitution and theadapted te
hnique of proje
tion mat
hing. The left 
olumn displays the angular re
onstitutionresult, the right 
olumn the result of the adapted proje
tion mat
hing te
hnique. After fourrounds of proje
tion mat
hing, resolution improved from 13.8 to 9.3 Å1/2−bit revealing thus manydetails. a � trimer view (view along the three-fold axis), b � tight dimer view (view along the �rsttwo-fold axis), 
 � loose dimer view (view along se
ond two-fold axis).



3.4 The quaternary stru
ture 433.4 The quaternary stru
tureThe 
ryo-EM stru
ture of the LSP-2 hexamerin measures 105×135×145 Å (three-fold or trimer, �rst two-fold or tight dimer, se
ond two-fold or loose dimer axis) andshows six 
learly de�ned subunits. This result is in a

ordan
e with the bio
hemi
aldata presented by [Roberts et al., 1977℄.The subunits are bean-shaped and o

upy the 
orners of a trigonal antiprism,yielding a D3 (32) point-group symmetry. In the trimer view, the 
ryo-EMstru
ture appears roughly hexagonal. In the other two views � tight and loosedimer � the shape is roughly a square and a re
tangule, respe
tively. This re-sult resumes the preliminary data presented by [Meissner et al., 2004℄ and indepen-dently shows that the quaternary stru
ture observed in arthropod 1×6mer hemo-
yanins ([Volbeda and Hol, 1989a℄, [Hazes et al., 1993℄, [Meissner et al., 2003℄) isappli
able to the Drosophila hexamerin LSP-2. Furthermore, the data presentedhere stresses the assumption that the arthropod hexameri
 stru
ture is appli
a-ble to all inse
t storage proteins ([Markl and Winter, 1989℄, [Markl et al., 1992℄).The almost ex
lusively observed 
ubi
 shape in the EM data of earlier studies(i.e., [Mousseron-Grall et al., 1997℄) 
an only be explained with intera
tions of theprotein with the support �lm: the protein adopted preferentially a side view orien-tation with the three-fold axis parallel to the support �lm.The Figures 3.9 to 3.11 show a 
omparison of surfa
e representations be-tween the 
ryo-EM stru
tures of the Drosophila melanogaster hexamerin LSP-2(inse
t) and spiny lobster (Palinurus elephas) 1×6mer hemo
yanin (
rusta
ean,[Meissner et al., 2003℄), and the 3D-volumes of the X-ray stru
tures of Limuluspolyphemus hemo
yanin II (
heli
erate, [Hazes et al., 1993℄) and Panulirus inter-ruptus hemo
yanin (
rusta
ean, [Volbeda and Hol, 1989a℄). All stru
tures were low-pass �ltered to a nominal 10 Å resolution to mat
h the resolution a
hieved in the
ryo-EM stru
ture of the Drosophila hexamerin LSP-2.Even though the overall shape of the 
ryo-EM stru
ture of the hexamerin LSP-2is the same as the arthropod hemo
yanin's, it shows some stru
tural pe
uliarities.In the trimer view, the 
ryo-EM stru
ture shows 
lear protuberan
es, whi
h I term`horns', in the region that 
orresponds to domain 1 (#1). One of the horns isdepi
ted in Figure 3.9 a with an arrow. Figure 3.10 shows the surfa
e representationsof the proteins in the tight dimer view. On
e again, there are protuberan
es in thehexamerin LSP-2 in the region that 
orresponds to #1 (marked with arrows in theFigure 3.10 a) that are absent in the hemo
yanins. I term these protuberan
es`spikes'.To quantify the 
orrelation between the stru
tures of hexamerin and hemo-
yanins, 3D-alignments with isotropi
 magni�
ation allowan
e were 
al
ulated. Ta-ble 3.1 summarizes the results of the 3D-alignments and lists the amino a
id sequen
eidentities and similarities a

essed with the alignment shown in Figure 3.12.The reader should note the high 3D-
ross 
orrelation values between the 
ryo-EM stru
tures (0.9024) on the one hand and between the 3D-volumes of the X-ray
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ture 44DmeHx-LSP-2† PelH
† PinH
∗CC Sequen
e CC Sequen
e CC Sequen
eid / sim [%℄ id / sim [%℄ id / sim [%℄LpoH
II∗ 0.6673 22 / 39 0.6729 30 / 47 0.9821 28 / 46PinH
∗ 0.7073 24 / 44 0.7096 80 / 89PelH
† 0.9024 24 / 44Table 3.1: Cross 
orrelations between 3D-volumes and amino a
id sequen
e identities/similarities.The 3D-volumes of Drosophila melanogaster hexamerin LSP-2 (DmeHx-LSP-2), Palinurus elephashemo
yanin (PelH
), Panulirus interruptus hemo
yanin (PinH
), and Limulus polyphemus hemo-
yanin II (LpoH
II) were 3D aligned and 3D-
ross 
orrelation values (CC) 
al
ulated. Amino a
idsequen
e identities (id) and similarities (sim) were determined a

ording to the alignment shownin Figure 3.12. Note the high 
orrelation values between the two 3D-re
ontru
tions (†) of DmeHx-LSP-2 and PelH
 and between the two generated 3D-volumes of the hexameri
 X-ray stru
tures(∗) of PinH
 and LpoH
II. All stru
tures were low-pass �ltered to a nominal 10 Å resolution tomat
h the resolution a
hieved in the 
ryo-EM stru
ture of the Drosophila hexamerin LSP-2.stru
tures (0.9821) on the other hand. I expe
ted the highest 3D-
ross 
orrelationvalue between the 
ryo-EM stru
ture of the Palinurus elephas hemo
yanin and the3D-volume of the Panulirus interruptus hemo
yanin, sin
e both are spiny lobstersand the amino a
id sequen
e identity and similarity are the highest in Table 3.1.The 
al
ulated value of 0.7096 is lower than the one between the 3D-volumes ofthe X-ray stru
tures and this leads me to the 
on
lusion that the values 
annot beinterpreted quantitatively when 
omparing 
ryo-EM stru
tures to 3D-volumes of X-ray stru
tures, but only qualitatively. The reason for this dis
repan
y lies probablyin the density variations of the 
ryo-EM stru
tures, whi
h is a known problem inthe do
king �eld ([Cha
ón and Wriggers, 2002℄).The Table 3.1 shows that a high 
orrelation of quaternary stru
tures 
an exist,even though the amino a
id sequen
e identity and similarity are rather low. This is
learly seen in the 
ase of the 
omparison of the 
ryo-EM stru
tures. Amino a
idsequen
e identity and similarity are low with 24% and 44%, respe
tively, but the3D-
ross 
orrelation value of 0.9024 is very high.The alignment in Figure 3.12 revealed nine residues involved in the inter-subunit
onta
ts (as de�ned in [Volbeda and Hol, 1989a℄) that are 
onserved or isofun
tion-ally ex
hanged in the three 
lasses, namely L66(58), D68(60), R315(295), I320(300),and Y360(339) in the trimer interfa
e, N194(176), G275(255), and Y276(256) in thetight dimer interfa
e, and G529(490) in the loose dimer interfa
e (numbers in su-pers
ript are the positions of the residues a

ording to the alignment in Figure 3.12and numbers in bra
kets are the residue numbers a

ording to the X-ray stru
ture ofPanulirus). The suggestion is that these residues are indispensable for the hexamerformation.
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Figure 3.9: Trimer view of di�erent hexameri
 arthropod proteins. a � Drosophila melanogasterhexamerin LSP-2 (
ryo-EM stru
ture); b � Palinurus elephas hemo
yanin (
ryo-EM stru
ture);
 � Limulus polyphemus hemo
yanin (3D-volume of X-ray stru
ture); d � Panulirus interruptushemo
yanin (3D-volume of X-ray stru
ture). All proteins have a roughly hexameri
 shape in thisorientation. The arrow in (a) indi
ates a protrusion in the region that 
orresponds to domain 1 andis absent in the hemo
yanins. All stru
tures were low-pass �ltered to a nominal 10 Å resolution tomat
h the resolution a
hieved in the 
ryo-EM stru
ture of the Drosophila hexamerin LSP-2.
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Figure 3.10: Tight dimer view of di�erent hexameri
 arthropod proteins. a � Drosophilamelanogaster hexamerin LSP-2 (
ryo-EM stru
ture); b � Palinurus elephas hemo
yanin (
ryo-EMstru
ture); 
 � Limulus polyphemus hemo
yanin (3D-volume of X-ray stru
ture); d � Panulirusinterruptus hemo
yanin (3D-volume of X-ray stru
ture). The shape of the proteins is almost asquare in this orientation. The arrows in (a) indi
ate protrusions in the region that 
orrespondsto domain 1 that are in 
lose 
onta
t to the domain 1 of the neighbouring subunit and are absentin the hemo
yanins. All stru
tures were low-pass �ltered to a nominal 10 Å resolution to mat
hthe resolution a
hieved in the 
ryo-EM stru
ture of the Drosophila hexamerin LSP-2.
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Figure 3.11: Loose dimer view of di�erent hexameri
 arthropod proteins. a � Drosophilamelanogaster hexamerin LSP-2 (
ryo-EM stru
ture); b � Palinurus elephas hemo
yanin (
ryo-EMstru
ture); 
 � Limulus polyphemus hemo
yanin (3D-volume of X-ray stru
ture); d � Panulirusinterruptus hemo
yanin (3D-volume of X-ray stru
ture). In this orientation the proteins have are
tangular shape. All stru
tures were low-pass �ltered to a nominal 10 Å resolution to mat
h theresolution a
hieved in the 
ryo-EM stru
ture of the Drosophila hexamerin LSP-2.
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                      **  : ::::::                                       * :   :     :*
DmeLSP2 KHLDSKVADKDFLMKQKFMYQILQHIYQDDVFTTPFGGSYVEYKPW-EHVADYVHPEMLEHFF-ELWQHQPFTDDMVWSV     78
PelHc1  -----DVHSSDNAHKQQDVNHLLDKIYEP-IKDEELHNIAQTFDPVADTSIYGDVGAAAKTLMQELNDHRLLEQHHWFSL     74
PinHcA  -----DALGTGNAQKQQDINHLLDKIYEP-TKYPDLKEIAENFNPLGDTSIYNDHGAAVETLMKELNDHRLLEQRHWYSL     74
LpoHcII ----------TLHDKQIRVCHLFEQLSSATVIGN----------------------GDKHKHSDRLKNVGKLQPGAIFSC     48
             #1 10        20        30        40        50        60        70        80

��� �� ��� ��� ��� ���                      1.1            1.2                 1.3             
               
        :   : :    *  ::    ::  *       *  :*:  * :*  :: :      *: :*   *: *  :  * ::  *
DmeLSP2 MYDKHEEYVVGLVRLFYFAKNWETFQHVVYWARQHVNKQLFVYAVTIASLFRDDMQGVVLPAHYEIHPWSYFDSQALEWA    158
PelHc1  FNTRQREEALMLFTVLNQCKDWNCFLNNAAFFRERMNEGEFVYALYVSVIHSKLGDGIVLPPLYEVTPHMFTNSEVIDKA    154
PinHcA  FNTRQRKEALMLFAVLNQCKEWYCFRSNAAYFRERMNEGEFVYALYVSVIHSKLGDGIVLPPLYEITPHMFTNSEVIDKA    154
LpoHcII FHPDHLEEARHLYEVFWEAGDFNDFIEIAKEARTFVNEGLFAFAAEVAVLHRDDCKGLYVPPVQEIFPDKFIPSAAINEA    128
                90       100       110       120       130       140       150       160

������ ������� ��� ���� ������ ����� ��� ���� ��� ���          1.4    1.5       1.6              1.7  

                                         : :  :**: **:*:*  :  ::: :*           : **:***:
DmeLSP2 EHYKMHGFHHVKQMDNIYNVVIRTNYSNVHGSLNYDHDLAYYLEDVGFNAFYYYFNLDYPFWTKGGEEHVLNKDRRGELY    238
PelHc1  YSAKMT----HK----EGT-FNMS-FTG--TKKNKEQRVAYFGEDIGMNIHHVTWHMDFPFWWDDS--YGYHLDRKGELF    220
PinHcA  YSAKMT----QK----QGT-FNVS-FTG--TKKNREQRVAYFGEDIGMNIHHVTWHMDFPFWWEDS--YGYHLDRKGELF    220
LpoHcII FKKAHVR-------PEFDESPILVDVQDTGNILDPEYRLAYYREDVGINAHHWHWHLVYPSTWNPK-YFGKKKDRKGELF    200
               170       180       190    #2 200       210       220       230       240

������                   β1Bββ ���� ����� ����� �� � ���                   2.1                 

         ::* *: **:  ****: :  :  ::       *:*                            :  :     *: : *
DmeLSP2 LYVHWQLLARWHLERLSHDLGEVPAFNMYVPTESGYASNLRTYYGVPQWHRENHHSFYHEHNYEHIEHVEMYTQRLMDWI    318
PelHc1  FWVHHQLTARFDAERLSNWMEPVDELHWDDIIHEGFAPHTSYKYGGEFPVRPDNIRFEDVDGVAHVHDMEITENRIRDAI    300
PinHcA  FWVHHQLTARFDFERLSNWLDPVDELHWDRIIREGFAPLTSYKYGGEFPVRPDNIHFEDVDGVAHVHDLEITESRIHEAI    300
LpoHcII YYMHQQMCARYDCERLSNGMHRMLPFNNFDEPLAGYAPHLTHVASGKYYSPRPDGLKLRDLGDIEISEMVRMRERILDSI    280
               250       260       270       280       290       300       310       320

������ ������� ������ ������        2.2                                                  2.3

                      :      ::** :::    * :  :** * :  :  :             **::    *: *** *
DmeLSP2 HKN-------EKFDV---ETINVLGNIIQGNADSVDKKFYGSLDKLYRFIVNEGHHYGHGDESFPGLFMHYDTSMRDPIF    388
PelHc1  AHGYITATDGHTIDIRQPNGIELLGDIIESSMYSSNPHYYGSLHNTAHMMLGRQGDPHGKFDMPPGVMEHFETATRDPSF    380
PinHcA  DHGYITDSDGHTIDIRQPKGIELLGDIIESSKYSSNVQYYGSLHNTAHVMLGRQGDPHGKFNLPPGVMEHFETATRDPSF    380
LpoHcII HLGYVISEDGSHKTLDELHGTDILGALVESSYESVNHEYYGNLHNWGHVTMARIHDPDGRFHEEPGVMSDTSTSLRDPIF    360
               330       340       350       360       370       380       390       400

��         βββ     βββ ��� ��� ���� ��� ��� ��� ���     2.4               2.5                    

        :  :: :   : .  ::   * :    *  : :: : :   :      *       : 
DmeLSP2 YEVYKTIVSHYWHLMETYPEYHKKDYAFEGVHIDAVHMPESLTTYFEHFDSDISNAVNVE-PAVEGSADPLYTFGRNSHY    467
PelHc1  FRLHKYMDNIFKEHTDSFPPYTHEDLEFPGVSVDNIAIDGHLTTFFDQFKYSLVNAVDSGENV-----------------    443
PinHcA  FRLHKYMDNIFKKHTDSFPPYTHDNLEFSGMVVNGVAIDGELITFFDEFQYSLINAVDSGENI-----------------    443
LpoHcII YNWHRFIDNIFHEYKNTLKPYDHDVLNFPDIQVQDVTLHARVDNVVHTFMREQELELKHGINP-----------------    423
               410       420 #3    430       440       450       460       470       480

� ������ �� ����        2.6 2.7             βββ3Aβββ    ββββ3Bβββ����                       

              * *   :*:*: * : : :       : *  ::*: *  *: *  :  :      :*:::*   :  * : : *
DmeLSP2 KGSSYVIKARQQRLNHKPFEFTLDVTS--DKAQDAVVKVFIGPKYDEHGHEIPLEHNYQNFFELEHFKVHLEAGVNHIKR    545
PelHc1  --EDVAIYANVHRLNHEEFTYEIEVRNHNEE-KFATVRIFLCPTEDNNGITLNLDEERWLCLEMDKFWRKLANGKNLIER    520
PinHcA  --EDVEINARVHRLNHKEFTYKITMSNNNDGERLATFRIFLCPIEDNNGITLTLDEARWFCIELDKFFQKVPKGPETIER    521
LpoHcII -GNARSIKARYYHLDHEPFSYAVNVQNNSASDKHATVRIFLAPKYDELGNEIKADELRRTAIELDKFKTDLHPGKNTVVR    502
               490       500       510       520       530       540       550       560

