
Three-dimensional Reconstruction of Tubulin in Zinc-induced 
Sheets 

1. Introduction 
Jlicrotrrhul(~h JJ~ES~ an important role in rnor~~hologioal and tignamic aspects of the life 
cyclcb of cwkaryotic cells. They are involvctl in maintenance of cell shape as well as in 
wllrdar motility. mitotic division. and transport phenomena. The predominant, 
oonstitwnt of microtubules is tubulin, a tlimcric protein of 110,000 molecular weight. 
‘I’i~(b tn-o sllhurtits. Y. and /3. appear to he similar in moletcula~t~ weight (-55.000 each). 
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in amino acid composition and sequence (about 5Oqi, homology), in electrophoretic 
mobility and in their structural features (Grimstone & Klug, 1966: Bryan $ Wilson. 
1971; Cohen rf al.. 1971: Chasey. 1972: Luduena & Woodward. 1973). Since t,hc* 
discovery by Weisenberg (1972) of the assembly oondit,ions for microtubules in citro. 
structural work on microtubules has advanced (Erickson. 1974.1975; Cohen rt al.. 
1975; Mandelkow et al., 1977), with efforts to relate these findings to observations on 
flagellar microtubule preparations (Amos & Klug. 1974; Amos et aZ.. 1976). Struct,ural 
investigations by elect’ron microscopy require large. ordered and well-preserved 
protein assemblies, which microtubules and thrh microtubule precursor sheets do not, 
usually present. It, was therefore a valuable discovery by Lawson et (~1. (1976) t,hat 
tubulin in the presence of zinc could be polymerized into large sheets. Although t,hcl 
lattice of t,hese sheets is quite different) from t,he normal surface lattice ofmicrotubulcs 
(Crepeau et al., 1977), there is the possibility that the subunit’ arrangement. in a single 
protofilament, is similar in the presence or absence of zinc. This view is supported .I)? 
the observation that the principal effect of zinc is to convert the alignmentI of prot,o- 
filaments from a parallel t’o an antiparallel arrangement, (Crepeau et ad.. 197X; Balwr 
R: Amos, 1978). 

The studies reported here continue the characterization of tfubulin arrays 1)~ 
det’ermining the arrangement of subunits in t’hree dimensions in zinc-induced t8ubulin 
sheets. Knowing the relative configuration of tubulin subunits in a zinc sheet will aid 
in relating t)his structure to the regular tubular struct’ure. 111 addition. advantage can 
be taken of the large ordered array to solve t,he three-dimensional st,ructure of thcx 
two subunits beyond the resolution of about, 20 A reported here by employing thus 
unstained approach of Unwin & Henderson (1975). Furthermore, the properties and 
behavior of several large microtubule-associated proteins have recently been the suh- 
ject of intensive examination (e.g. Sloboda et al.. 1976 ; Murphy et al., 1957 : Cleveland 
of ab., 1977: Vallee $ Borisy. 1978) and structural localization from ill vitro propara- 
tions has been presented (Amos. 1977). Since it is known that microtubule-associated 
proteins are also involved in zinc sheets (Gaskin & Kress, 1977) progress in thca 
structural analysis of t’he sheets would also help to clarify the rolta of associated 
proteins in the assembly of tubulin arrays. 

2. Materials and Methods 

Microtubules ww-e purified from pig brains 1,~ thaw alternat~ing cycles of df:polymeriz- 
xtion and polymerization as described by Weirrgartctl et al. ( 1974) and Crepeau et al. (1977). 
The protein was stored at the end of the 2nd purification cycle in liquid nitrogen in small 
port,ions for daily use. This mat,erial did not8 lose it,s activity for at least 6 mont’hs. .For 
rlectron microscopy small samples (0.35 ml) WYI’R thawed. diluted 1: 1 with assembly buffer T 
(0.1 ~-Ml3St. 1 rnM-GTP, 0.5 mw-M&l,, I lrlnl-8-m(,rcapt’oethanol, pH 6.4) and subjected 
to a third pnrification cycle. After drpolymorizatiorr of tlw prllrt on ice in the same \,olumc 
of assembly buffer II (0.1 wMES, 1 mwGT1’. I tn~r-B-mercaptoethalol, pH 6.4) as the 
stored sample. t.he prot,ein was ready for polymerization rmdcr various oondit,ions for elec- 
trot) microscopy. The protein concenbration at t)llis st,apc was typically around 4 to 5 mg/ml 
(Lowry assay. Lowq- et a/., 1951). Since tubnlin is a \-t’ry unstable protein in its depolymor- 
ized state (Weingarten et al., 1974; Crepeakl et a/.. 1977), samples from this solution were 
prepared within 1.5 h after t,he last depolymerizatiorr step in order to obtain optimal pre- 
parations for electron microscopy. 

t Abbreviations used : MES, 1(S-morphohno)~~~har~~~ sulfonic a&l ; EGTA, et,hylcnr giycol 
t,iri-(B-arnlnorthylether)..\:.l\”-tctraecrt,ir wicl. 
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(b) l’olymerizatioll. conditions 