              ββββ3Cββββ   ββ3Dββ       ββββ3Eββββ ���                ββββ3Gββββ    ββ3Hβ

         * * *  :    ::  *        :             ** * ::::*: :  *  ::::  :    :
DmeLSP2 ASGDFSFWVNDRTTYLELYQKLMDATNSDYKFKLDQSEAHCGVPNRMMLPRGKKGGQVFQFFYMVYPYHQPEVAQF---T    622
PelHc1  SSKDSSVTVPDMPSFESLKHQADEAVKNGEDLDLSAYERSCGIPDRMLLPKSKPQGMEFNLYVVVTDGDKDTDGSDGDHD    600
PinHcA  SSKDSSVTVPDMPSFQSLKEQADNAVNGGHDLDLSAYERSCGIPDRMLLPKSKPEGMEFNLYVAVTDGDKDTEGHNGGHD    601
LpoHcII HSLDSSVTLSHQPTFEDLLHGVGLNEHKS-------EYCSCGWPSHLLVPKGNIKGMEYHLFVMLTDWDKDKVDGSESVA    575
               570       580       590       600       610       620       630       640

        β ��� ��� ���               3.3                             βββββ3Jββββ����        

               **  :   * *  *:*:*::* :  :     : *         :  *
DmeLSP2 GYDPVVSCGVGHGSRYVDALPFGFPFNRPVKHDYYF-DVHNFKFVDVKIFHRDEHTNVV    680
PelHc1  HHGTHAQCGI-HGEQYPDHRPLGYPLERRIPDERVFDGVSNIKHALVKIVHDPELRA--    656
PinHcA  YGGTHAQCGV-HGEAYPDNRPLGYPLERRIPDERVIDGVSNIKHVVVKIVHHLEHHD--    657
LpoHcII CVDAVSYCGA-RDHKYPDKKPMGFPFDRPIHTEHISDFLTNNMFIKDIKIKFHE-----    628
               650       660       670       680       690        

���                                              βββ3Lβββ         

Figure 3.12: Alignment of the amino a
id sequen
es of Drosophila melanogaster hexamerin LSP-2(DmeLSP2), Palinurus elephas hemo
yanin 1 (PelH
1), Panulirus interruptus hemo
yanin A (Pin-H
A), and Limulus polyphemus hemo
yanin II (LpoH
II). Conserved or isofun
tionally ex
hangedamino a
ids involved in the inter-subunits 
onta
ts (sele
ted a

ording to [Volbeda and Hol, 1989℄)are shaded in 
onformity with their allo
ation: bla
k � trimer interfa
e, blue � tight dimer inter-fa
e, red � loose dimer interfa
e. Stri
tly 
onserved amino a
ids are indi
ated with asterisks (∗),isofun
tional amino a
ids with 
olons (:). The se
ondary stru
ture elements as dedu
ed from theX-ray stru
ture of subunit II ([Volbeda and Hol, 1989℄, [Hazes et al., 1993℄, [Magnus et al., 1994℄)are indi
ated at the bottom. #1 � domain 1, #2 � domain 2, #3 � domain 3. The Asn-X-Ser/Thrsequon is highlighted in yellow an the predi
ted N -gly
osilated asparagine is depi
ted in red. Thealignment was kindly provided by T. Burmester.
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Figure 3.13: Position of the predi
ted gly
osylated N185 of the Drosophila melanogaster hexa-merin LSP-2. The plausibility of the predi
tion was veri�ed through the mole
ular model and the
ryo-EM stru
ture. The asparagine residue is represented as spheres and indi
ated by the arrow.The amino a
id is situated on the surfa
e of the hexamer in the 
onne
tion between domain 1 (#1)and domain 2 (#2) and thus most probably gly
osylated in vivo.The residue N185(183) is potentially N -gly
osylated, as predi
ted by theNetNGly
 1.0 Server (arti�
ial neural networks trained on the surrounding se-quen
e 
ontext, in an attempt to dis
riminate between a

eptor and non-a

eptorsequons). The plausibility of the predi
tion was veri�ed through mole
ular mod-elling (see below), following the study about the hexamerin of the Chinese oaksilkworm Antheraea pernyi ([Jung et al., 2005℄). The asparagine is situated on thesurfa
e of the mole
ule as shown in Figure 3.13 and is most probably gly
osy-lated in vivo. This site is in a

ordan
e to the �rst gly
osylation site presentedby [Mousseron-Grall et al., 1997℄. The se
ond gly
osylation site presented in latterstudy was erroneously predi
ted on an overshooting N-terminal sequen
e that doesnot exist.
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ular modelling and rigid-body �ttingIn the pre
eding se
tion, two di�erent types of protrusions that are absent in thehemo
yanins were adressed: the horns and the spikes. The question is if this stru
-tural details are real or artifa
ts rooting in the manner the hexamerins were isolatedand reasso
iated or in the adapted te
hnique of proje
tion mat
hing. The 
hosenhexameri
 model �tted in the �nal 
ryo-EM stru
ture answers this question.As shown in Figure 3.14 a, the horns are situated at the C-terminal end of theamino a
id 
hains (for overviews of the rigid-body �tting see Figure 3.15). Theasterisk indi
ates the �rst amino a
id of the 
hain in the model an the bla
k obliquearrow points at the volume in the 
ryo-EM stru
ture that is not o

upied by the mo-le
ular model. The �rst nine amino a
ids (1KHLDSKVAD9) of the LSP-2 sequen
ewere not in
luded in the mole
ular modelling pro
edure due to a missing template.Taking into a

ount the lo
al proximity of the C-terminal end of the 
hain and theun�lled area, I spe
ulate that the missing amino a
ids of the mole
ular model aremost probably arranged in the horns.

Figure 3.14: Detailed view of the protrusion areas of the Drosophila melanogaster hexamerinLSP-2. a � Horn area. The asterisk (∗) indi
ates the C-terminal amino a
id of the mole
ularmodel and the bla
k arrow points at the area in the 3D-volume that is not o

upied; b � Spikesarea. The 
oloured arrows mark the not properly modelled insertions of the neighbouring subunits.The oblique and horizontal bla
k arrows point at the areas in the 3D-volume that are not o

upied.The amino a
id sequen
e of the LPS-2 hexamerin has an insertion of 19 aminoa
ids in the β-3B→ β-3C β-hairpin (464VEGSADPLYTFGRNSHYKG482(451�479)).The spikes are lo
ated in the area of this insertion (Figure 3.14 b). A

ordingly, thisuno

upied volume of the 
ryo-EM stru
ture (oblique and horizontal bla
k arrows)areas are most probably o

upied by this insertion. The insertions 
ould not be
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ause of the la
king template and thus sti
k out of the 
ryo-EM stru
ture (red and blue arrows). The se
ondary stru
ture predi
tions for theinsertion yielded a 
oil region with the possibility of a short β-sheet. This predi
tionwould mat
h the shape of the spikes.In both 
ases, there is a high 
orrelation between additional amino a
ids anduno

upied volumes in the 
ryo-EM stru
ture. Consequently, I assume that thedes
ribed features are not artifa
ts (neither from the bio
hemi
al isolation nor fromthe 
omputational pro
edure), but real stru
tural details that represent pe
uliardi�eren
es to the hemo
yanins.
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Figure 3.15: Stereo views of the 
ryo-EM stru
ture with �tted model of the Drosophilamelanogaster hexamerin LSP-2 along the main symmetry axes. a � trimer view (view alongthe three-fold axis), b � tight dimer view (view along the �rst two-fold axis), 
 � loose dimer view(view along se
ond two-fold axis).



Chapter 4Results and Dis
ussion of thehemo
yanin from Limuluspolyphemus
4.1 Cryo-EMA total number of 58 fo
al pair mi
rographs were re
orded under low-dose 
onditions(Figure 4.1). Nominal defo
us was set between 1.2 and 3.0 µm for the 
lose to fo
usmi
rographs and set to 6.0 µm for the far o� fo
us mi
rographs. With the s
anningstep size 
orresponding to 10.6 and 5.9 µm, the digitalised mi
rographs ended upwith a size of 65 and 205 MB, respe
tively.In earlier publi
ations, trivial names were given to typi
al proje
tions were namedand this nomen
lature is listed with the respe
tive Euler angles in Figure 4.1 a' � e'([Lamy et al., 1981℄, [Lamy et al., 1982℄, [van Heel and Dube, 1994℄). The nomen-
lature is used throughout this 
hapter.4.2 Single parti
le analysisSingle parti
les were semi-automati
ally extra
ted from the mi
rographs with a highdefo
us. Single parti
les from the mi
rographs with a low defo
us were extra
tedautomati
ally by fo
al pair alignment. The �rst data set with a s
anning step sizeof 10.6 µm 
omprised 8,984 single parti
les (for both high and low defo
us), these
ond data set with a s
anning step of 5.9 µm 
omprised 3,085 single parti
les.The estimated real defo
us ranged from 1.2 to 4.9 µm.4.2.1 Angular re
onstitutionThe analysis started with a referen
e-free alignment of the 8,984 single parti
leswith a high defo
us. The resulting 
lass averages (proje
tions) from multivariate-
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Figure 4.1: Cryo-EM negative and reproje
tions of the typi
al views of the Limulus polyphe-mus hemo
yanin. The Figure of the 
ryo-EM negative is a s
reenshot of the parti
le sele
tionpro
edure with the programme boxer. The reproje
tions in the lower row 
orrespond to the high-lighted parti
les in the negative. Typi
al views are: a, a' � Cross view (angles α,β,γ 0◦,90◦,90◦),b, b' � Bowtie view (0◦,90◦,-30◦), 
, 
' � Symmetri
 pentagonal view (0◦,45◦,-10◦),d, d' � Ring view (0◦,0◦,0◦), e, e' � Lateral view (0◦,90◦,0◦).statisti
al analysis (MSA) and hierar
hi
al as
endant 
lassi�
ation were used fora �rst multi-referen
e alignment (MRA). After two alignment re�nements, threeproje
tions that represented a top, a tilted and a side view were sele
ted and theEuler angles assigned. These three proje
tions were used as an `an
hor-set' for theremaining data set, and after angular re
onstitution a preliminary re
onstru
tionwas 
al
ulated. Reproje
tions of the �rst re
onstru
tion were used for the next roundof MRA and MSA. With the �rst data set with the s
anning step of 10.6 µm, a totalof 17 rounds of re�nements were run. In the �rst re�nement rounds, the number ofhemo
yanin parti
les was progressively in
reased by adding single parti
les from the
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rographs with a low defo
us. After ten re�nement rounds, the single parti
lesfrom the mi
rographs with a high defo
us were eliminated, leaving only images witha low defo
us in the data set.The se
ond data set 
omprising only images with a low defo
us was down-sampled to �t the s
anning step size of 10.6 µm of the �rst data set. Then, both datasets were 
ombined and another �ve re�nement rounds with a total number of 12,069single parti
les were run. The whole data set was distributed between 800 
lass av-erages (with an average of ∼15 parti
les per 
lass). The resulting re
onstru
tionfrom the angular re
onstitution te
hnique (Figure 4.2) was 
al
ulated with 11,633single parti
les averaged in 766 
lasses and a
hieved a resolution of 10.8 Å1/2−bitand 8.8 Å3σ as shown in Figure 4.3 a. In this study, the resolution of the 
ryo-EM stru
ture is de�ned by the 1/2-bit 
riterion ([van Heel and S
hatz, 2005℄). Thepreviously applied 3σ 
riterion yields values that are 
onsidered to be rather toooptimisti
. The threshold was set to 
orrespond to a mole
ular weight of 3.5 MDa.The distribution of the Euler angles is shown in Figure 4.3 b. The distribution ofthe proje
tions in the asymmetri
 triangle is homogeneous with a loose 
luster oftilt images with β-angles between -30◦ and -60◦ and γ-angles between 0◦ and 30◦.This re
onstru
tion was used for the mole
ular �tting.4.2.2 Proje
tion mat
hingThe resulting mole
ular model of the �tting of the whole 8×6mer was 
onverted intoa density map, low-pass �ltered to a nominal 5 Å and used as a referen
e for the �nalre�nement round, applying proje
tion mat
hing. The �nal 
ryo-EM stru
ture was
al
ulated with the whole data set (12,069 single parti
les) in 1140 
lass averages(∼11 parti
les per 
lass). The �rst 88 of these 
lasses (sorted by as
ending 
ross
orrelation error) are presented in Figure 4.4. There is a 
lear predominan
e of tiltedproje
tions (β-angles between 15◦ and 75◦) in the �rst sorted positions. The �rst
ross view (proje
tion along the Y axis) 
an be seen in position 32, the �rst lateralview (proje
tion along the X axis) is found in position 58, and the �rst ring view(proje
tion along the Z axis) appears at position 70. The tomographi
 layers of the
ryo-EM stru
ture are presented in Figure 4.5 and are visualised as stereo surfa
eviews in Figure 4.6.As shown in Figure 4.7 a, the Fourier shell 
orrelation (FSC) 
urve 
rosses theFSC1/2−bit noise 
urve at 9.6 Å and the FSC3σ noise 
urve at 8.1 Å. The distributionof the Euler angles is shown in Figure 4.7 b. The homogeneous distribution of theangles is due to the te
hnique of proje
tion mat
hing. Assuming 0.844 Da/Å3, thethreshold was set at 0.01 
orresponding to a mole
ular mass of ∼3.5 MDa (48 sub-units of 73,000 Da ea
h). The eight hexamers are 
learly de�ned and exhibit mole
u-lar detail. Notably, the 48 individual subunits are dis
ernible (see Figure 4.6). Thehandedness of the 1×6mer was 
on�rmed by X-ray analysis of Panulirus interruptushemo
yanin 
rystals ([Volbeda and Hol, 1989a℄) and this allowed an unambiguousassignment of the 
orre
t handedness to the 3D-volume of the 8×6mer.



4.2 Single parti
le analysis 56

Figure 4.2: Stereo views of the 
ryo-EM stru
ture of the Limulus polyphemus hemo
yanin by thete
hnique of angular re
onstitution along the main symmetry axes. The subunits are dis
erniblein the 
learly de�ned hexamers of this 10.8 Å1/2−bit resolved 
ryo-EM stru
ture. a � Ring view(view along the Z axis), b � Lateral view (view along the X axis), 
 � Cross view (view along theY axis).
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bFigure 4.3: Determination of the resolution (a) and Euler angles distribution (b) of the 
ryo-EMstru
ture of the Limulus polyphemus hemo
yanin by the te
hnique of angular re
onstitution. Theresolution of the 
ryo-EM stru
ture of ∼11 Å was a
hieved with a data set with a nearly homoge-nous distribution of proje
tions. The homogeneity is disturbed by a loose 
luster of proje
tionswith β-angles between -30◦ and -60◦.
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Figure 4.4: The �rst 88 
lass averages of the �nal 
ryo-EM stru
ture of the Limulus polyphemushemo
yanin sorted by as
ending 
ross 
orrelation error. The data set shows a 
lear predominationof tilted views (β-angles between 15◦ and 75◦) in the positions with lower 
ross 
orrelation errors.Position 32 � 
ross view, position 58 � lateral view, position 70 � ring view.
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Figure 4.5: Density map of the �nal 
ryo-EM stru
ture of the Limulus polyphemus hemo
yaninby the te
hnique of proje
tion mat
hing. The 
ryo-EM stru
ture is sta
ked along the Z axis andevery sta
k has a thi
kness of ∼2 Å. The staggering angle of 42◦(±) is re
ognizable when 
omparingsta
k 95 to 115.
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Figure 4.6: Stereo views of the 
ryo-EM stru
ture of the Limulus polyphemus hemo
yanin by thete
hnique of proje
tion mat
hing along the main symmetry axes. Compared to the result of thete
hnique of angular re
onstitution (see Figure 4.2), this 
ryo-EM stru
ture shows a more detailedstru
ture with �ligree features. a � Ring view (view along the Z axis), b � Lateral view (viewalong the X axis), 
 � Cross view (view along the Y axis).
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bFigure 4.7: Determination of the resolution (a) and Euler angles distribution (b) of the 
ryo-EMstru
ture of the Limulus polyphemus hemo
yanin by the te
hnique of proje
tion mat
hing. Due tothis te
hnique, the resolution 
ould be improved to 9.6 Å and the distribution of the proje
tionsgot uniform.