Tubllli~~---zinc sheets were usually grown by incubating 60 to 75 pg protein in 100 ~1 
assembly buffer II containing 0.20 IIIM-ZIr($ arkd 0.2.5 mw-M&l, at. room temperature for 
approx. 1 11. Room temperature polymerization proved to yield significantly larger and 
cleaner sheets than a shorter incubation at 35°C as Ilsed previously (Crepeau et al., 1977). 
Special att,ent,ion u-as devoted to the ratio of the concentrations of Zn2+ and Mg2+ ions. 
‘i’tle sllert size was clearly influenced by variation in concentration of either of these di- 
\.alent~ cations. Large sheets in both dimensions wew only found if [M$+] was the Samoa 
or slightly tiigtler tllan [Zn2+]. Zn2+ concentrations between 0.10 mM and 0.15 mM caused 
t ubulin t)o polymerize into very long and narrow sheets whereas Zn2 + concentrations higher 
tllallO.4 to 0.5 I~JT led to small sheets. If [Mg2 + ] was increased wittrout adjusting [Zn2 + / 
sheets were still formed but of smaller sizr and inferior quality. Although tubulin it) 
polymerized form is considerably more stable than unpolymerized material, sample fixation 
for electrort mirrosc:opy by negative stain was completed withill 1 II after assembly was 
~~~mplrtrtl. 

(c) Preparation of samples ,for electron r~bic~.o~cop,t~ 

Two dift’erent twhniques were used to prepare negatively stained zinc tubulin sheets. 
( 1 ) The fast convcrrtional adhesion method on an electron microscope grid coated with a 
carbon film of rnedilun thickness, and (2) the more complicated mica flotation method 
described by Horne & Ronchetti ( 1974) as applied by Crepeau et al. ( 1978). Method ( I ) was 
rlscd for fast, inspection of polymerization quality, whereas all images used for t,his analysis 
wc:rc recorded with samples stained by method (2), since shwts prepared in t,lris way w- 
Iii bitcd srlbunit difl’wences and higher resolutic;n. 

Since a very tllin carbon substrate is used in the mica flotat,ion technic1ue (see below). 
Ir~~ley grids were required for support.. The holey grids were prcparcd as described by Peasr 
( 1975) alld modified by C. Akey in this laboratory. Copper grids (400 mesh) were placrtl 
OII onv cand of a microscope slide and dipped at a slight angle into a 4 96 parlodiotl solutiorl 
III ,\‘-an~?;l acetate. The slide was pulled out and drained at all angle for several seconds. 
Stlortly hefore the ,Y-amyl acetat)e was evaporated and t)lle plastic hardened, tllc slide was 
Iltald upside dowrl over a steaming water bat11 which formed small tloles in the drying plast,icb. 
.\ft)er examination for quality under a light microscope t,he coated grids were baked irr all 
o\-en at 180°C for 30 min and then shadowed with a heavy indirect carbon tilm, wilicll 
provides conductivity t)o the plastic llet and prevents it. from deteriorating u-hen exposrtl 
I o thr electron beam. 

From the best sarnples of zinc-tub&n sllerts, as judged by preliminary examinat,ion of 
tlormally stained specimens, one drop was placed on a freshly cleaved piece of mica 
( -2 cln _, 2 cm). carefully distributed I)>- tilting, stair& with a small drop of I (;O Ilrarlyl 
awtatch and allowed t.o dry. Mica sheets prepared in this way \verc thcll placed into a ~~tc11,m~ 
clramber and slladow-ed indirectly with a thin coating of carboll. Prepared mica sheets cor~ltl 
tw stored under varrulm for at least one week without loss of qualit)-. 

‘l’l~r carbon coated sample was then floated on a solution of O.riyo uranyl acrtate. ‘l’l~t. 
float,ing “sandwich” of prot,ein and stain sticking to a thin carbon film was then picked rip 
\vlth a few Ilolry parlodion grids placed on an aluminium screen. The filter paper previousI) 
Iwed (Crrprau et al.. 1978) often caused shear forces bet)ween grid and film by t.he draining 
hqllid wtlile lifting it up. The grids wore carefully dried on filter paper and w-rre then read), 
for electron microscopy. With this technique a flat protein structure such as tltbttlirl sheet call 
tl(> stained uniformly on b&h sides. Thr continuous support by eit,ller mica or carbon provitlvs 
additional stability to t,he structure and allows less distortion and disordering of the sampl(~ 
(111~ to drying and handling. The use of this modified Home and Konclletti teclluiquca prep- 
Lided impro\.etf sample preservation in the electron beam enabling the 28 and 84 .k layer- 
lines to be observed at a higher electron dose than reported by Baker & Amos (1978). 111 
addition. 2 to 3 exposures at a magnification of 68,000 x could be recorded without signi- 
ficant deterioration ill the diffraction pattern corresponding t,o a cumulative olrctron dew 
of abollt 130 e,i.A2 OII the last exposure. 
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performed 01~ a sheet, tilted 20” with the tilt axis almost perpendicular (8” off) to its proto- 
filaments or parallel to the presumed screw axis (Fi g. 1). In order to describe the restrictions 
imposed on tklr Fourier transform by a symmetry operation one can perform tile operation 
on the object in real space (in our case a rotation of 180’ followed by a. translation of half 
a unit, cell) and if thca symmetry is present tllr object will be unchanged. Iu I’ourier spacc~ 