4.3 D2 point-group symmetry 624.3 D2 point-group symmetryThe bio
hemi
al data presented by [Lamy et al., 1983℄ poses a question that wasalready adressed by [van Heel and Dube, 1994℄: is the assumption of a D2 point-group symmetry justi�ed for Limulus hemo
yanin? A

ording to earlier data, threeof the edges of the 4×6mer are o

upied by subunits type I and the fourth bysubunit type IIA ([Lamy et al., 1983℄). In su
h a 
onstellation, the D2 point-groupsymmetry 
ould be a problem, depending on the resolution a
hieved in the 
ryo-EMstru
ture.Figure 4.8 shows a superposition of the X�ray stru
ture 1NOL of the Limulushemo
yanin and the mole
ular model of the Eurypelma hemo
yanin subunit type ethat was used for the subunit type I/IIA (see below). Both stru
tures mat
h verywell apart from the areas where the amino a
ids are missing in the X�ray stru
ture(highlighted by arrows).

Figure 4.8: Overlay of the X-ray stru
ture 1NOL of the Limulus hemo
yanin and the mole
ularmodel of the Eurypelma hemo
yanin subunit type e. The X�ray stru
ture is depi
ted in red andthe model in blue. Missing amino a
ids of the X-ray stru
ture are labelled and the areas markedwith arrows. Note the good mat
hing of both stru
tures.Consequently, at the present resolution of 10 Å, the assumption of the D2 point�group symmetry is not problemati
, but this issue should be kept in mind in futurestudies.



4.4 Quaternary stru
ture of the 8×6mer 634.4 Quaternary stru
ture of the 8×6merCheli
erate 4×6mer and 8×6mer hemo
yanins are 
omposed of seven immunolo-gi
ally distin
t subunit types that play a spe
i�
 role in the ar
hite
ture of thewhole mole
ule. About 25 years ago, several working groups 
ooperatively elab-orated the stoi
hiometry and topology of these subunit types within the native4×6mers of Andro
tonus and Eurypelma, and the 4×6mer half-stru
ture of Limulushemo
yanin, and de�ned the interspe
i�
 subunit 
orresponden
ies (for review, see[Markl and De
ker, 1992℄). For the Limulus hemo
yanin, the subunit topology wasalso elaborated at the level of the 8×6mer ([Lamy et al., 1983℄). This knowledgeallowed me to identify, in the present 3D-volume, the individual subunits types andto label them with their 
orre
t designations (Figure 4.9).In the 
ase of subunit types I, II, IIIA, IIIB, and IV that ea
h o

ur in ea
h hex-amer as a single 
opy, this assignment was 
learly de�ned. The sixth position in ea
hhexamer is o

upied by either subunit V or VI. These two subunits form a 
entralheterodimeri
 bridge within the basi
 2×6mer, and a 
entral tetrameri
 ring withinthe 4×6mer (Figure 4.9 a). This leaves two possibilities for their orientation: the oneshown in Figure 4.9 a, or the alternative one (with the labels V and VI ex
hanged).In 
ase of subunit I the pi
ture is 
ompli
ated be
ause in two hexamers this subunittype is substituted for a stru
tural variant termed subunit IIA ([Lamy et al., 1983℄).This subunit is in
orporated in Figure 4.9 a�
 but is of no relevan
e for the presentstudy, be
ause within the Limulus 8×6mer, subunits I/IIA o

upy the outer edgesof the eight hexamers and are not involved in any inter-hexamer 
onta
t (see Se
-tion 4.5). The known subunit topology of the 8×6mer provided a �rm basis formole
ular �tting (see below).The ar
hite
ture of the 8×6mer has already been elaborated by earlierauthors ([Bijlholt et al., 1979℄, [van Heel and Frank, 1981℄, [Lamy et al., 1982℄,[Lamy et al., 1983℄, [van Heel and Dube, 1994℄, [Taveau et al., 1997℄). It 
onsistsof two identi
al 4×6mers assembled fa
e-to-fa
e, with a staggering angle of ∼40◦around the two-fold symmetry axis. Ea
h 4×6mer (that 
orrespond stru
turally tothe native 4×6mer hemo
yanins of some ara
hnids su
h as Eurypelma 
aliforni
umand Andro
tonus australis) is assembled from two identi
al dode
amers (2×6mers)lying side by side in an antiparallel orientation, but signi�
antly shifted and skewedwith respe
t to ea
h other. Within ea
h 2×6mer, the two hexamers (1×6mers)are rotated ∼105◦ with respe
t to ea
h other and di�er slightly in their subunit
omposition (see Subse
tion 4.4.3). Ea
h hexamer is 
omposed of two staggeredlayers, ea
h 
ontaining three bean-shaped subunits, and the rotation of ea
h layeraround the lo
al three-fold axis of the hexamer is 120◦ (D3 point-group symmetry).This hexamer appears as a hexagon when viewed from the top (along its three-foldaxis) and as a square when viewed from the side (see Subse
tion 4.4.3).



4.4 Quaternary stru
ture of the 8×6mer 64Oligomer Data 1×6mers in 2×6mer 2×6mers in 4×6mer 4×6mers in 8×6merDistan
e Rotation Distan
e Flip-�op Ro
king Distan
e Staggering(Å) (◦) (Å) shift (Å) angle (◦) (Å) angle (◦)4×6mera,1 3D (40 Å) � 105 � 11 14 � �4×6merb,2 2D � 120 � 5 5±1 � �4×6merb,3 SAXSoxy 105±1.3 105±7 104.4±1.2 18±3 19±4 � �4×6merb,3 SAXSdeoxy 104.5±0.8 131±3 103.5±0.8 4±2 6±3 � �8×6merc,4 2D 102±5 90 108±5 17±4 12±3 102±5 328×6merc,5 3D (40 Å) � 103±2 � 12.8±3 12.5±3 108 408×6merc,6 3D (10 Å) 100±3 105±5 102±3 14±1 16±2.5 106±3 42±2Table 4.1: Stru
tural parameters of the 4×6mer and 8×6mer hemo
yanins. a Andro
-tunus hemo
yanin; b Eurypelma hemo
yanin; c Limulus hemo
yanin; 1 [Boisset et al., 1995℄;
2 [de Haas and van Bruggen, 1994℄; 3 [Hartmann and De
ker, 2002℄; 4 [van Heel and Dube, 1994℄;
5 [Taveau et al., 1997℄; 6 This study.Be
ause of the D2 point-group symmetry of the 8×6mer 3D-volume, a repeating2×6mer is the basi
 building blo
k of the re
onstru
tion. Some previously publishedparameters of 4×6mer and 8×6mer hemo
yanins are summarized in Table 4.1, to-gether with the values obtained in the present study.Level Parameter ValueDistan
e (Å) 100±3Rotation around 3fold axis (◦) 105±52×6mer Rotation around �rst 2fold axis (◦) 7±2Rotation around se
ond 2fold axis (◦) 8±2Dimensions (Å) 146×230×168Distan
e (Å) 102±3Flip-�op shift (Å) 14±14×6mer Ro
king angle (◦) 16±2.5Dimensions (Å) 249×244×168Distan
e (Å) 106±38×6mer Staggering angle (◦) 42±2Dimensions (Å) 284×271×282Table 4.2: Summary of the stru
tural parameters of the di�erent oligomeri
 levels of the Limuluspolyphemus hemo
yanin. The dimensions are measured along the X, Y, and Z axis, respe
tively.The most detailed 
ryo-EM stru
ture of an 8×6mer previously published has aresolution of ∼40 Å ([Taveau et al., 1997℄). Compared to this, the present 10 Å
ryo-EM stru
ture allows, with a superior a

ura
y, the assignment of the di�erentpositions, shifts and rotations of the two hexamers within the basi
 2×6mer, and ofthe four 2×6mers within the whole mole
ule. Measurements were performed by twodi�erent approa
hes. First, densities of 1×6mers, 2×6mers, and 4×6mers were iso-lated from the total density map, and volume alignments were 
al
ulated. Se
ond,the generated and �tted models were aligned against ea
h other. The measure-ments were assessed within the ResolveRT software pa
kage and yielded the resultssummarized in Table 4.2.



4.4 Quaternary stru
ture of the 8×6mer 654.4.1 Topology of the subunitsThe identi�
ation of the positions of the di�erent subunit types within the 
ryo-EMstru
ture of the 8×6mer is mainly based on the results of [Lamy et al., 1983℄. Thedi�erent subunit types are present in a di�erent number of 
opies: six of type I,eight of type II, IIIA, IIIB, and IV, respe
tively, two of type IIA, four of type Vand VI, respe
tively. For a better tra
king of the di�erent subunit types in theirpositions, a 
olour 
ode a

ording to Table 4.3 was assigned. The topography of thedi�erent subunits is shown in Figure 4.9.Subunit type No. of 
opies 
olourI 6 redII 8 greenIIA 2 pinkIIIA 8 yellowIIIB 8 blueIV 8 turquoiseV 4 whiteVI 4 bla
kTable 4.3: Table of the 
olour 
ode for the di�erent subunit types with the spe
i�
ation of thenumber of 
opies of ea
h present in the native 8×6mer.4.4.2 Morphology of the 1×6merAlthough the X-ray stru
tures of a native 
rusta
ean hemo
yanin hexamer andof a hexamer assembled from subunit II of Limulus hemo
yanin are avail-able and show the shape and arrangement of the six subunits at high reso-lution ([Volbeda and Hol, 1989a℄, [Hazes et al., 1993℄), and signi�
antly, yieldeda perfe
t �t with the re
ent 10 Å 
ryo-EM stru
ture of a native 1×6mer([Meissner et al., 2003℄), it 
annot be a priori taken for granted that this arrange-ment is exa
tly 
opied in the various higher-order assemblies. Indeed, a slight butsigni�
ant deformation was observed by mole
ular �tting of the subunit II hexamerstru
ture and the present 3D-volume (Figure 4.10).The seven-stranded anti-parallel β-barrel of #3 is twisted away from the two-fold as shown with the arrow in Figure 4.10 a, while the β-hairpin that embra
es#1 is at the exa
t same position as the β-hairpin form the subunit II hexamer (Fi-gure 4.10 b). The degree of this twisting depends on the subunit position within thewhole mole
ule and the 
onta
ts to subunits in neighboured hexamers. Therefore,this is not a re
onstru
tion artefa
t, but a 
onsequen
e of the stru
tural intera
tionsbetween the eight hexamers. For the determination of parameters of the di�erenthierar
hy levels of Limulus hemo
yanin, and interpretations of inter-hexamer inter-fa
es, it is therefore 
ru
ial to deal with a density map of the whole 8×6mer (as in
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Figure 4.9: Topology of the subunits of the Limulus polyphemus hemo
yanin. a � Ring view(view along the Z axis), b � Lateral view (view along the X axis), 
 � Cross view (view along theY axis). In (a � 
) left 
olumn, the eight subunit types as bio
hemi
ally de�ned ([Brenowitz et al.,1981℄), and topologi
ally lo
alized ([Lamy et al., 1983℄), are indi
ated by di�erent 
olours (red �type I, pink � type IIA, yellow � type IIIA, blue � type IIIB, turquoise � type IV, white � type V,bla
k � type VI). In (a � 
) right 
olumn, the two hexamers within ea
h 2×6mer are highlighted bylight grey and anthra
ite, respe
tively. Note that in 
, the �op fa
e of the upper 4×6mer is visible
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Figure 4.10: Comparison between the X-ray stru
ture of the type II hexamer of the Limu-lus polyphemus hemo
yanin (red) and one isolated hexamer of the mole
ular model (blue).a � Overview of the hexamers. The β-sheets of the domains #3 of the mole
ular model twistaway from the two-fold axis (grey disk). The squares delimited with dashed lines indi
ate thedetails presented in b and 
; b � Detailed view of the despla
ement of the #3 β-sheets indi
atedby the 
urved arrow; 
 � Detailed view of the β-hairpins (arrow). The position of the hairpins isalmost identi
al.[Taveau et al., 1997℄ and the present work), instead of a map determined from a 
om-bination of sub-stru
tures ([de Haas and van Bruggen, 1994℄, [Boisset et al., 1995℄).4.4.3 Morphology of the 2×6merThe 2×6mer measures 146×230×168 Å (X, Y, Z axis) in the 10 Å re
onstru
-tion. Within the 2×6mer, the lo
al three-fold axes of the 
onstituent hexamers are100(±3)Å apart and are not exa
tly parallel to ea
h other (the upper one is tilted 7◦towards the plane of the lower one). The upper hexamer is rotated 
ounter-
lo
kwise105(±5)◦ with respe
t to the lower hexamer around the dode
amer longitudinal axis(Figure 4.11). This gives bio
hemi
ally isolated L. polyphemus 2×6mers, studied inthe ele
tron mi
ros
ope, the appearan
e of the 
ombination of a hexagon and asquare (see for example, Figure 1 bb in [Bijlholt et al., 1979℄). Additionally, theupper hexamer is rotated 
ounter-
lo
kwise 8(±2)◦ around its lo
al three-fold axis,thereby yielding a very 
lose 
onta
t to the lower hexamer. This rotation has al-
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Figure 4.11: 2×6mer, with the distan
e of the two hexamers, and the rotation of the upperhexamer around its longitudinal axis and around its three-fold axis indi
ated. In addition, thethree-fold axis of the upper hexamer is tilted towards the observer as marked.ready been des
ribed [Taveau et al., 1997℄. Note that prior to these rotations, thetwo hexamers have �rst to be brought into an antiparallel position with respe
t totheir subunit topology. This is a
hieved by 180◦ rotation of one hexamer around itstwo-fold axis.4.4.4 Morphology of the 4×6merWithin the 4×6mer half-mole
ule, whi
h measures 249×244×168 Å (X, Y, Z axis),the two 2×6mers are asso
iated in an antiparallel arrangement, thereby showing alo
al two-foldsymmetry (Figure 4.12). Their axial distan
e is 102(±3)Å. The twodode
amers are shifted 14(±1)Å with respe
t to ea
h other. This so-
alled �ip-�op-shift is in the range of values previously 
al
ulated (see Table 4.1). The �ip-�op-shiftgives the top view of the 4×6mer the shape of a parallelogram (i.e., with a long anda short diagonal axis, see Figure 4.12 a, a') rather than a square whi
h has �rst beenobserved 25 years ago ([van Heel and Frank, 1981℄).As a 
onsequen
e, two di�erent views are possible, depending on whi
h fa
eof the mole
ule is exposed to the observer when the 4×6mer rests on a support(Figure 4.12 a, a'). These two orientations have been termed `�ip view' and `�opview'. In �op view, the lower 2×6mer is on the right side (the long diagonal ofthe parallelogram runs from lower right to upper left, see Figure 4.12 a). In the�ip view, the lower dode
amer is on the left (longer diagonal from lower left toupper right). This should 
learly de�ne a `�ip fa
e' and a `�op fa
e' of the 4×6mer.Unfortunately, Jean Lamy's group and Marin van Heel's group use these terms
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Figure 4.12: Parameters of the 4×6mer. a � Flop view of the 4×6mer (exposing its �op fa
e tothe reader), with the parallelogram-shape (dashed line), the ro
king axis (long diagonal � L), andthe �ip-�op-shift indi
ated. a' � Flip view of the 4×6mer (exposing its �ip fa
e to the reader),with the parallelogram-shape (dashed line), the ro
king axis (short diagonal � S), and the distan
eof the 2×6mers indi
ated. b � 4×6mer viewed along the X axis, with the ro
king angle indi
ated.
 � 4×6mer viewed along the Y axis (i.e., along the V-shaped 
lefts between the 2×6mers), withthe parameters of the 
lefts indi
ated. In a', b and 
, three types of small labels mark the 
ornersto fa
ilitate orientation. The terminology of `�ip fa
e' and `�op fa
e' follows van Heel.exa
tly in an opposite manner: A

ording to Lamy, in �ip view orientation the �ipfa
e of the 4×6mer looks to the support, whereas a

ording to van Heel it looksto the observer! This problem of de�nition was also addressed by other authors([Taveau et al., 1997℄), and should be kept in mind when 
omparing the 
urrentliterature. I de
ided to give the initial dis
overy of the �ip-�op e�e
t priority andtherefore follow here the terminology of van Heel.
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ture of the 8×6mer 70The four hexamers are not 
oplanar, but the longitudinal axes of the 2×6mersare skewed with respe
t to ea
h other by the so-
alled ro
king angle (Figure 4.12 b).In the 10 Å re
onstru
tion, this ro
king angle is 16(±2.5)◦. The ro
king angle isresponsible for the ro
king behaviour of the 4×6mer whi
h was �rst des
ribed in1981 ([van Heel and Frank, 1981℄): due to the non-
oplanar nature of the 4×6mer,only three of the four hexamers have 
onta
t to a plane support. To 
hange betweenthe two stable positions, the mole
ule has to ro
k on this support around a diagonal`ro
king axis'. In �op view, ro
king o

urs around the long diagonal axis whereas in�ip view, the mole
ule ro
ks around the short diagonal axis (see Figure 4.12 a, a' longand short axes are indi
ated with L and S, respe
tively). When a solid mole
ularmodel, produ
ed by rapid prototyping is viewed, this ro
king behaviour 
an beeasily demonstrated. Dependig on whi
h fa
e is exposed (and thus on whi
h fa
e islying on the surfa
e), two edges will always ro
k to and fro around their respe
tivero
king axis. The resulting tilt angle of the 4×6mer (and the 8×6mer) between thetwo stable positions is the ro
king angle.Between the two assembled 2×6mers, a V-shaped 
left 
uts into both fa
es ofthe 4×6mer at the median line, but these two 
lefts di�er in their 
ontours: thereis a shallow 
left on the �ip fa
e and a deep 
left on the �op fa
e (Figure 4.12 
).4.4.5 Morphology of the 8×6merIn the 10 Å 
ryo-EM stru
ture, the 8×6mer measures 284×271×282 Å (X, Y, Zaxis). The two 4×6mers have an axial distan
e of 106(±3)Å (Figure 4.13 a) andare 
learly assembled �ip-to-�ip, thereby exposing their �op fa
es. Their staggeringangle is 42(±2)◦ (Figure 4.13 b).Previously, similar shifts and staggering angles were predi
ted for the �ip-to-�ipassembly (e.g. [van Heel and Dube, 1994℄, [Taveau et al., 1997℄), keeping in mindthat Lamy's group 
alled this arrangement `�op-to-�op'. The problem of the hand-edness has to be addressed at ea
h stru
tural level of the mole
ule (for a detaileddis
ussion of this issue, see [van Heel and Dube, 1994℄). The de
ision between thetwo possible enantiomers of the 1×6mer was solved by X-ray analysis of the Pan-ulirus interruptus hemo
yanin 
rystals ([Volbeda and Hol, 1989a℄).At the next hierar
hy level, for 
reating the typi
al shape of the 2×6mer seenin the ele
tron mi
ros
ope (
ombination of a hexagon and a square), two di�erentways of rotating one hexamer relative to the other are possible, and for the �nal twolevels the number of possible enantiomers multiplies. In a thorough assessment ofall available data, up to the level of the 4×6mer, a single enantiomer was sele
tedas the 
orre
t one ([van Heel and Dube, 1994℄). This enantiomer was also sele
tedby other authors ([Taveau et al., 1997℄) and is de�nitely 
on�rmed by the presentstudy: only the enantiomers shown in this paper �t the published X-ray stru
ture,whereas the respe
tive mirror images simply do not �t.In their pioneering work, van Heel & Dube ([van Heel and Dube, 1994℄) 
ouldnot unambiguously de
ide whether at the 8×6mer level a �ip-to-�ip or a �op-to-�op
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Figure 4.13: Parameters of the 8×6mer. a � Cross view (view along the Y axis), with the distan
eof the two 4×6mers indi
ated. b � Ring view (view along the Z axis), with the staggering anglebetween the two 4×6mers indi
ated. Three types of small labels mark the 
orners to fa
ilitateorientation.assembly is 
orre
t, although they had some arguments in favour of the �ip-to-�iparrangement, and they 
learly ex
luded �ip-to-�op. Lamy's group 
olle
ted furthereviden
e that the �ip-to-�ip assembly (�op-to-�op in their terminology) is indeed the
orre
t one ([Taveau et al., 1997℄). The present 10 Å 
ryo-EM stru
ture 
on�rmsthis assumption.One question remained to be satisfa
torily answered: why are �op-to-�op or�ip-to-�op assemblies inhibited? In the ele
tron mi
ros
ope, asso
iations of twoor more 8×6mers (�op-to-�op assembly), or of additional 4×6mers to the native8×6mer (�op-to-�op or �ip-to-�op assembly) are not observed. What guaranteesthe integrity of the 8×6mer and blo
ks higher-order assemblies? Taveau et al.([Taveau et al., 1997℄) proposed an answer for this question by overlaying sta
ksof the model that would 
orrespond to a �op-to-�op and a �ip-to-�op asso
iation.In both 
ases the same staggering angle of the native �ip-to-�ip asso
iation wasassumed. Not allowing the sta
ks to rotate and assume di�erent staggering anglesleads per se to steri
 hindran
es as were observed.The 10 Å 
ryo-EM stru
ture shows that the 
losest �t of two 4×6mers, yieldinga most 
ompa
t 8×6mer, results from the observed �ip-to-�ip assembly. This isdue to the 
ontours of V-shaped longitudinal 
left at both fa
es of the 4×6mer(Figure 4.12 
 and Figure 4.14). At the �ip fa
e, this 
left is 
omparatively wideand shallow with an opening angle of 89◦, and the distan
e between the bottomof the 
left and the edge of the 4×6mer is ∼43 Å. At the �op fa
e, the V-shaped
left is narrower (81◦) and deeper (distan
e ∼51 Å). In a �ip-to-�op assembly of two4×6mers, these surfa
e 
ontours would not mat
h well. Figure 4.14 shows an overlayof both 
lefts proje
ted along the Y axis (
ross view). In a �op-to-�op asso
iation,
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Figure 4.14: Overlay of the two V-shaped 
lefts of the 4×6mer proje
ted along the Y axis (
rossview). The �op side 
left is depi
ted in blue, the �ip side 
left in red. Opening angles and depthsare 
oloured a

ordingly. The overlay shows 
learly the morphologi
al di�eren
es between the twofa
es.the surfa
e 
ontours would mat
h well at a staggering angle of 57(±7)◦ and an axialdistan
e larger than 106 Å. However, su
h an assembly is not observed, and wouldrequire mole
ular interfa
es that apparently do not exist.4.5 Mole
ular modelling and rigid-body �ttingBe
ause of the high degree of sequen
e similarity (>75%) between 
heli
eratehemo
yanin subunits (Figure 4.15), ternary stru
ture modelling was straightfor-ward on the basis of the published X-ray stru
ture of oxygenated subunit II([Magnus et al., 1994℄). For modelling of the subunits IIIA, IV, and VI, their authen-ti
 sequen
es were applied. These sequen
es have been elu
idated, for the presentstudy, by T. Burmester and his group. Be
ause the sequen
es of subunits I, IIA,IIIB, and V are not yet known, stru
turally equivalent subunit sequen
es were usedfor modelling. In 
ase of subunit V, the sequen
e of subunit VI was taken. In 
ase ofsubunits I, IIA, and IIIB, the orthologous sequen
es of Eurypelma hemo
yanin wereapplied. This is un
riti
al in the 
ase of subunits I and IIA, be
ause these subunittypes (whi
h play equivalent roles in the oligomeri
 ar
hite
ture) are not involved inany inter-hexamer 
onta
t (Table 4.4). In the 
ase of subunits V and IIIB, however,these 
ir
umstan
es should be kept in mind. Also the 
omplete sequen
e of thesubunit II was modelled for �tting into the density map of the 
ryo-EM stru
ture.The amino a
ids 22�29, 134�138, 527�530, and 569�572, whi
h are missing in thepublished X-ray stru
ture of Limulus subunit II, were modelled by means of spatialrestraints.In the modelling pro
edure, 20 di�erent homology models were 
al
ulated forea
h sequen
e. In ea
h 
ase, the one with the highest s
ore in the preliminary �ttingpro
edure with MOLREP into its respe
tive isolated subunit was 
hosen. I 
onsideredthis an obje
tive approa
h of sele
ting a model from a number of possibilities. The
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ular modelling and rigid-body �tting 73Subunit type Contribution to interfa
esLimulus Eurypelma 2×6mer 4×6mer 8×6mer†I◦, IIA◦ e∗ � � �II∗ a∗ + � +IIIA∗ g∗ � � +IIIB◦ f∗ � + +IV∗ d∗ + + +V◦, VI∗ b∗, 
∗ + + �Table 4.4: Topologi
al 
orresponden
e of Limulus polyphemus and Eurypelma 
aliforni
um sub-unit types. ∗ � 
omplete amino a
id sequen
e available; ◦ � not available; † � ex
lusively inLimulus.
hosen models were then �tted into the whole density map of the 8×6mer that waslow-pass �ltered to nominal 8 Å but left unmasked.A six-dimensional grid-based exhaustive sear
h was performed for ea
h monomerusing an angular step size of 20◦ and a grid spa
ing of 1.797 Å. The resultingmonomer positions were pruned and then further re�ned at sub-voxel a

ura
y us-ing a Powell o�-latti
e optimization. Finally, the whole 8×6mer was assembledfrom the monomer data by 
hoosing the 
orre
t monomer for ea
h position in the8×6mer with the Chimera software (Figure 4.16). Most of the amino a
ids in themole
ular model of the 8×6mer do not overlap. Although in some inter-hexamerinterfa
es a few side-
hains overlap, the ba
kbones are invariantly at proper dis-tan
es. Figure 4.17 shows a 
omparison between proje
tions, reproje
tions, surfa
erepresentations and mole
ular model of the Limulus polyphemus hemo
yanin.Sin
e the sequen
es were modelled by means of spatial restraints on a single sub-unit (X-ray stru
ture of the oxy-form of Limulus subunit II ([Magnus et al., 1994℄),the MODELLER pro
edure ignored the presen
e of any neighbouring subunits. Fur-thermore, the orientation of the side-
hains is not ne
essarily optimal. In 
ase of theIV � IV bridge, a joint �tting of the two fused pdb �les 
ompletely eliminated theoverlaps, without moving the ba
kbones (see below). Although further work mightimprove the present mole
ular model, it turned out to be very suitable for assessingthe mole
ular stru
ture of the di�erent inter-hexamer bridges.



4.5 Mole
ular modelling and rigid-body �tting 74
           *      **     **                    *   * *  *  ** **   * *   **     *  *      
LpoHc-II   MT--LHDKQIRVCHLFEQLSSATVIGNGDKHKHSDRLKNVGKLQPGAIFSCFHPDHLEEARHLYEVFWEAGDFNDFIEIA   78
LpoHc-IIIA MT--VKEKQSRLLPLFKHLTSLTR-DQLPVGLRDDRLKDVGHLPRGTLFSLFHAKHLEEATHLYEILYGAKDFDDLMHLL   77
LpoHc-IV   MT--LKEKQDRILVLFEHLTSLTK-HQLPEDQRDPRLHDLGHLHRGELFSCFHKEHLEEATHLYETLYKAKNFDDFIHLC   77
LpoHc-VI   MVLGALEKQLRVLPLFEYASIPTKEKFALKAHRDPKLQGLGVLGRGQLFSLFHAEHLAAATKLYEVLIGAKTFEEFLDLC   80
EcaHc-e    MP--DKQKQLRVISLFEHMTSINT--PLPRDQIDARLHHLGRLPQGELFSCFHEEDLEEATELYKILYTAKDFDEVINLA   76
EcaHc-f    MT--VQDKQRQILPLFEHLTSLTR-GGLDRTESDVRLRRVGRLPRGTLFSCFHSEHLKEATELYQILYKADSFADFIHLA   77
            #1     10        20        30        40        50        60        70        80

���� ���� ��� � ������ ����� ���� �               1.1                 1.3              1.4       1.5  

              *  ****       ** *** ** *   *   * *** *        * *              *    *****  *
LpoHc-II   KEARTFVNEGLFAFAAEVAVLHRDDCKGLYVPPVQEIFPDKFIPSAAINEAFKKAHVRPEFDESPILVDVQDTGNILDPE  158
LpoHc-IIIA EQARNTVNEGMFVYAATVAVLHRDDCRGVTVPPIEEVFPDRFIPVETIRHADKEAAAHPDK---DIVVEFEETGNILDPE  154
LpoHc-IV   EEARQIVNEGMFVYAASVAVLHRDDCKGLAVPPIQEIFPDRFIPAETITQAMKDDHHRKEHE--DLVVDIEETGNILNPE  155
LpoHc-VI   HQVRDFVNEGLYVYAVSVAILHRPDCKGVSLPPIQEIFPDKFVTVQTLYDAFKEFWQNPHKEE-DVIVDMQTTGNILDPE  159
EcaHc-e    KQSRTFVNEGLFVYAVSVALLHRDDCKGIVVPAIQEIFPDRFVPTETINLAVKEAANHPDQ---DISVHVVETGNILDEE  153
EcaHc-f    QQARDIVNEGLFVYSVSVAILHRDDCRGVTVPPIQEIFPDRFVPAETVNQAVKADLKRQSSDE-DVLVEIQETGNILDPE  156
                   90       100       110       120       130       140       150  #2   160

��� ����� ����� ���� ��� ���                 1.6                   1.7             β1Bβ �          

             *** ***   * ****** * * **        ********************* * * *  ** **  * * * ** 
LpoHc-II   YRLAYYREDVGINAHHWHWHLVYPSTWNPKYFGKKKDRKGELFYYMHQQMCARYDCERLSNGMHRMLPFNNFDEPLAGYA  238
LpoHc-IIIA YRLAYYREDVSINRHHWHWHIVYPATWRPEFMHKEKDRKGELFYYMHQQMCARYDCERLSNGMHRMFPFNDFHEELEGYS  234
LpoHc-IV   QRLAYFREDIEVNAHHWHWHLVFPATWRPEVMGKVKDRKGELFYYMHQQMCARYDCDRMSVGLQRMIPFQNFEETLEGYS  235
LpoHc-VI   YNLAYYREDIGINAHHWHWHLVYPATWRPEVIGKVKDRKGELFYYMHQQMCARYDCERLSNGMPRMEPFHNFHEPLEGYS  239
EcaHc-e    YKLAYFREDVGTNAHHWHWHIVYPATWDPAFMGRMKDRKGELFYYMHQQMCARYDCERLSNGMRRMIPFSNFDEKLEGYS  233
EcaHc-f    HKLAYFREDIGANAHHWHWHIVYPPTWDASVMSKVKDRKGELFYYMHQQMCARYDCDRLSTGLRRMIPFHNFDEKLEGYS  236
                  170       180       190       200       210       220       230       240