OIIP ma,y also perform the symmetry operation and by req\Cring tllc I”ourir~r transform to 
remail1 nnclranged ns the real space object \VRS r~nctrangc~cl KC‘ arrk-o at t,tlr rcst,riotions OII 

FIG. 1. Tiltr:tl plitn(~ which reprrwnt~s u. scxction t.hwugh courter spacr:. In t,his I)articular COW. 
where t)hr tilt axis lies along the r* axis of the transform (h,k,z*) and ( -!+k,z*) ran bp compared 
on the same Z-dimensional transform se&on and to&cd for a possible klimensional Z-fold screw 
axis (se? text,). h,k anti z* are co-ordinates in Fourier space, 0 is t,he tilt angle and q5 designates 
the orientation of the tilt axis reiativcx to the protofilamnnt axis (v-co-~~rdinata in real-space). 

the transform required b>r tllc symmetry. ‘I’hr operatiotl of a screw axis it1 Fourier space 
is a 180’ rotation about, the axis (h) followed by a pllaso sllift of hrr for a reflection (h.k,z*) 
corresponding to tile translation of one llalf a. unit cell in tlie h direction. In other words 
reflection (h&,2*) must equal rrflectioll (/I. -k. z*) kvitll a phase shift of h71. Since (h. k. 
PZ*) is relat,ed to ( --A, k, z*) by ti’riedel’s law ant1 if we represent amplitude and phase d 
and 4, respectively, wc may writr 

rl(h.. k. z*) _ =I( h, k, t*) 
and 

f$(h, k, z*) -+( -h, k, z*) i- /an. (11 

Here we have used Priedel’s law which relates 2 centrosymmetric maxima S and ~5” in a 
Fourier transform of a real object as follows: A(S) z il(S’) and 4(S) = - C(S’). In the cast’ 
of the zinc-induced tubulin sheet tilted 20”. a given point (h. k, z*) is first rotated into 
(h, ~ k, -z*) by the 180” rotation about the axis parallel to h in k’olnier space. Faint 
(h, -k, -z*) is centrosymmetric to (-.-h, 13. .t*) and therefore these 2 points are related by 
Friedel’s law. For maxima on tI)e meridian this relationship reduces to ~$(0, 12, z*) == - r&O. 
k, z*) \vitb t,he two unique solutions + = 0” or 4 :m 180” for any k and z*. Maxima on thr. 
equator with odd index h have to satisfy the equation +(h, 0, z*) := -4(--h, 0, z*) Y n. 
If z* := 0, the 2 phases become B’riedel-related, which is incompatible with the requirements 
of the screw axis, and as a consequence there is a zero amplitude or systematic absence a’t 
(h, 0, 0) wherl’h is odd. Choosing a sheet tilted about the screw axis (h) ensures screw-relatr~tl 
reflections at (*I/, k. z* ) will bc present. k%y rrlnnillg a phase searcll program, which corn- 
pared the screw axis-related maxima ou this particular sheet tilted nearly on its screw axis. 
we found a phase origin that gave an average deviation of 19” from the phases expected 
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\vrtlr tlrc scrc~v axis for 8 pairs of maxima and 3 single meridional maxima. Smce this aver- 
age deviation is of the same order as obtained for fitting non-tilted sheets to each other, 

wc concluded that t,lre screw symmetry is present in 3 dimensions, as well as previously foutrd 
for t,he 2-dimensional projection. 

(1-l) Con,struction of the three-dime~asional transform 

For t,he final analysis micrographs recorded at tilt angles from IO” to 60” and at man) 
different orientations with respect to the tilt. axis were processed along with the data at 
zero degrees of tilt. Selected examples of images and their optical transforms are shown 
for an untilted sheet, a sheet at moderate tilt and a sheet at high tilt in Figs 2 to 4, respect- 
ively. Fig. 2(a). taken at zero tilt, shows the standard appearance of a zinc- tubulin sheet, 
and the optical diffraction pattern. Fig. 2(b) illustrates the systematic absences along the 
k = 6 line. In t,he average of 9 sheets at zero degrees it was established that the (0, 1) spot 
is absent) (though not due to a symmetry) and the (0, 2) reflection is weak (present in 4 out. 
of 9 sheets). (Additional comments on the (0,2) z* lattice line are made in regard to Pip. 5.) 
.a study of the phases established the existence of plgl symmetry of the untilted sample. 
The micrograph in Fig. 3(a) taken at a moderate tilt, angle of 30” appears similar to that 
irr Fig. 2(a) with the exception that ttre protofilament pairing is faintly visible. The dif- 
fraction pattern (Fig. 3(b)) shows the deviation from the orthogonal relation between the 
lattice lines apparent in Fig.Z(b) due to the tilt and the appearance of the (1, 0) and (3, 6) 
reflections that were systematic absences in Fig. 2(b). Also the (0, 2) reflection is evident. 
Fig. 4(a) at a large tilt angle of 55” shows the problems of microscope focus present in 
tilted specimens. The sequence proceeds from overfocus to underfocus from bottom to top of 
Pig. 4(a). The area used for the optical and more importantly the computed transform was 
selected in a region where the focus is such that the transfer function is flat to beyond thr, 
cut-off in the crystal reflections. Corrections as employed by Henderson & Unwin (1975) 
mere found to be unnecessary due to the strength of the diffraction pattern from limited 
areas and t,lre relat,ively poor resolution with negative stain. The diffraction pattern of 
l<‘ig. 4(b) agairr shows the features of a tilt,ed specimen witlr the spreading in the k diractiorr 