������� ����� ����� ���� ���������� ���������             2.1             2.2  

            **     *  *  ** *    **          * * *    *         *     *   *   ***  * *    *
LpoHc-II   PHLTHVASGKYYSPRPDGLKLRDLGD-IEISEMVRMRERILDSIHLGYVISEDGSHKTLDELHGTDILGALVESSYESVN  317
LpoHc-IIIA PHLTSLISGLNYGTRPDGLKLHDLHD-VTIQDMERWRERIHDAIDLKMVHDHHGKEVAVDDEHGIDILGALVESSHESVN  313
LpoHc-IV   AHLTSLVSGLHYASRPEGLHIRDLND-VSLQEMERWRERILEGINLGHVHDDHGKEVELDEEHGIDILGALIESSHESKN  314
LpoHc-VI   SHLSSSINGLPYPSRPDGMTLQDLKE-VSVQDLERWRDRISDAIHIGHVEDENGSHVPLDDTRGIDILGAMVEASYESIN  318
EcaHc-e    AHLTSLVSGLPYAFRPDGLCLHDLKD-IDLKEMFRWRERILDAIDSGYYIDNEGHQVKLDIVDGINVLGALIESSFETKN  312
EcaHc-f    PHLTSLVSGLNYASRPAGLHLRDLVDFVDVQDMARWRERLLYSIDIGHVIDHEGQEIPLDAEHGIDVLGALLESSHDSLN  316
                  250       260       270       280       290       300       310       320

              β2B   β �������� ������2C                2.3  β2D     β ���� ���2E      2.4

              **  ** ***  **  *        ******* *********  **  ** *  *   *  *    *    
LpoHc-II   HEYYGNLHNWGHVTMARIHDPDGRFHEEPGVMSDTSTSLRDPIFYNWHRFIDNIFHEYKNTLKPYDHDVLNFPDIQVQDV  397
LpoHc-IIIA QGFYGSLHNWGHVLTARAHDPEGKFHENPGVMSDTSTSLRDPIFYRWHRTLDNLFQEYKESLSPYTKEELSFPGVEVLSA  393
LpoHc-IV   EEYYGSLHNWGHVMLARVHDHDGRFHENPGVMSDTSTSLRDPIFYRYHRFIDNMFQEYKASLHHYTKTELTFPEISISHV  394
LpoHc-VI   QAFYGSIHNWGHVISARVLDPDGRYHLNPGVMSDTATSLRDPIFYRWHRFIDNMFQDYKETLPHYNHSDLEFPGIEITKV  398
EcaHc-e    KLYYGSLHNWGHVMMARLQDPDHRFNENPGVMSDTSTSLRDPIFYRYHRFIDNIFQKYIATLPHYTPEDLTCPGVHVVNV  392
EcaHc-f    DDYYGNLHNSGHVMMARIHDPDGRFRENPGVMSDTSTSLRDPIFYRYHRFIDNIFQEYKATLPCYEKKDLEFSGVEIVNC  396
                  330       340       350       360       370       380     #3390       400

���� ���� ��� �� ������ ���� �             2.5                         2.6 2.7         3.1    ββββ3A

              *   *   *      *              *    ** *  * *   * *     *  * * *  *  *****  
LpoHc-II   TLHARVDNVVHTFMREQELELKHGINPGNARSIKARYYHLDHEPFSYAVNVQNNSASDKHATVRIFLAPKYDELGNEIKA  477
LpoHc-IIIA TVKAKTDNVIITSMVESELELTHGINFGTDHSVKVKYNHLDHESFSYQIKVENTSGSTKHATVRVFLAPKYDELGNLLHP  473
LpoHc-IV   TIKAKVPNIIHTFMATDELELSHGIHLD--GSTKVKYHHLNHEAFSYEIQVENHSDTVKHGTFRVFLAPKYDELGNRLIL  472
LpoHc-VI   LLNAEHTNNINTFKEFSVLDLSHAYEFGRDGAVKVRFSHLNHEDFHYKIQVENHTSKTKPATVRIFMAPKYDELGNELDT  478
EcaHc-e    TVNAKVPNVVTTFMKEAELELSYGIDFGSDHSVKVLYRHLDHEPFTYNISVENSSGGAKDVTMRIFLGPKYDELGNRLQP  472
EcaHc-f    TVNAKAPNVINTYMKESTLEMSHGISFK--GAVKVKYQHLDHDPFTYSISVENTTGDVKHATVRIFLGPTQDELGNRLRL  474
                  410       420       430       440       450       460       470       480

           βββ     βββββ3Bβββββ            ββββ3Cββββ   βββ3Dβββ     ββββ3Eβββββ �          

              *   ** ***      * *   *    * **         *    *      * ******   * * *   **   *
LpoHc-II   DELRRTAIELDKFKTDLHPGKNTVVRHSLDSSVTLSHQPTFEDLLHGVGLNEHKSEYCSCGWPSHLLVPKGNIKGMEYHL  557
LpoHc-IIIA NDQRRLCIELDKFHKELKAGKNEITRNSVDSSVTISTLHTFDELESGVGVNENADEYCSCGWPKNMLVPRGNNKGMTFEL  553
LpoHc-IV   NEQRRLFIELDKFHHGIHKGHNTIVRNSTESSVTVSKIHTFNELKAGVGVDEKNTEYCSCGWPQHMLVPRGNEKGMDFQL  552
LpoHc-VI   KNLRRLMIEMDKFHAEIHPGHNTIVRHSKDSSVTISSARSFGQLAHGEGINEHANEYCSCGWPDHLLVPRGDEKGMPFHL  558
EcaHc-e    EQQRTLNIELDKFKATLDPGKNVVTRDHRNSTVTVEQSVPVKKLREEGGV---AGEYCSCGWPEHMLIPKGNHRGMDFEL  549
EcaHc-f    NEQRRFYIELDKFHAELAAGKNTITRKSSESSVTVSHTPTFEELQRGEGVDENTTEFCSCGWPEHLLVPRGTYKGMDFQL  554
                  490       500       510       520       530       540       550       560

� ��           3.2  ββββ3Gββββ  β3Hβββββ���   β � �3I    3.3                 ββ�3.4         ββ3J

           **  **   * *           * ********  * *** ******* *            *        
LpoHc-II   FVMLTDWDKDKVDGSE--SVACVDAVSYCGARDHKYPDKKPMGFPFDRPIHTEHISDFLTNNMFIKDIKIKFHE------- 629
LpoHc-IIIA FVMLTDWEHDNVGGKGSDNHMCDDAVSYCGAKDSKYPDKKPMGFPFDRRIDAHDIEEFLTPNMALTDVKIKFEG------- 627
LpoHc-IV   FVMVTDWEGDHVNGEP--SLICADAVSYCGARDHKYPDKKPMGFPFDRPIDARTPSQFATPNMSFTDIRIQFSH------- 624
LpoHc-VI   FVMLTDWLHDQVGDHGK-TGMCTDAVSYCGAKDQLYPDRRPMGFPFDRHIELEHLKDWVLPNMKDTLITVTHHEEVHNHNH 638
EcaHc-e    FVIVTDYAQDAVNGHGE-NAECVDAVSYCGAKDQKYPDKKPMGFPFDRVIEGLTLEEFLTPSMSCTDVRIKYTDIK----- 624
EcaHc-f    FVMLTDYEDDHVGSHNG-QTLCADAVSYCGAKDSKYPDKRAMGFPFDRVIKARTVADFRTTNMSFTDVKIQFKDQV----- 629
                  570       580       590       600       610       620       630       640

           βββββββ� ���� �3.5                                       3.6    ββββ3Lββββ 
            

Figure 4.15: Alignment of the amino a
id sequen
es of Limulus polyphemus (LpoH
) and Eu-rypelma 
aliforni
um (E
aH
) hemo
yanin subunits. Stri
tly 
onserved amino a
ids are indi
atedwith asterisks (∗), the Cu-binding histidines are shaded in bla
k, the se
ondary stru
ture ele-ments as dedu
ed from the X-ray stru
ture of subunit II ([Volbeda and Hol, 1989℄, [Hazes et al.,1993℄, [Magnus et al., 1994℄) are indi
ated at the bottom. Note that the N-terminal methionine isnot present in the se
reted protein, as dedu
ed from N-terminal protein sequen
ing [Lamy et al.,1983℄. #1 � domain 1, #2 � domain 2, #3 � domain 3. The alignment was kindly provided byT. Burmester.
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Figure 4.16: Stereo views of the mole
ular model of the Limulus polyphemus hemo
yanin obtainedby mole
ular modelling and �tting. The 48 subunits are represented as ribbons with α-heli
es
oloured in red and β-sheets in blue. The views are oriented along the main symmetry axes andare termed as follows: a � Ring view (view along the Z axis), b � Lateral view (view along theX axis), 
 � Cross view (view along the Y axis).
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Figure 4.17: Comparison of proje
tions, reproje
tions, surfa
e representations and mole
ularmodel of the Limulus polyphemus hemo
yanin viewed along the main symmetry axes. The 
olumns(from the left to the right) represent views along the Z, X, and Y axis, respe
tively. a � 
lassaverages in a late stadium of the 
ryo-EM stru
ture. The proje
tions are band-pass �ltered withan a

ent towards the high spa
ial frequen
ies to stress detail information. This pro
edure leadsto proje
tions that look `noisy', but in fa
t the `noise' represents highly resolved stru
tural details;b � Reproje
tions of the �nal 
ryo-EM stru
ture; 
 � Surfa
e views of the �nal 
ryo-EM stru
ture;d � Mole
ular model of the 48meri
 hemo
yanin.



4.6 The inter-hexameri
 bridges 774.6 The inter-hexameri
 bridgesThe X-ray stru
ture of arthropod hemo
yanin subunits ([Volbeda and Hol, 1989a℄,[Hazes et al., 1993℄, [Magnus et al., 1994℄) shows three di�erent stru
tural domains,designated as #1, #2 and #3 (Figure 4.18). Domain #2 (red domain in Fi-gure 4.18) 
ontains the 
opper a
tive site (turquoise spheres) that is atta
hed to four
α-heli
es. This domain is usually not involved in any inter-hexamer 
onta
t, in 
on-trast to the �anking domains #1 (blue domain) and #3 (yellow domain). The N-terminal domain #1 is ri
h in α-heli
es, whereas the C-terminal domain #3 is dom-inated by a seven-stranded anti-parallel β-barrel and a long β-hairpin that rea
hestowards #1.

Figure 4.18: Ribbon representation of one subunit type II of the X-ray stru
ture 1NOL of theLimulus polyphemus hemo
yanin. The �gure stresses the three di�erent domains (domain #1
oloured in blue, domain #2 in red, and domain #3 in yellow, a

ording to [Gaykema et al.,1986℄) and shows the lo
ation of the dinu
lear oxygen-binding 
opper site (turquoise spheres). Thestru
ture represents the oxygenated T-state of the hemo
yanin (mole
ular oxygen omitted).As already mentioned, the mole
ular �tting revealed that in the 10 Å mole
ularmodel of the 8×6mer, the subunits are not exa
tly arranged as in the isolated spinylobster 1×6mer, but slightly deformed, notably those that are involved in inter-hexamer 
onta
ts (see Figure 4.10). From the observation that Limulus 8×6mers
an be disso
iated into 4×6mers, 2×6mers, and subunits by 
hanging the ioni
 
on-ditions, hydrostati
 bonds should be primarily expe
ted to establish the higher-order
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 bridges 78Conta
t Topology Amino a
ids of 
hain 1 Amino a
ids of 
hain 22×6merII � II outer V-edge Both subunits: 402HARVD406(399-403), H410(407), F412(409), R414(411),
436YYHLDHEPFSY446(433-443), H506(503), K630(625), H632(627)II � IV �op fa
e 2TLHD7(1-4), H14(11), F73(70),
140EFDE143(137-140), H525(522),H532(529) K404(398), H410(404), F412(406),H441(433), F444(436), R476(468),

612RTPSQ616(602-606), F631(621),H633(623)IV � VI �ip fa
e K386(380), E393(387), E451(443),H453(445) 140HK141(139-140)V � VI inner V-edge Both subunits: 26KFALKHRDPK36(25-35), 73FEEFLDLCHQVRDF86(72-85), Y92(91)4×6merV � V �op fa
e Both subunits: 2VL3(1-2)V � VI �op fa
e 454TSK456(452-454),
568HDQVGDH574(566-572) 290DEN292(288-290),

190EVIGKV195(188-193)VI � �ip fa
e 454TSKTK458(452-456), H453(451),H497(495), H500(498), H568(566) IIIB: 293EGQE295(288-291),H287(283), H291(287)IIIB/IV/V IV: 294KE295(288-289), H287(281),H292(286)V: 292NGS294(290-292), H284(282),H287(285), H295(293)8×6merIIIA � IIIA �ip fa
e Both subunits: 140DK141(136-137), H138(134), H430(423)IIIA � IIIB �ip fa
e 454SGS456(447-449), K574(567) E301(297), D454(450)II � IV �ip fa
e D72(69) K71(67)IV � IV �ip fa
e Both subunits: F391(385), 455DTVKH459(447-451),
492FHHGIHKGH500(484-492), 566WE567(558-559), H570(562), E574(566)Table 4.5: Table of amino a
ids involved in the inter-hexamer bridges. Supers
ript: relativeresidue numbers as in the main text; bra
kets: absolute residue numbers as in the X-ray stru
tureof Limulus II and in the present mole
ular models of the other subunits.quaternary stru
ture ([Bijlholt et al., 1979℄). Details about the domains and aminoa
ids involved in the inter-hexamer bridges to be dis
ussed now are summarized inTable 4.5, the positions of the bridges are shown in Figures 4.19, 4.29, and 4.37. The

α-heli
es and β-strands as predi
ted from the X-ray stru
ture of Limulus subunit IIare indi
ated in the present sequen
e (see Figure 4.15). The residue numbers givenbelow 
onform to the numbering in this alignment, to allow the reader their 
learidenti�
ation. In addition to this relative numbering, the absolute residue numbersas obtained from mole
ular modelling are given in the Table 4.5. The 
ode for theamino a
ids is listed in Table 4.6.4.6.1 The inter-1×6mer bridges in the 2×6merAt this stru
tural level, the 10 Å mole
ular model shows four di�erent types ofinterfa
es that yield six bridges (Figures 4.19 and 4.20): a II � II interfa
e withtwo sub-regions, a V � VI interfa
e, two equivalent II � IV interfa
es with two sub-regions, and a IV � V interfa
e (on the �op fa
e of the 4×6mer) with the equivalentIV � VI interfa
e (on the �ip fa
e). Bridges between II � II, II � IV, and V � VI
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 bridges 79Amino a
id Abbreviation LetterAlanine Ala ACysteine Cys CAsparti
 a
id Asp DGlutami
 a
id Glu EPhenylalanine Phe FGly
ine Gly GHistidine His HIsoleu
ine Ile ILysine Lys KLeu
ine Leu LMethionine Met MAsparagine Asn NProline Pro PGlutamine Gln QArginine Arg RSerine Ser SThreonine Thr TValine Val VTryptophane Trp WTyrosine Tyr YTable 4.6: Code for the amino a
ids.have been des
ribed earlier ([Taveau et al., 1997℄), whereas the IV � V (respe
tivelyIV � VI) bridge is new.The prominent II � II bridge is formed by 
omplementary asso
iation of do-main #3. In parti
ular, both 
opies of the β�3A→ β�3B loop (402HARVD406)and the β�3C→ β�3D loop (440DHEPFSY446) are assembled into a rather densestru
ture to whi
h other amino a
ids also 
ontribute. This 
ontrasts to the kindof asso
iation predi
ted in the earlier studies ([de Haas and van Bruggen, 1994℄,[Taveau et al., 1997℄). Initially, it appeared that there might be some general over-lapping at this interfa
e, but in reality the two subunits perfe
tly �t (apart fromresidues R404 and H506/D406, see below), and an intriguing 
onta
t apparatus thatresembles a robot in shape (Figures 4.20 a, 4.21, and 4.22) was revealed.The robot's shoulders are formed by two polypeptide ba
kbones that run an-tiparallel and thus form a gap of 4�5 Å between eight residues (A403, V405, E442,and P443). This motif might therefore 
onne
t the two subunits via dire
t ba
kboneintera
tion. The robot's head is an interesting asso
iation of four histidines (H402,H506), two serines (S445), and two asparti
 a
ids (D406) arranged in a ring (this as-so
iation yielded a slight overlap of H506 and D406 whi
h requires remodelling). Thehead is prote
ted by four aromati
 residues (F444 and Y446) that �ank S445 in thesequen
e. Even more striking is the robot's belly. It is a 
hamber ∼10 Å in diame-ter formed by six histidines (H410, H441, H632), two phenylalanines (F412), and foura
idi
 residues (D440, E442). Within this 
hamber, the nitrogen atoms of four basi
residues (R404, R414) are brought together (due to this pe
uliar situation, the long
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Figure 4.19: Topography of the inter-1×6mer bridges in the 2×6mer. The 2×6mer is 
ut throughits inter-hexamer bridges, and the 
ut surfa
es exposed to the reader, as indi
ated in the small grey�gure at the bottom. Areas forming a joint interfa
e (bridge) are marked by identi
al symbols.The interfa
es 
onne
ting the 1×6mers within the basi
 2×6mer are symbolized by ellipse (V � VIbridge), triangle (II � II bridge), rhombus/square (IV � V and IV � VI bridge that are stru
turallyequivalent), and double �eld (II � IV bridge). Note that there are six bridges but only four typesof interfa
es.residue R404 has not been modelled 
orre
tly and overlaps slightly with other atoms).The robot's arms are two lysines (K630) that �ank the 
hamber. The robot's feetare 
omposed of three aromati
 residues (436YYH438) that form a tripartite s
reenaround the peptide bond of R414. The two feet de�ne the 
left between the two
opies of subunit II, the opposite 
left starts above the head (see Figure 4.20 a).The 
hamber has two wide openings, and it is reasonable to presume that it servesthe binding of an allosteri
 ligand. Indeed, its 
omponents are also 
onserved inthe orthologous subunit a of Eurypelma hemo
yanin ([Voit et al., 2000℄). Allosteri
intera
tion within the 8×6mer has somehow to be transferred between the hex-amers. As dedu
ed from low resolution SAXS analyses, within the 2×6mer therotation angle between the two hexamers is signi�
antly in
reased upon deoxygena-tion ([Hartmann and De
ker, 2002℄, see Table 4.1). The II � II interfa
e right atthe 
entre of the 2×6mer is a very promising 
andidate for su
h an allosteri
ally
ontrolled rotation apparatus.The II � IV interfa
e is lo
alized between #1 of subunit II and #3 of subunit IV,and subdivided into two 
onta
t points. In the �rst one, the N-terminal end of sub-
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onne
ted to the β�3A→ β�3B loop of subunit IV, indi
atinghydrostati
 bonds between a lysine (K404) of subunit IV and threonine/glutami
a
id of subunit II (Figures 4.20 b, 4.23, and 4.24). Interestingly, this site is sur-rounded by various histidines and phenylalanines and therefore might 
ontribute toallosteri
 intera
tion between hexamers. At the se
ond 
onta
t point, the a
idi

α�1.7→ β�1B loop of subunit II (140EFDE143) binds ele
trostati
ally to the basi
-to-polar C-terminal α�helix 3.6 (612RTPSQ616) of subunit IV. The apolar pheny-lalanine F141 in subunit II probably shields the site from water mole
ules that
ould weaken the ele
trostati
 bonding. Moreover, there is an opportunity for astrong salt bridge between the se
ond glutami
 a
id (E143) in subunit II and anarginine (R476) in the β�3E→ α�3.2 loop of subunit IV (see Figure 4.20 b). Some ofthese se
ondary stru
tures have already been predi
ted to be involved in this bridge([de Haas and van Bruggen, 1994℄, [Taveau et al., 1997℄).At the applied mass-
orrelated threshold there is a small inter-hexamer bridgebetween subunits IV and VI, and due to the D2 point-group symmetry there isan equivalent bridge between subunits IV and V. At this interfa
e, only a fewresidues 
ome together (distan
e ∼6 Å), namely K386 in α�helix 3.1 of subunit IVand 140HK141 in the large α�1.7→ β�1B loop of subunit VI (Figures 4.20 
, 4.25,and 4.26). This asso
iation of three basi
 residues would require a bridging an-ion. However, I rather think that the positive 
harges prohibit bonding at this site.This is further emphasized by the fa
t that in the 
ryo-EM stru
ture, 140HK141 isnot exa
tly lo
alized within the small bridge, but protrudes sideward. I thereforethink that this loop is in
orre
tly modelled. Tilting it towards the bridge shouldbring 140HK141 
lose enough to two glutami
 a
ids exposed at the opposite side of thebridge (E393 and E451). This site would then 
ontain two 
losely asso
iated histidines(H140 and H453), and it should be mentioned that the histidine-ri
h C-terminus ofsubunit IV is also in the neighbourhood. Whether this is of any fun
tional signi�-
an
e remains to be investigated.On the basis of the 40 Å 
ryo-EM stru
ture of Limulus hemo
yanin, it hasbeen proposed that the V � VI bridge is 
onstru
ted from �ve di�erent se
ondarystru
tural elements [Taveau et al., 1997℄. From the present 10 Å mole
ular model,I 
an redu
e this to α�helix 1.5. The two 
opies of this helix run parallel to ea
hother and have a ba
kbone distan
e of ∼7 Å in the lower and 12 Å in the upperpart (Figure 4.20 d, 4.27, and 4.28). From their orientation within this helix, thefollowing residues potentially intera
t at the interfa
e: 73FEEFLDLCHQVRDF86.Sin
e the sequen
e of subunit V is unknown, this interfa
e 
annot be des
ribed herewith 
ertainty. With the sequen
e of subunit VI applied to both subunits, a fewoverlappings of side-
hains are observed. The se
ond element of intera
tion betweensubunit V and VI has been unpredi
ted, namely the sequen
e 26KFALKAHRDPK36of the large loop following helix 1.1 and leading to the short helix 1.3. It should bementioned that helix 1.2 dete
ted in Panulirus hemo
yanin is missing in 
heli
eratehemo
yanin.
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Figure 4.20: Mole
ular stru
ture of the inter-1×6mer bridges in the 2×6mer. a � `Robot' viewof the II � II interfa
e; b � The II � IV interfa
e, note the histidine/phenylalanine 
lusters that areasso
iated with the 
onta
t zone shown on the right; 
 � The IV � VI interfa
e; d � The V � VIinterfa
e.The two equivalent loops are arranged in an antiparallel manner (see Fi-gure 4.20 d). Comparison of the loop sequen
e to the primary stru
tures of the Eu-rypelma hemo
yanin subunits ([Voit et al., 2000℄) revealed that this motif is stri
tly
onserved in both, subunit b and 
, whereas the other subunit types are highly vari-able in this region. In the 
enter of this interfa
e, a 
entral histidine pair (H81) thatform the �oor of a 
avity with a verti
al width of ∼10 Å was dis
overed. The roofof the 
avity is primarily another histidine pair (H32). In the wall of the 
avity, fourphenylalanines (F27, F86) and two tyrosines (Y92, in the neighboured α�helix 1.6)
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orporated. Four additional phenylalanines (F73, F76) beneath the 
avity sur-round four glutami
 a
id residues (74EE75). I think that like the II � II bridge, alsothe V � VI interfa
e might be involved in transferring allosteri
 intera
tion betweenthe two hexamers. Sin
e many residues forming this interfa
e are 
onserved in Eu-rypelma subunits b and 
 (ex
ept of H32), there is a good 
han
e that also Limulussubunit V possesses them, and modelling with the sequen
e of subunit VI mighttherefore be justi�ed to des
ribe this bridge. Nevertheless, further analysis of thisinterfa
e requires the authenti
 sequen
e of subunit V.
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Figure 4.21: Topography and overview of the mole
ular stru
ture of the II � II bridge in the2×6mer. a � Surfa
e representation of the 2×6mer with the 1×6mers 
oloured in light and darkgrey for a better orientation. The subunits type II are highlighted in green and the double arrowindi
ates the position of the bridge; b � Overview of the mole
ular stru
ture of the bridge. Thesphere on the top indi
ates the rotation of the mole
ular model in relationship to the surfa
erepresentation in (a) and resembles the same orientation as in Figure 4.20 a.

Figure 4.22: Stereo view of the mole
ular stru
ture of the II � II bridge in the 2×6mer. Thisis the `robot' view as des
ribed in the text. The orientation is the same as in Figure 4.20 a andFigure 4.21 b.
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Figure 4.23: Topography and overview of the mole
ular stru
ture of the II � IV bridge in the2×6mer. a � Surfa
e representation of the 2×6mer with the 1×6mers 
oloured in light and darkgrey for a better orientation. The subunit type II is highlighted in green and the subunit type IVin turquoise. The double arrow indi
ates the position of the bridge; b � Overview of the mo-le
ular stru
ture of the bridge. The sphere on the top indi
ates the rotation of the mole
ularmodel in relationship to the surfa
e representation in (a) and resembles the same orientation as inFigure 4.20 b.

Figure 4.24: Stereo view of the mole
ular stru
ture of the II � IV bridge in the 2×6mer. Theorientation is the same as in Figure 4.20 b and Figure 4.23 b.
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Figure 4.25: Topography and overview of the mole
ular stru
ture of the IV � VI bridge in the2×6mer. a � Surfa
e representation of the 2×6mer with the 1×6mers 
oloured in light and darkgrey for a better orientation. The subunit type IV is highlighted in turquoise and the subunittype VI in bla
k. The double arrow indi
ates the position of the bridge; b � Overview of themole
ular stru
ture of the bridge. The sphere on the top indi
ates the rotation of the mole
ularmodel in relationship to the surfa
e representation in (a) and resembles the same orientation as inFigure 4.20 
.

Figure 4.26: Stereo view of the mole
ular stru
ture of the IV � VI bridge in the 2×6mer. Theorientation is the same as in Figure 4.20 
 and Figure 4.25 b.
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Figure 4.27: Topography and overview of the mole
ular stru
ture of the V � VI bridge in the2×6mer. a � Surfa
e representation of the 2×6mer with the 1×6mers 
oloured in light and dark greyfor a better orientation. The subunit type V is highlighted in white and the subunit type VI in bla
k.The double arrow indi
ates the position of the bridge; b � Overview of the mole
ular stru
ture ofthe bridge. The sphere on the top indi
ates the rotation of the mole
ular model in relationship tothe surfa
e representation in (a) and resembles the same orientation as in Figure 4.20 d.

Figure 4.28: Stereo view of the mole
ular stru
ture of the IV � VI bridge in the 2×6mer. Theorientation is the same as in Figure 4.20 d and Figure 4.27 b.
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 bridges 884.6.2 The inter-2×6mer bridges in the 4×6merAs shown in Figures 4.29 and 4.30, three types of interfa
es between the two2×6meri
 halves of a 4×6mer 
an be identi�ed in the mole
ular model, yieldinga total of �ve bridges: two equivalent VI � IIIB/IV/V interfa
es at the �ip fa
e, twoequivalent V � VI interfa
es at the �op fa
e, and a small V � V interfa
e at the �opfa
e. It should be kept in mind that the designations V and VI are 
onvertible. Itremains unknown as to whi
h is whi
h, and 
onsequently, I do not know whi
h ofthese two positions 
orresponds to the amino a
id sequen
e of subunit VI.On the �op fa
e of the 4×6mer, a tiny bridge 
rosses the narrow 
left betweenthe two 
opies of subunit V. As shown in Figures 4.30 a, 4.31, and 4.32, this bridgeis due to intera
tion of the two N-termini (2VL3), these residues are identi
al insubunits V and VI as known from N-terminal sequen
ing ([Lamy et al., 1983℄), butthe bridge 
annot be formed between subunits VI be
ause of their larger distan
e.The bridge is not visible, in the 
ryo-EM stru
ture, at the mass-
orrelated threshold,but it is dete
table if the threshold is slightly de
reased.The V � VI bridge is subdivided into two adja
ent 
onta
t points (Figures 4.30 b,4.33, and 4.34). In the one, the β�2D→ β�2E loop of subunit VI (290DEN292)joins the β�3D→ β�3E loop of subunit V (454TSK456) whi
h indi
ates hydrostati
intera
tion. However, the sequen
e of subunit V is 
urrently unknown and thesequen
e of VI has been used instead. At the other 
onta
t point, the situation is notwell de�ned, be
ause the large loop following α-helix 3.5 in subunit V has apparentlybeen in
orre
tly modelled and protrudes from the 
ryo-EM stru
ture. To form these
ond 
onta
t point, this loop seems to intera
t with its region 568HDQVGDH574to the region 190EVIGKV195 of the α�2.1→ α�2.2 loop of subunit VI. An intera
tionbetween D573 and K194 is indi
ated, but in 
ase of subunit V it is not the authenti
primary stru
ture. Thus, the details of this se
ond 
onta
t remain obs
ure, andthe whole interfa
e requires further resear
h. It should be noted, however, that thesequen
e of subunit VI provides a number of histidines in this area.The analogous β-3D→ β-3E loop in subunit VI does not point dire
tly to-wards the β-2D→ β-2E loop of subunit V, but is 
loser to the 
entral holeof the opposing hexamer. There, it also joins the two other subunits of the�ip fa
e of this hexamer, namely IV and IIIB (Figures 4.30 
, 4.35, and 4.36).This VI � IIIB/IV/V interfa
e 
ould not be predi
ted from the earlier 40 Å
ryo-EM stru
ture ([Taveau et al., 1997℄), but is highly signi�
ant with respe
tto the sear
h for 
entres of allosteri
 transmission. There is eviden
e fromX-ray 
rystallography that the trimers behave as rigid bodies whi
h 
an ro-tate 3.2◦ with respe
t to ea
h other around their three-fold axis upon oxy-genation ([Hazes et al., 1993℄, [Magnus et al., 1994℄). Su
h a rotation would dis-lo
ate the VI � IIIB/IV/V bridge, and by domain #3 of subunit VI a
t-ing as a lever, a power transmission to the opposing 2×6mer is possible.The β-3D→ β-3E loop of subunit VI (454TSKTK458) joins β-strand 2E of sub-unit IV at 294KE295, and ele
trostati
 bonding is likely to o

ur between them (see Fi-
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Figure 4.29: Topography of the inter-2×6mer bridges in the 4×6mer. The 4×6mer is 
ut throughits inter-hexamer bridges, and the 
ut surfa
es exposed to the reader, as indi
ated in the small grey�gure at the bottom. Areas forming a joint interfa
e (bridge) are marked by identi
al symbols.The interfa
es 
onne
ting the 2×6mers within the 4×6mer are symbolized by 
y
le (V � V bridge),pentagon (VI � IIIB/IV/V bridge), and hexagon (V � VI bridge). Note that there are �ve bridgesbut only three types of interfa
es.gure 4.30 
). To this site, β-strand 2E of subunit V 
ontributes 292NGS294 (althoughthis might not hold true in the authenti
 sequen
e of V), and subunit IIIB (with theorthologous sequen
e of Eurypelma subunit f applied) delivers residues 292EGQE295in β-strand 2E. Most interestingly, this 
entral 
luster of 
harged residues is sur-rounded by twelve histidines brought together from all four subunits (IIIB: H287,H291; IV: H287, H289, H292; V: H284, H287, H295; VI: H453, H497, H500, H568). There-fore, the VI � IIIB/IV/V interfa
e is indeed a promising 
andidate for transferringallosteri
 intera
tion from one 2×6mer to the other. It di�ers from the V � VI bridgein two aspe
ts: the joining of four di�erent subunits in a single small site, and thela
k of the se
ond an
hor point.
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Figure 4.30: Mole
ular stru
ture of the inter-2×6mer bridges in the 4×6mer. a � TheV � V interfa
e, formed by the N-terminal residues valine and leu
ine; b � The V � VI interfa
e.It remains un
lear whi
h residues form the se
ond 
onta
t (asterisk); 
 � The VI � IIIA/IV/Vinterfa
e. The adja
ent histidines are shown in addition to the 
andidate residues for 
hemi
albonding.
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Figure 4.31: Topography and overview of the mole
ular stru
ture of the V � V bridge in the4×6mer. a � Surfa
e representation of the 4×6mer with the 2×6mers 
oloured in light and dark greyfor a better orientation. The subunit type V is highlighted in white. The double arrow indi
atesthe position of the bridge; b � Overview of the mole
ular stru
ture of the bridge. The sphere onthe top indi
ates the rotation of the mole
ular model in relationship to the surfa
e representationin (a) (in this 
ase no rotation) and resembles the same orientation as in Figure 4.30 a.