limiting the pattern to 2 lattice lines or about 31 A resolution. In examining the optical 
diffraction patterns it should be noted that’ we found in general the resolution is better iti 
a computed transform and thus for the example in Fig.B(b) all 36 reflections found at zero 
t,rlt m the average of 9 transforms are not present in this Figure. The reflections used in the 
final reconstruction consist of 6 independent reflections on k = 0; 9 on k = 1 from h = 4 
tc, If :m 4; 13 on k =m 2from h = -6 t,o h -= 6; 5 on k = 3 from h -= -2 to h = 2; and X 
on k : 4 from h, = - 4 to h = 4 excluding h. = 0. Tile z * -= 0 section has the above exclu- 
ding 3 odd reflections on k = 0 and t,he reflect~ions (0, 1) (trot observed) and (0, 2) judged 
(o havo zero amplitude due to the rapid phase shift (see Fig. 5(c)). For all of the images 
t Ire comput,ed 2-dimensional Fourier transforms were reduced to peak amplit,udes atid 
phases at exact lattice points where the amplitudes were significantly above the rroise 
l~~vel. In order to determine the correct S-dimensional position of each view, a refcrcrrce 
plate for t)he same slreet at 0” tilt was analysed. Its transfortn was cllecked in a phase searclr 
program for the 2 possible orientations of the projection of a sheet with 2.fold screw (ply1 ) 
symmetry-. 

These 2 orientations are related by a 2.fold rotatiorr to each other. Thus, either cast 1 or 
2 could be assigned to each tilt, determirring its exact position in 3 dimensions, because t,lrc, 
:! angles of tilt and orientation were kno\vn. An exact, z* value for racli maximurn ori t ti(L 
transform of raclr slreet could be computed from: 

wl~ere !)6 and 84 are tire unit cell dimensions (in A) for h and k irr the untilted projectiorr. 
TV designates the tilt angle of the poniometer stage and 4 corresponds to the orientatiorl 
(rot,ation) angle of the protofilament axis of t,hc sheet with respect to the tilt axis. For case 
2 rhe value of z* must be multiplied by - 1. 

Tlrr next step in the reconstruction process was to find a common phase origin for every 
s+tc*tiorl and then to combine them in S-dimensional Pourier space. Tlrese 2 operations were 
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PIG. 4. Zinc tuhulm shwt tiltcvl 55 (a) J3lectvou mrcrogruph of a zinc-mducrtl tubulin shc(,t 
t,iltmJ 55 with the goniorncter stapv of the elertron microscope. The tilt axis (arr’ows) lies at au 
angle of 51‘ t,o tho protofilaments of the sheet. X strong pairing of protofilarnents is apparent tlw 
to a staggering trf alternating protofilaments. A change of focus because of the high tilt angle is 
visible, progrossing from overfocus (lower ~orncr on the loft) through focuti to undorfocus (top of 
tbc micrograph). (b) Optical t,ransform of the sheet, in (a). In this case the reciprocal lattice lines 
increase due to the t.ilt to multiples of l/62 A-‘. The higher-order k lattice lines are beyond 
resolution. The st,rong r~c+ktions appearing on (1 ,O) and (X,0) oripinatn from t,ho pairing of prot,o- 
tilanwnta in (a). 
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cionc sinlultarlec,rlsIv in an iterativt, manner. bliilding up tlw 3.tlimrrtsiorta.1 t~~ttisfc~n~~ 

srqlwnt~ially by sect&s from the Z-dimensional transforms of imapcs recorded at increas- 
ing tilt w&s. ‘I’hercfore, whenever a section was fount1 t,o fit,, it was added to tile existing 
:I-dimensional transform. contributing to t h(b “tcmplatr” to \vllich tlrc next srct,ioil at it 
tligher tilt could he fitted. The initial section wa.s ttle avwagc of 0 zinc sheets ill thr: Z* : 0 
pro,ject,iotr (sm. abo1.e). The program to genemtje the :~-tlifnctlsiorl;tl traIlsform Lvorks iI1 3 
steps. (1) Sclrctiotl of the rlnused section closest, to tht, existin, cr 3.tlimetisional t,ransform: 
(2) searching f,)r tlIc% phase origin of t,he sectiorl I\-it)11 tllrl smallest rtbsidual phase differences 
with rc~f(~wrrce to th(b R-dimensional transform alld scaling of the nmplitudw ; and (3) adding 

t.Jle nwv awtiou to I II<+ 3-dirnensiotlal t,ransforln data wt. Ptlasc, tittirlg \vas dot~e incluriillg 
:I \vciglltilig f;lctor. for strong amplitjuties in co~lsiderat iota of tlrc susceptibility of \veali 
tllasitn;~ to rat~tlotn tloise and tllr dist,alws 011 ttlv Z* lirlcs to ttlts IlcLxt available data poit~t, 
III t.tlv :(-tliint~rlsiollirl transform. Since phase: cl~anges aiorlg Z* rtird tw aliowfd, a partiolilirr~ 

tii;lxirnririi 1, as rrf~glt~cted in ttla fitting process if it, was Ilot, witliirl :3/25Ci .A- 1 of the clcwtzst. 
ciat,a point, hut,, orlc(’ the proper phase origitl wits fourrtl. tliis l)oilit c:orlltl tw irwl~ltlvtl illto 
t tic :(-di~iit~risi~,rl~ll transform witllorlt ally rest,rlctioil. 

Sirm- slnoot Ii iit~l co1lt,iliuolis amplit\& atlcl plrasc~+ sarnplcti at 32 tliscrctc‘ poitlt,s alorlg 
ii 3* lit~cl art rc~q~iirrtl for the in\~erse Porlricl, transform, a program \vas tlcsigned to npproxi- 
rtlatc, t,tlr (tata obtnincd in the previous program u-itI1 a smootli curvt’. This was dorio for 
irulplitrldcs alld plrasrs, witlt real and imaginary parts in the case of phases smoothed 
wparatc>ly (to avoid the discontinuity from 360” to 0”). Some cbxamplrs of interest are 