Figure 4.32: Stereo view of the mole
ular stru
ture of the V � V bridge in the 4×6mer. Theorientation is the same as in Figure 4.30 a and Figure 4.31 b.
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Figure 4.33: Topography and overview of the mole
ular stru
ture of the V � VI bridge in the4×6mer. a � Surfa
e representation of the 4×6mer with the 2×6mers 
oloured in light and dark greyfor a better orientation. The subunit type V is highlighted in white and the subunit type VI in bla
k.The double arrow indi
ates the position of the bridge; b � Overview of the mole
ular stru
ture ofthe bridge. The sphere on the top indi
ates the rotation of the mole
ular model in relationship tothe surfa
e representation in (a) and resembles the same orientation as in Figure 4.30 b.

Figure 4.34: Stereo view of the mole
ular stru
ture of the V � VI bridge in the 4×6mer. Theorientation is the same as in Figure 4.30 b and Figure 4.33 b.
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Figure 4.35: Topography and overview of the mole
ular stru
ture of the VI � IIIB/IV/V bridgein the 4×6mer. a � Surfa
e representation of the 4×6mer with the 2×6mers 
oloured in lightand dark grey for a better orientation. The subunit type IIIB is highlighted in blue, the subunittype IV in turquoise, the subunit type V in white, and the subunit type VI in bla
k. The doublearrow indi
ates the position of the bridge; b � Overview of the mole
ular stru
ture of the bridge.The sphere on the top indi
ates the rotation of the mole
ular model in relationship to the surfa
erepresentation in (a) and resembles the same orientation as in Figure 4.30 
.

Figure 4.36: Stereo view of the mole
ular stru
ture of the VI � IIIB/IV/V bridge in the 4×6mer.The orientation is the same as in Figure 4.30 b and Figure 4.35 b.
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 bridges 944.6.3 The inter-4×6mer bridges in the 8×6merBetween the two 4×6mers, in the 10 Å mole
ular model, four di�erent types of inter-fa
es 
an be identi�ed that together provide twelve bridges (Figures 4.37 and 4.38).Most prominent are two 
entral, stru
turally equivalent IV � IV bridges. A

ord-ing to reassembly experiments, subunit IV is stringently required for 8×6mer for-mation ([van Bruggen et al., 1980℄, [Bijlholt et al., 1979℄, [Brenowitz et al., 1983℄).The other 
onta
ts are arranged in two peripheral ar
s around the 
entral IV � IVbridges (see Figure 4.37). I identi�ed four equivalent II � IV bridges and four equiv-alent IIIA � IIIB bridges, and in addition two equivalent IIIA � IIIA interfa
es.It is interesting to note that in reassembly experiments, in addition to subunit IVsubunit IIIA also proved to be indispensable for higher-order assembly beyond the4×6mer ([Lamy et al., 1983℄). Ex
ept for the IIIA � IIIA bridge, the 
onta
t regionsare invariantly lo
ated on the edges of the V-shaped 
left between the two 2×6mers(see Figure 4.12 
). A IV � IV bridge as well as a IIIA � IIIB bridge have alreadybeen des
ribed ([Taveau et al., 1997℄), the other two interfa
e types (II � IV andIIIA � IIIA) are new.The IIIA � IIIA bridge is easily dete
ted in the 
ross view representation of the
ryo-EM stru
ture and is formed between #1 and #3 (Figures 4.38 a, 4.39, and 4.40).The �tted ternary stru
tures revealed a most interesting interfa
e. It is formed bytwo 
opies of 140DK141 in the α�1.7→ β�1B loop that suggest two strong salt bridgesbetween the two subunits. The distan
e between the two potential binding atoms ofthe �tted mole
ular model is 4.5 Å. This arrangement is 
losely asso
iated with fourhistidines (H138 in the same loop and H430 in the β�3B→ β�3C loop), their aromati
rings o

upy the 
orners of a tetrahedron with edge length 8 Å. Viewed from the top,the four histidines expose a wide opening, probably for a ligand (see Figure 4.38 a).Due to its peripheral position and oblique orientation between the two 4×6mers,
hemi
al 
han
es within the two IIIA � IIIA bridges (that are lo
alized at oppositesurfa
es of the 8×6mer) might result in a slight rotation of the two 4×6mers withrespe
t to ea
h other around their staggering axis. This 
ould transmit for
es overlong distan
es and thereby mediate allosteri
 intera
tion between the two 4×6mers.The intri
ate mole
ular stru
ture of the IIIA � IIIA interfa
e is very promising withrespe
t to this role.The small IIIA � IIIB bridges are not visible in the 
ryo-EM stru
ture at themass-
orrelated threshold used, but appear if the threshold is slightly de
reased. Inthe 
ase of IIIB, the orthologous sequen
e of Eurypelma hemo
yanin (subunit f)was applied. However, sin
e Eurypelma hemo
yanin is a native 4×6mer, it 
ould beexpe
ted that regions involved in inter-4×6mer bridges di�er in the two sequen
es.Also earlier authors ([Taveau et al., 1997℄) des
ribed a IIIA � IIIB bridge, but theirpredi
ted sites di�er 
ompletely from those found in the present study. I dete
tedpotential linkages between both #3, and between #3 of subunit IIIA and #2 of sub-unit IIIB (Figures 4.38 b, 4.41, and 4.42). To the #3 � #3 
onta
t, IIIA 
ontributeslysine K574 in the loop following helix α�3.5. To the #3 � #2 
onta
t it delivers
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Figure 4.37: Topography of the inter-4×6mer bridges in the �nal 8×6mer. The 8×6mer is 
utthrough its inter-hexamer bridges, and the 
ut surfa
es exposed to the reader, as indi
ated in thesmall grey �gure at the bottom. Areas forming a joint interfa
e (bridge) are marked by identi
alsymbols. The interfa
es 
onne
ting the 4×6mers within the 8×6mer are symbolized by 
y
le/ellipse(II � IV bridge), triangle (IIIA � IIIA bridge), pentagon (IV � IV bridge), and hexagon (IIIA � IIIBbridge). Comparison to Figure 4.12 a, a' visualizes that the 4×6mers are assembled at their �ipfa
es. Note that there are twelve bridges but only four types of interfa
es.the sequen
e 454SGS456 in the β�3D→ β�3E loop. This indi
ates hydrostati
 bondsin both 
ases. Indeed, with the orthologous Eurypelma type f sequen
e applied forIIIB, at a proper distan
e a
idi
 residues (D454 in the β-3D→ β-3E loop, respe
-tively E301 in the β�2E α�2.4 loop) are available for bonding. However, the 
orre
tdes
ription of this bridge requires the authenti
 primary stru
ture of subunit IIIB.The II � IV bridge is lo
alized, in both subunits, at exa
tly the same positionin the α�1.4→ α�1.5 loop (Figures 4.38 
, 4.43, and 4.44). There is ioni
 bondingpossible between residue D72 of subunit II and residue K71 of subunit IV, all otherpossibilities 
an be ex
luded from the distan
es. As seen in Figure 4.38 
, the lysineresidue points into the wrong dire
tion, but this might be due to in
orre
t modelling.The ba
kbone distan
e between the two amino a
ids is ∼10 Å whi
h is easily bridgedif the two residues would be oriented towards ea
h other.In the prominent, somewhat oblique IV � IV bridge, three regions of #3 areinvolved (see Table 4.5), whi
h in prin
iple have already been tra
ed in the earlier40 Å 
ryo-EM stru
ture ([Taveau et al., 1997℄). Now, they 
ould be more �rmly
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 bridges 96identi�ed as 455DTVKH459 in the β�3D→ β�3E loop, 492FHHGIHKGH500 from
β�strand 3G to β�strand 3H, probably phenylalanine F391, and several amino a
idsin α�helix 3.5 and the following loop (566WE567, H570, and E574). Although thisloop is missing in the X-ray stru
ture of Limulus II hemo
yanin, I found very fewoverlaps of side-
hains in this region. These overlaps 
ould be eliminated by a jointremodelling of the two subunits (see above) whi
h did not in�uen
e the ba
kbone,but re-orientated several side-
hains and resulted in a perfe
t �t at the interfa
e.Despite the numerous amino a
ids involved in this site, a 
lear � andfas
inating � pi
ture emerges (Figures 4.38 d, 4.45, and 4.46). This interfa
e 
on-tains the following elements: the relevant se
ondary stru
tures from both subunitsare arranged in an antiparallel manner, and their equivalent turns 455DTVKH459 joinea
h other at 4 Å distan
e. This assembles the two hydrophobi
 valines (V457) thatapparently help to bind the two turns together. This binding might be reinfor
ed byhydrostati
 intera
tion between the 
harged residues D455, T456 and K458 deliveredfrom both subunits. More peripheral at either �ank of the interfa
e, bonding is likelyto o

ur between residues K498 and E567, as well as between H500 and E574. The 
lueof this interfa
e, however, is two equivalent residue 
lusters whi
h resemble minute`wheelhouses': they are lo
ated at either side of the joined turns. The `wheel' is the
entral C6-ring of a tryptophan (W566), and the `house' is four 
losely asso
iatedhistidines (H459, H493, H497, H570) that surround the tryptophan. An additional his-tidine (H494) and two phenylalanines (F391 and F492) are in the neighbourhood (at8�10 Å distan
e from the tryptophan), but it is not 
lear whether they 
ontributeto this site. More signi�
ant is probably that one of the four 
entral histidines(H497), with a ring-to-ring distan
e of only 2 � 3 Å to the tryptophan, 
omes fromthe opposite subunit. If the tryptophan would be dislo
ated with respe
t to H497by an allosteri
 e�e
t, this 
ould transmit for
es between the opposite ba
kbones to
hange their distan
e. This, in turn, would 
hange the length of the IV � IV bridge,and due to its oblique orientation, this would 
hange the staggering angle betweenthe two 4×6mers. It therefore appears that the two IV � IV bridges (together withthe two IIIA � IIIA bridges between the alternating hexamers, see Figure 4.37) havethe potential to transmit allosteri
 intera
tion between the 4×6mers.
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Figure 4.38: Mole
ular stru
ture of the inter-4×6mer bridges in the 8×6mer. a � The IIIA � IIIAinterfa
e; b � The IIIA � IIIB interfa
e; 
 � The II � IV interfa
e; d � The IV � IV interfa
e. Thisis the `wheelhouses' view as des
ribed in the text.
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Figure 4.39: Topography and overview of the mole
ular stru
ture of the IIIA � IIIA bridgein the 8×6mer. a � Surfa
e representation of the 8×6mer with the 4×6mers 
oloured in lightand dark grey for a better orientation. The subunits type IIIA are highlighted in yellow. Thedouble arrow indi
ates the position of the bridge; b � Overview of the mole
ular stru
ture of thebridge. The sphere on the top indi
ates the rotation of the mole
ular model in relationship to thesurfa
e representation in (a) (in this 
ase no rotation) and resembles the same orientation as inFigure 4.38 a.

Figure 4.40: Stereo view of the mole
ular stru
ture of the IIIA � IIIA bridge in the 8×6mer. Theorientation is the same as in Figure 4.38 a and Figure 4.39 b.
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Figure 4.41: Topography and overview of the mole
ular stru
ture of the IIIA � IIIB bridge inthe 8×6mer. a � Surfa
e representation of the 8×6mer with the 4×6mers 
oloured in light anddark grey for a better orientation. The subunits type IIIA are highlighted in yellow, the subunitstype IIIB in blue. The double arrows indi
ate the positions of the bridges; b � Overview of themole
ular stru
ture of the bridge. The sphere on the top indi
ates the rotation of the mole
ularmodel in relationship to the surfa
e representation in (a) and resembles the same orientation as inFigure 4.38 b.

Figure 4.42: Stereo view of the mole
ular stru
ture of the IIIA � IIIB bridge in the 8×6mer. Theorientation is the same as in Figure 4.38 b and Figure 4.41 b.
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Figure 4.43: Topography and overview of the mole
ular stru
ture of the II � IV bridge in the8×6mer. a � Surfa
e representation of the 8×6mer with the 4×6mers 
oloured in light and darkgrey for a better orientation. The subunits type II are highlighted in green, the subunits type IVin turquoise. The double arrows indi
ate the positions of the bridges; b � Overview of the mo-le
ular stru
ture of the bridge. The sphere on the top indi
ates the rotation of the mole
ularmodel in relationship to the surfa
e representation in (a) and resembles the same orientation as inFigure 4.38 
.

Figure 4.44: Stereo view of the mole
ular stru
ture of the II � IV bridge in the 8×6mer. Theorientation is the same as in Figure 4.38 
 and Figure 4.43 b.
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Figure 4.45: Topography and overview of the mole
ular stru
ture of the IV � IV bridge in the8×6mer. a � Surfa
e representation of the 8×6mer with the 4×6mers 
oloured in light and darkgrey for a better orientation. The subunits type IV are highlighted in turquoise. The doublearrow indi
ates the position of the bridge; b � Overview of the mole
ular stru
ture of the bridge.The sphere on the top indi
ates the rotation of the mole
ular model in relationship to the surfa
erepresentation in (a) and resembles the same orientation as in Figure 4.38 d.

Figure 4.46: Stereo view of the mole
ular stru
ture of the IV � IV bridge in the 8×6mer. Theorientation is the same as in Figure 4.38 d and Figure 4.45 b.
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hemi
al quality of the modelsThe mole
ular models 
hosen to 
reate the entire 8×6mer have just few residueswith `disallowed' bondig angles and the amount is 
omparable to amounts found inX-ray stru
tures (e.g. 1OXY). The total numbers of residues in `disallowed' regionsare three for model E
aH
_e_01 (Limulus subunit types I and IIA, Figure 4.47),two for model LpoH
2_20 (Limulus subunit type II, Figure 4.48), six for modelLpoH
3A_20 (Limulus subunit type IIIA, Figure 4.49) and model E
aH
_f_19(Limulus subunit type IIIB, Figure 4.50), respe
tively, seven for model LpoH
4_19(Limulus subunit type IV, Figure 4.51), and nine for model LpoH
6_06 (Limulussubunit types V and VI, Figure 4.52). The residues are listed in Table 4.7. Someof the residues in `disallowed' regions are present in the 
onta
t regions. Theyare designated with asterisks in Table 4.7 and summarized in Table 4.8 with theirrespe
tive 
onta
ts.Subunit type Model name Residues in `disallowed' regionsI/IIA E
aH
_e_01 R30(25), E152(144), N573(561)II LpoH
2_20 I25(23), D152(150)IIIA LpoH
3A_20 R24(21), Q27(23), D34(30), K133(129), H138(134)∗,E152(145)IIIB E
aH
_f_19 S33(29), V35(31), E152(147), S193(188), F267(262),T534(527)IV LpoH
4_19 T23(20), K24(21), E30(26), D31(27), K133(129),E152(146), K404(398)∗V/VI LpoH
6_06 K24(23), L29(28)∗, D34(33)∗, K36(35)∗, K133(132),E142(141), T152(150), I156(154), T407(404)Table 4.7: Table with the residues of the models in `disallowed' regions of the Rama
handran plota

ording to the software PROCHECK. Amino a
ids involved in the 
onta
t regions are designatedwith asterisks (∗). Supers
ript: relative residue numbers as in the main text; bra
kets: absoluteresidue numbers as in the X-ray stru
ture of Limulus II and in the present models of the othersubunits.Mole
ular dynami
s 
al
ulations are required to improve the quality of the mo-le
ular models. This 
al
ulations were not performed for two reasons. First, thequality of the mole
ular models 
reated by means of spatial restraints is 
omparableto the quality of X-ray stru
tures. Se
ond, most of the a�e
ted residues are notinvolved in the 
onta
t regions. Even though there are �ve `problemati
' residues in
onta
ting areas (see Table 4.8), the relaxation of their bond angles will not movethem out of their respe
tive 
onta
t regions. Consequently, the interpretation ofthe 
onta
t regions presented above are not a�e
ted by the residues in `disallowed'regions. Se
ond, the mole
ular models were 
reated upon the X-ray stru
ture 1NOL([Magnus et al., 1994℄). It is assumed that this stru
ture represents the oxygenated
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al quality of the models 103Subunit type Model name Residues Conta
tIIIA LpoH
3A_20 H138(134) 8×6mer IIIA � IIIAIV LpoH
4_19 K404(398) 2×6mer II � IVV/VI LpoH
6_06 L29(28), D34(33), K36(35) 2×6mer V � VITable 4.8: Table with the `disallowed' residues in 
onta
t regions and their respe
tive 
onta
ts.Supers
ript: relative residue numbers as in the main text; bra
kets: absolute residue numbers asin the X-ray stru
ture of Limulus II and in the present models of the other subunits.T-state of the hemo
yanin from Limulus polyphemus. Prior the very time expensivemole
ular dynami
s 
al
ulations, mole
ular models upon the X-ray stru
ture 1HCY([Volbeda and Hol, 1989a℄) of the hemo
yanin from Panulirus interruptus shouldbe 
al
ulated. This stru
ture represents the deoxygenated R-state of the protein.Only when 
orrelation 
oe�
ients elu
idated whi
h is the most probable state of the
ryo-EM stru
ture, either T- or R-state, then re�nements of the mole
ular modelsshould be 
al
ulated.
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Figure 4.47: Rama
handran plot of the mole
ular model E
aH
_e_01 representing Limulus sub-unit types I and IIA. Residues in `disallowed' regions are R30(25), E152(144), N573(561). Whiteareas � disallowed regions; 
ream areas � generously allowed regions (∼a, ∼b, ∼l, ∼p); yellowareas � additional allowed regions (a, b, l, p); red areas � most favoured regions (A, B, L);triangles � gly
ine residues; bla
k squares � non-gly
ine residues; red squares � residues in `disal-lowed' regions