slro\vtr it1 Fig. 5. Tlwse include t,tle (2, 0) lattice lint: wit,11 a. strong maximum at Z* o 
c~~,rrc~spot~tiif~~ to ttlc spacing of protofilamofits (Pig. 5(a)), ttro (3, 0) latticr liw witll t IIV 
systcrrlntic ahscrrcc at, Z* = 0 (Fig. 5(b)), tlrr (0, 2) and (0, 3) lat,tiw lines (Fig. 5(c) and ((I)). 
tIltA strorlg ( I .2) latt ice line (Pip. 5(e)) and ttlv weak (I ,4) lat,ticc lirrv (l?ig. .5(f)). The cln-vw 
of Fig. 5 LVPW coml)uter drawn with circles in ttle amplitude and pilaw curves representing 
irc:tllal tlatn poitlts obtained by averagin q all the sheets contributing to ttlat specific z* valnc~. 
‘l’t~v dots wprwrrrt interpolat’ed values recluired by tile CIIPVP smootlring program. 

(i) Application of the Z-fold screw a&s 

Siucc tlrc irlitia,l characterization of the zinc-induced tubuiin sheets indicated a 2-fold 
scre\v axis perpendicular to the protofilaments, the screw axis was reconfirmed for the com- 
pleted S-dimensional transform. In the amplitude/phase zlws~s z* plots of Fig. 5 the pro- 
s:(‘nw of such a screw axis is evident. For example maxima (I, 0) and (3, 0) show amplitudes 
tlroppirrg t,o zfw> wtleri z * = 0 (the latter is shown in ‘Pig. 5(b)), as required because of thr 
systclnatic absences. The k = 0 maxima (0, 1). (0, 2), (0, 3) could be fitted t#o either 0” or 
IX0 (the latter 2 are shown in Big. .5(c) and (d), respectively), tile errors being within 
c~spc~rirnentai accrlracy. An interestilq feature is that 2 of these maxima ((0, 2). Fig. 5(c) 
ilrld (0. I). riot slrown) change their phase at z * -= 0 from 0” to 180” and ha\-c t,hrrvforo 
L vry Io\v ;tmplitntl~~s in this region of t rallsitjiotl. ‘i’h~~y \vcre not, obsrrred consistently it1 
Iifctiltrtl :‘-dimeusioual projections, whereas tlrf* 3rd otiv (0. 3) \PiH always present in non- 
I lltrvi transforrtrs wlt,ll a strong amplitndf~ a~ltl it pliasc:! close to 180 ’ (Crcpca,u et al., 1!)78). 
111 tjil<b ru~tiited slloc+s the (0, 2) reflectiort was previously judged to IX weakly prastwt 011 
ttlfr basis of 4 ollt of 9 sheets (Crepeau 4 al., 1978). Howcvcr. when the: please behavior of 
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b’ig. R(C) for this reflection is examined it is evident that the amplitude must be small 
aronrtd Z* = 0 and for the 3-dimensional reconstructions an amplitude of zero was assigned 
to the point Z* == 0. Throng-ho& the whole tilt range, a phase of 180” can be assigned Lo 
the (0, 3) lat,ticr line (Fig. 5(c)). F nr tl ler indications of the screw axis are the symmetric 
phases of even-nnmbered h = 0 maxima, such as the strong (2, 0) maximum (Fig. 5(a)) and 
tllr: (4, 0) maximlun (Figure not shown). 

Since ttrct presence of a a-fold screw axis \vas indicated, a 3-dimensional transform data 
set with ELI, csnforcctl screw axis was generated by averaging screw-related data points and 
compared with tile directly obtained data. In general quite good agreement was obtained 
brtw~~en t,tlr: raw data and the smoothor symmetry enforced data set. The! root-mean-sqnarcx 
phase error’. dnfinrd as 

cc,== 1 112 
served pha.sc - calcnlatrd ptlasr)2 

2 ’ 
am 1 II e o 

pl’t d b 
served - amplitndc calcula,ted 

A11 *,v,t* ,1,, z,,. jamplitude observed1 ’ 

was 0. IO. The avwage pllast: error was 14’ . High phase discropanoies in a few cases corlld 
bv climinat~c~d b\- discarding one possibly errotleolls point. The screw averaging was also 
\.rrj- Ilrlpful ill pro\-iding data for areas of the 3.dimensional transform that llad brelr 
rather poorly docnmented. The screw relation could be introduced either before or after 
s,noot,hing thcb dat,a with essentially the same effect. Howevcv, application of the screw 
axis aftcsr smoot’hing allowed us to use the 1 given data muctl more efficiently, since it collld 
also be compared it I interpolated regions. Snbsec~nently. t,he 3-dimensional Fourier trans- 
form, rorlsistinp of 41-t corrtinuons latticcx lines along z* which are distributed at discrete 
pointIs 011 tile 4 rf>ciprocal lines corresponding to spacings of 84 A-l, 42 A-l, 28 K-l and 
21 &’ (SW also Fig. 2(b), leas subject~etl to an invrrsr Fotlripr t,ransformation using H 
S:! x 37 x 33 matrix t,o obtain a R-dimctlsiomd I,rtcollst,rllction for ow clnit cell. 

3. Results 
‘K’h(b thrcr-dinlellsional reconsbruction may be viewed at any angle as a series of 

s&ions perpendicular to the protofilaments outlined at a constant contour level and 
st.acked with hidden contour lines removed by the computer. Figure B(a) and (b) 
presents two representative views of a three-dimensional reconstructed image made 
up of four unit cells. The outlines for the t\vo types of morphological units are clearly 
seen alternating along each protofilament as distinct and slightly elongated globular 
structures. Presumably these morphological unit’s correspond to the a and /3 subunits 
of tubulin, although specific identification is not possible. Figure 7 shows a projection 
of t.he three-dimensional structure perpendicular to t’he plane of the sheet. This may 
be calculated from either the zero degree data or from the projection of the full three- 
dimensional structure. This Figure is very similar to that of Crepeau et aZ. (1978) and 

is in agreement with that of Baker & Amos (1978). If the contour lines are extended 
into t#he region between the protofilaments, the connections noted by Baker & Amos 

(1978) are seen in the same places (A, B and C of Fig. 7). Sections through the sheets at 
positions indicated in Figure 7 are given in Figure S(b) to (d). The contour levels in 
t,hese Figures are chosen to emphasize points of interest and are not equal in different 

Figures. The adjacent protofilaments are well separated and are staggered relative to 
trach other across the zinc-sheet. One is centered above the central plane of the sheet. 

t Fonr high resolution spot,s were only observed in the central se&ion 
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the nrxt below and so forth, giving the impression of a pleated structure with a folding 
angle close to 1.50’ and a staggering of about 1.5 A. This staggering is evident in 
Figure G(b). The uhole sheet is approximately 80 A thick, and the individual subunits 
span a distance of about 60 a across the sheet (see Fig. 8(b) to (d)). 

Sinw stain cannot penetrat,e easily into very close intermolecular contacts. the 
single prot,ofilaments appear as solid tubes. Nevertheless. distinct subunits are swn 
rt~adil~~ in thr, thrw-dimensional views. as ~~11 as in proj&ion (Fig. 7) or sections 
(Fig. 8). ITsing longitudinal and perpendicular sections through protofilaments, two 
diffrrcnt intermolecular contact, regions can be examined. Figure 8(b) shows clearl! 
a more extensive and a less extensive contact region alternating (‘very 42 A. It is 
likely t’hat these represent a strong internal a-/3 bonding domain and a weaker dimer- 
dimcr bonding domain, respectively. In the area of the extensive bonding there appears 
a hole or a cleft reaching into one subunit which obstructs the a-/3 dimer contacts in 
some view. This cleft probably accounts also for the apparent bifurcation of one of 
the subunites visible in some sections or in projections. A perpendicular section is 
shon~n in Figure 8(c). which includes thcx clttft marked wit,h a D. The accumulat)ion of 
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<t ain in t,his cleft causes the subunit to split in projection (Fig. 7). Figure S(a) is a, 
slice parallel to the sheet at 9 A above the central section. Here the cleft is clearl) 
visible as a hole passing nearly through the subunit and marked by a D. In the other 
tubulin subunit of the same protofilament approximately 40 A away is seen a weaker 
cleft demonstrating that in spite of differences between monomer units homologous 
regions can be readily identified. 

Contacts. also seen by Baker & Amos (1978), have been labeled A: B and C in 
Figure 7 and are shown in section in Figure 8(a), (c) and (d). The strong contact at A 
it1 projection is seen in Figure 8(d) as an approach of adjacent monomers at about the 
central level of the sheet. Contact B from Figure 8(a) and (c) is seen as adjacent 
monomers in contact at a level about 9 A above the plane of the sheet. The weakest 
contact C results from an area of stain exclusively above the plane of the sheet (over 
the Cl, Fig. 8(d)) as well as a filling in of the hole at the location of C in Fig. 8(d) but 
not cvitlent, at t,hia contour level. The single subunits have one rather elongated 
(limension which 1l.e estimate t,o be about 70 a. This longest diameter of each molecule 
is not perpendicular to the plane of the sheet, but at an angle of approximately 30’ 
(Kg. 6(a) and (b)). Neighboring monomers of tubulin in a protofilament seem to be 
arranged slightly eccentric to the main protofilament axis and slightly turned relative 
t,o each other although the difference in adjacent monomers cannot be completely 
MWJuntd for bJ- a rotation of one relative to the other. The different appearance of 
x and p in the normal projection is probably not only due to the cleft and bifurcation 
ill one subunit, but also t’o the orientation of the monomers along a protofilament. 

At this point it is important to note that all the cont,ours for protein represent 
c~xcludrd stain. and some underestimates of dimensions are possible due to positive 
staining &e&s. Also the contouring level is only capable of showing rather solid 
prot)ein area. while finer features are lost in the stain which cannot resolve structural 
tlt?t8ail bryond about 20 8. Furthermore, one must be aware that information in thr 
: tlirection (perpendicular to t,he sheet) is not fully determined, since we are missing 

BIG. 8. Sections through the Y-dimensional reconstruction. Section (a) is a section m the pIam* 
01’ the shtac,ts: other *e&ions are perpendiaula,r t,o the plane of the sheets at positions indicatctl 
in Fig. 7. 

(a) Srctlon in the plane of the sheet 9 A above the central plane. Two protofilaments are intcr- 
sr>ctctl approximately t,hrough their central axis, the other 2 are only cut about 18 A above theil 
~~~~nters and appear therefore much narrower. The cleft (D) is very prominent in this section 
Iastending across the protoflaments. Contact region B of Fig. 7 is evident strongly at this level 
\vhilr region A is not contrasted as well due to the different positions of theso contacts. 