4.7 Stereo
hemi
al quality of the models 105

Figure 4.48: Rama
handran plot of the mole
ular model LpoH
2_20 representing Limulus sub-unit type II. Residues in `disallowed' regions are I25(23), D152(150). White areas � disallowedregions; 
ream areas � generously allowed regions (∼a, ∼b, ∼l, ∼p); yellow areas � additional al-lowed regions (a, b, l, p); red areas � most favoured regions (A, B, L); triangles � gly
ine residues;bla
k squares � non-gly
ine residues; red squares � residues in `disallowed' regions
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Figure 4.49: Rama
handran plot of the mole
ular model LpoH
3A_20 representing Limulussubunit type IIIA. Residues in `disallowed' regions are R24(21), Q27(23), D34(30), K133(129),H138(134), E152(145). White areas � disallowed regions; 
ream areas � generously allowed re-gions (∼a, ∼b, ∼l, ∼p); yellow areas � additional allowed regions (a, b, l, p); red areas � mostfavoured regions (A, B, L); triangles � gly
ine residues; bla
k squares � non-gly
ine residues; redsquares � residues in `disallowed' regions
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Figure 4.50: Rama
handran plot of the mole
ular model E
aH
_f_19 representing Limulussubunit type IIIB. Residues in `disallowed' regions are S33(29), V35(31), E152(147), S193(188),F267(262), T534(527). White areas � disallowed regions; 
ream areas � generously allowed re-gions (∼a, ∼b, ∼l, ∼p); yellow areas � additional allowed regions (a, b, l, p); red areas � mostfavoured regions (A, B, L); triangles � gly
ine residues; bla
k squares � non-gly
ine residues; redsquares � residues in `disallowed' regions
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Figure 4.51: Rama
handran plot of the mole
ular model LpoH
4_19 representing Limulus sub-unit type IV. Residues in `disallowed' regions are T23(20), K24(21), E30(26), D31(27), K133(129),E152(146), K404(398). White areas � disallowed regions; 
ream areas � generously allowed re-gions (∼a, ∼b, ∼l, ∼p); yellow areas � additional allowed regions (a, b, l, p); red areas � mostfavoured regions (A, B, L); triangles � gly
ine residues; bla
k squares � non-gly
ine residues; redsquares � residues in `disallowed' regions
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Figure 4.52: Rama
handran plot of the mole
ular model LpoH
6_06 representing Limulus sub-unit types V and VI. Residues in `disallowed' regions are K24(23), L29(28), D34(33), K36(35),K133(132), E142(141), T152(150), I156(154), T407(404). White areas � disallowed regions; 
reamareas � generously allowed regions (∼a, ∼b, ∼l, ∼p); yellow areas � additional allowed regions(a, b, l, p); red areas � most favoured regions (A, B, L); triangles � gly
ine residues; bla
ksquares � non-gly
ine residues; red squares � residues in `disallowed' regions



Chapter 5Con
lusions and OutlookHexamerin The presented 
ryo-EM stru
ture is the �rst median to high resolvedstru
ture of this 
lass of proteins. The result 
on�rmed that the quaternary stru
-ture observed in arthropod hemo
yanins is appli
able to the hexamerin LSP-2 fromDrosophila melanogaster and most probably to all known inse
t storage proteinsthat belong to the hemo
yanin superfamily.Cryo-EM 3D-re
onstru
tion 
ombined with mole
ular modelling and rigid-body�tting showed a high 
orrelation between additional stru
tural features and aminoa
id insertions of the hexamerin LSP-2 when 
ompared to the quaternary and pri-mary stru
ture of hemo
yanin. This indi
ates that the results are highly signi�
ant.Due to its small size and 
lear symmetry, the Drosophila hexamerin LSP-2showed to be a good model to test new 
omputational pro
edures for the 
ryo-EM single parti
le analysis. To optimize the mole
ular model, the te
hnique of�exible �tting 
an be applied. This te
hnique arranges a preliminary model 
al
u-lated by satisfa
tion of spatial restraints into a 
ryo-EM stru
ture, thus yielding animproved model by taking real stru
tural features into a

ount. Know-how gainedon this `simple' stru
ture 
an then be transferred to higher-ordered oligomers.Hemo
yanin In the present 
ryo-EM stru
ture of Limulus polyphemus hemo-
yanin, eleven types of inter-hexamer interfa
es have been identi�ed that in thenative 8×6mer sum up to 46 inter-hexamer bridges: 24 within the four 2×6mers,10 to establish the two 4×6mers, and 12 to assemble the two 4×6mers into an8×6mer. From advan
ed mole
ular modelling and rigid-body �tting, ea
h of theseinterfa
es has been assigned to very few amino a
ids that now serve as 
andidatesfor the 
hemi
al bonds between the eight hexamers. In 
heli
erate hemo
yanins,all hierar
hi
al levels of the protein are involved to establish the oxygen bind-ing properties, and reveal a stepwise de
rease of 
ooperativity from 4×6mers to2×6mers to 1×6mers ([Hartmann and De
ker, 2002℄, [Savel-Niemann et al., 1988℄,[Brouwer and Serigstad, 1989℄). Consequently, allosteri
 intera
tion has to be some-how transferred via the inter-hexamer bridges.



111Indeed, several intriguing stru
tures have been unravelled as possible mediatorsof allosteri
 signals between the di�erent levels of the nested hierar
hy: the II � IIinterfa
e, the II � IV interfa
e and the V � VI interfa
e between the 1×6mers, theVI � IIIB/IV/V interfa
e between the 2×6mers, the IIIA � IIIA interfa
e and theIV � IV interfa
e between the 4×6mers. The present Limulus hemo
yanin prepa-ration has been studied under oxygen saturation 
onditions, in the presen
e of 25%oxygen, to produ
e vitri�
ation of the protein mole
ules in their fully oxygenatedstate (under physiologi
al 
onditions usually the R-state). Indeed, the retrievedparameters of the Limulus 4×6mer 
onvin
ingly �t the SAXS model of theoxy�4×6mer of Eurypelma ([Hartmann and De
ker, 2002℄), whereas thedeoxy�4×6mer SAXS model is signi�
antly di�erent (see Table 4.1).I am optimisti
 that the same pro
edure, 
arried out under oxygen-free 
on-ditions (i.e., in 100% nitrogen), will produ
e the hemo
yanin mole
ule in its fullydeoxygenated state (usually the T-state). Mole
ular modelling with the stru
tureof Panulirus interruptus hemo
yanin as template, whi
h is assumingly the deoxy-genated R-state, may yield signi�
ant di�eren
es mainly in the region of domain 1.
ryo-EM stru
ture and analysis at a 
omparable resolution should then show thedi�erent inter-hexamer bridges in the deoxygenated 8×6mer, whi
h might assist theunderstanding as to how, during oxygen binding, allosteri
 signals are stru
turallytransferred between the di�erent levels of the oligomeri
 hierar
hy. Thus, the present
ryo-EM stru
ture opens the door to a fundamental understanding of the fun
tionof this highly 
ooperative protein.



Chapter 6SummaryIn the present study, the quaternary stru
tures of Drosophila melanogaster hexame-rin LSP-2 and Limulus polyphemus hemo
yanin, both proteins from the hemo
yaninsuperfamily, were elu
idated to a 10 Å resolution with the te
hnique of 
ryo-EM3D-re
onstru
tion. Furthermore, mole
ular modelling and rigid-body �tting alloweda detailed insight into the 
ryo-EM stru
tures at atomi
 level. The results are sum-marised as follows:Hexamerin
• The 
ryo-EM stru
ture of Drosophila melanogaster hexamerin LSP-2 is the�rst quaternary stru
ture of a protein from the group of the inse
t storageproteins.
• The hexamerin LSP-2 is a hexamer of six bean-shaped subunits that o

upythe 
orners of a trigonal antiprism, yielding a D3 (32) point-group symmetry.
• Mole
ular modelling and rigid-body �tting of the hexamerin LSP-2 sequen
eshowed a signi�
ant 
orrelation between amino a
id inserts in the primarystru
ture and additional masses of the 
ryo-EM stru
ture that are not presentin the published quaternary stru
tures of 
heli
erate and 
rusta
ean hemo-
yanins.
• The 
ryo-EM stru
ture of Drosophila melanogaster hexamerin LSP-2 
on�rmsthat the arthropod hexameri
 stru
ture is appli
able to inse
t storage proteins.



113Hemo
yanin
• The 
ryo-EM stru
ture of the 8×6mer Limulus polyphemus hemo
yanin is thehighest resolved quaternary stru
ture of an oligo-hexameri
 arthropod hemo-
yanin so far.
• The hemo
yanin is build of 48 bean-shaped subunits whi
h are arranged ineight hexamers, yielding an 8×6mer with a D2 (222) point-group symmetry.The 'basi
 building blo
ks' are four 2×6mers that form two 4×6mers in ananti-parallel manner, latter aggregate `fa
e-to-fa
e' to the 8×6mer.
• The morphology of the 8×6mer was gauged and des
ribed very pre
isely onthe basis of the 
ryo-EM stru
ture.
• Based on earlier topology studies of the eight di�erent subunit types of Limuluspolyphemus hemo
yanin, eleven types of interhexamer interfa
es have beenidenti�ed that in the native 8×6mer sum up to 46 inter-hexamer bridges � 24within the four 2×6mers, 10 to establish the two 4×6mers, and 12 to assemblethe two 4×6mers into an 8×6mer.
• Mole
ular modelling and rigid-body �tting of Limulus polyphemus and ortho-logous Erypelma 
aliforni
um sequen
es allowed to assign very few amino a
idsto ea
h of these interfa
es. These amino a
ids now serve as 
andidates for the
hemi
al bonds between the eight hexamers.
• Most of the inter-hexamer 
onta
ts are 
onspi
uously histidine-ri
h and evin
e
onstellations of amino a
ids that 
ould 
onstitute the basis for the allosteri
intera
tions between the hexamers.
• The 
ryo-EM stru
ture of Limulus polyphemus hemo
yanin opens the door toa fundamental understanding of the fun
tion of this highly 
ooperative protein.



Chapter 7ZusammenfassungIn der vorliegenden Arbeit wurden die Quartärstrukturen des HexamerinsLSP�2 von Drosophila melanogaster und des Hämo
yanins von Limulus polyphemus,zwei Proteine der Hämo
yanin-Superfamilie, mit einer Au�ösung von 10 Å mittelsKryoelektronenmikroskopie (Kryo-EM) drei-dimensional rekonstruiert. Weiterhinwurde dur
h die Methoden des �mole
ular modelling� und �rigid-body �tting�eine detaillierte Bes
hreibung der Strukturen auf atomarem Niveau mögli
h. DieErgebnisse lassen si
h wie folgt zusammenfassen:Hexamerin
• Die Kryo-EM-Struktur des Hexamerins LSP-2 von Drosophila melanogasterist die erste ho
haufgelöste Quartärstruktur eines Proteins der Gruppe derInsekten-Spei
herproteine.
• Das Hexamerin LSP-2 ist ein Hexamer aus se
hs nierenförmigen Unterein-heiten, die die E
ken eines trigonalen Antiprismas besetzten und somit in einerD3 (32) Punktsymmetrie angeordnet sind.
• �Mole
ular modelling� und �rigid-body �tting� der Sequenz des HexamerinsLSP-2 ergaben eine klare Korrelation zwis
hen Insertionen von Aminosäuren inder Primärsstruktur und zusätzli
hen Massen der Kryo-EM Struktur; letzteresind in den publizierten Quartärstrukturen der Cheli
eraten- und Crusta
een-Hämo
yanine ni
ht vorhanden.
• Die Kryo-EM-Struktur von LSP-2 bestätigt, dass die hexamere Struktur derArthropoden-Hämo
yanine au
h bei den Insekten-Spei
herproteinen vorliegt.



115Hämo
yanin
• Die Kryo-EM-Struktur des 8x6-Hämo
yanins von Limulus polyphemus ist diebislang hö
hstaufgelöste Quartärstruktur eines oligo-hexameren Arthropoden-Hämo
yanins.
• Das Hämo
yanin ist aus 48 nierenförmige Untereinheiten aufgebaut, die in a
htHexameren (1×6mer) angeordnet sind, letztere nehmen eine D2 (222) Punk-tsymmetrie im nativen 8×6mer Molekül ein. Die strukturelle Grundeinheitbilden die vier 2×6mere, die in antiparalleler Ordnung zwei 4×6mere bilden;diese wiederum aggregieren �fa
e-to-fa
e� zum 8×6mer.
• Die Morphologie des 8×6mers konnte auf Basis der Kryo-EM-Struktur erst-malig sehr genau vermessen und bes
hrieben werden.
• Basierend auf frühere topologis
he Studien der a
ht unters
hiedli
hen Untere-inheitstypen des Hämo
yanins von Limulus polyphemus wurden elf Arten vonVerbindungen zwis
hen den Hexameren identi�ziert, die im nativen Moleküleine Gesamtzahl von 46 Brü
ken ausbilden � 24 innerhalb der vier 2×6mere,zehn um beide 4×6mere zu bilden und letztli
h 12 um diese zum 8×6mer zuverbinden.
• �Mole
ular modelling� und �rigid-body �tting� von Limulus polyphemus undorthologer Erypelma 
aliforni
um Sequenzen ermögli
hten die Identi�zierungder Aminosäuren, wel
he die Brü
ken bilden. Viele dieser Aminosäuren sindüberzeugende Kandidaten für 
hemis
he Bindungen zwis
hen den a
ht Hex-ameren.
• Die meisten der Inter-Hexamer-Kontakte sind au�ällig histidinrei
h und weisenAminosäurekonstellationen auf, die die Basis für die Übertragung allosteris
herWe
hselwirkungen zwis
hen den Hexameren darstellen könnten.
• Die Kryo-EM-Struktur des Hämo
yanins von Limulus polyphemus ö�net so dieTür für ein grundlegendes Verständnis der Funktion dieses ho
hkooperativenProteins.
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