(b) Rection along a protofilament approximately through the center (2 unit cells long). Two 
tlifferent t,ypes of subunit contacts are distinguishable with the more extensive contact presumably 
within an CL,~ dimer. Subunit I is smaller in this Figure because referring to Fig. 7 it, is mop<’ ex- 
t~*ndetl in a (lirection perpendicular to this section. 

(c) Section through 4 protofilementa. The rleft is visible in this Figure as a depression in the 
r,,l, of one subunit. The contact I3 is seen as a region where the adjacent prot,ofilaments arc quit,13 
CIOW and lirs above the central plane. 

(d) Section tShrough 4 protofilaments along the middle of crossbridges A and C. Feature A is 
HYS as an aria whrrct the subunits are close together excluding stain from this area. While actual 
c-(Intact is not, resolved we consider it very likely that bonds are formed in this region. In the area 
marked C, corrrsponding to the C of Fig. 7, it is apparent that there is a low density feature in 
this region. Not apparent at this contour level is that the amount of stain present in this region is 
less than t,he corresponding large hole of Fig. 8(c). The presence of a contact region seen at C in 
projection is thus a rombination of these 2 features. 
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information inside the 60” cone: namel,v th<i whole (0,O) z* lattice line. However. t,his 
is not a major deficiency since t’here are data available to 20 is rexohltion in the z 
direction for all maxima except for (0.0). (1 .O), (0.1) and ( ; 1.1). ‘I’hc~ (0.0) line 0nlJ. 
affects the average density of each slice parallel to the plane of the sheet. The (1.0) 
and (0,l) lines are of course equivalent and sampled to about l/60 14. Th(l ( Ic 1 .l) line? 
are weak within the measured rangtb. Possibly srnall-an& X-ray diffract,ion could bfa 
used to investigate these regions. as donr by Henderson B Unwin (1975). 

Reconstructions of the t,hree-dimensional transforrn. where tho step of enforcing 
the d-fold screw axis was ornitted. showed essentially the samca features as thort 
presented here. Although the contoured stain-excluding surface was less smoot,h due 
to the less efficient use of data. the gt~neral shape of tGther subunit has the same 
appearance as m the reconst’ructlons that made use of’thcx screw axis syrnrnetry. 

4. Discussion 

We have investigated t,he structure of t,ubulin t’o 20 Li when polymerized into zinc- 
induced sheets. We were able to show the a and /3 chains of tubulin as two distinctly 
different asymmetric units arranged alternating along the protofilaments. Alternating 
protofilaments are related by a S-fold screw axis to each other, as suggested earlier 
on the basis of two-dimensional reconstructions (Crepeau et ul.. 1978). This fact 
coupled with the observation that t,he protofilaments are staggered by about 15 A 
with respect to the plane of the sheet accounts for the flat, “pleated sheet” structure 
of tubulin arrays in the presence of zinc that camels the curvature found in micro- 
tubules. In contrast, the 13 to 14 protofilamrnts iu microtubules and their precursor 
sheets are aligned in parallel and therefort. retain thcx required curvature for a 
cylindrical surface. Further three-dimensional analysis of those st,ructures will be 
necessary to specify more precisely the relationship between protofilaments in micro- 
tubules compared to the zinc-induced she&s. Initial comparisons of two-dimensional 
projections indicate a similar appearance for protofilaments in bhe two cases (Crepeau 
et al.. 1978; Baker & Amos, 1978). C ,om p arisons of the three-dimensional appearance 
of the t,ubulin protofilament,s in zinc-induced sheet,s nit,h three-dimensional micro- 
tubule models (Amos & Klug, 1974: Mandelkow rt ml.. 1977) are also consistent insofar 
as can be judged at the level of resolution uow available. Presumably the somewhat 
triangular appearance seen for t,lir protofilament s in cross section (evident most 
clearly in Fig. 6(a). top) would correspond to all orientation in microtubules with the 
wider triangular edge at the external surface. If Figure 6(a) is compared with Figure 
4(b) of Mandelkow et al. (1977) the bilobed appearance they refer to is evident in 
subunits I and II of Figure 6(a) lending weight t,o the identification of this surface as 
being exterior in the microtubules. The apparent handedness of the prot,ofilaments is 
also consistent in these Figures. 

Our results also suggest, a pairing of’ morphological units along a given proto- 
filament (Fig. 8(b)). Probably. this represent’s the different strength of the interchain 
bonding within an $2 dimer and the interactions between two different dimers of 
tubulin. since tubulin occurs in dilute solution predominantly as LX/~ dimers. However. 
features in bhe interior of a protein are difficult to trace by uegative stain, and only 
indirect arguments can be made. The prototilarnents appear as quite compact tubes 
twisted on a narrow helix-like backbonch. Stain penetrates into the intermolecular 
regions and contours single subunits sharply. What, the a-j3 differences mean in terms 
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of differences in amino acid sequence or polypeptide chain folding cannot be deduced 
at this stage. Since we could find a more extensive pairing in the same contact area 
of many normal projections of single individual sheets and in planes from the three- 
dimensional reconstruction (e.g. Fig. 8(b)), bhe dimer arrangement shown in Figure 7 
\vas indicated. In consideration of the two types of subunits the major differences 
relate to the presence of the clefts and the spreading of the I subunit in Figure 8(a). 
The contact areas may also be important structures in the maintenance of normal 
microtubules. and fut)ure studies will be needed to clarify this point. 

Concerning the cleft, there are several possible explanations for the stain penetrating 
more deeply into one of the subunits. The most obvious one is that there is a pocket 
\\,hich accumulates stain. Alternatively. it could be an area of the polypeptide with 
residues that bind many1 acetate ver!’ specifically. in what has been termed a 
“positive st,aining” artifact’ (Unwin. 1975). Some spurious generation of this cleft, 
such as i)y enforcing the screw axis, is very unlikely, since in reconstructions lacking 
an enforced screw axis its appearance was even more predominant. Most likely it is a 
t#rue cleft which divides that subunit into two domains, but it might be exaggerated 
b)- positive staining effects. It, is certainly a strong feature of negatively stained 
tubulin. A splitting of one subunit \vas also observed in normal microtubule precursor 
she&s (Crepeau et al.. 1978) and elements of a similar effect were very prominent even 
at loner resolution (Erickson. 1974). 

It is clear that in this study we arc at the limit of the pot,ential of the negative 
staining technique for high resolution structural work. In addition to positive staining 
there are t,he limit’ations given by the size of the stain molecules themselves. Based on 
these considerations the contouring of reconstructions of any negatively stained 
protein must be interpreted very carefully. M’c therefore stress only the size of the 
cleft and the subunit elongation as real differences between CC and fl subunits. In other 
respects the general shape of the two types of subunits is very similar, although they 
art: rotated relative to each other. lt will be of considerable interest in this context to 
SW how the structure of zinc-sheets prepared in glucose without stain (Unwin & 
Hcrnderson. 1975) will compare to the one presented here and work is underway along 
these lines. Furt~lrermore, if one can obtain large and very well-ordered sheets. it 
should be possible to obtain data at much higher resolution. An interesting approach 
\qill also bc> t)o prepare zinc-tubulin sheets without the microtubule-associated 
proteins which wew found to be also involved in the polymerization of zinc.induced 
sheets (Gaskin & Kress. 1977). Amos (1977) observed 96 nm repeats in microtubules 
that ww polymerized in bhe presence of microtubule-associated proteins. In zinc- 
induced sheets long distance repeats haw not been consistently observed. Prelimin- 
a,ry st’udies in our laboratory on tububn, wit,h microtubule-associat’ed proteins 
removed by chromatography on a phosphocellulosc column, revealed t,he same 
reciprocal lat’tice, but’ a slightly different reconstruction. Therefore, there is probably 
some higher order contribution of low spatial frequency information contained in our 
reconst~ruct,ion. but it, appears averaged and distributed over the different subunits. 
Since no effort was made t’o remove microtubule-associated prot,eins from the samples 
11srd in the work presented here, the structural details of t,ubulin presented in th(x 
three-dimensional reconstructions may include contributions from associated proteins. 

‘I’tlls worlc \vas supportjrd priularily by NwtJiolral Instit,rltm of Healt,tl grant, GM24800 and 
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