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Abstract

The bacteriophage T4 baseplate is the control center of the virus, where the recognition of an E.

coli host by the long tail fibers is translated into a signal to initiate infection. The short tail fibers

unfold from the baseplate for firm attachment to the host, followed by shrinkage of the tail sheath

that causes the tail tube to enter and cross the periplasmic space ending with injection of the

genome into the host. During this process, the 6.5 MDa baseplate changes its structure from a

“dome” shape to a “star” shape. An in vitro assembled hubless baseplate has been crystalized. It

consists of six copies of the recombinantly expressed trimeric gene product (gp) 10, monomeric

gp7, dimeric gp8, dimeric gp6 and monomeric gp53. The diffraction pattern extends, at most, to

4.0 Å resolution. The known partial structures of gp10, gp8, and gp6 and their relative position in

the baseplate derived from earlier electron microscopy studies were used for molecular

replacement. An electron density map has been calculated based on molecular replacement, single

isomorphous replacement with anomalous dispersion data and 2-fold non-crystallographic

symmetry averaging between two baseplate wedges in the crystallographic asymmetric unit. The

current electron density map indicates that there are structural changes in the gp6, gp8, and gp10

oligomers compared to their structures when separately crystallized. Additional density is also

visible corresponding to gp7, gp53 and the unknown parts of gp10 and gp6.
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1. INTRODUCTION

Bacteriophage T4 is one of the most studied bacterial viruses (Karam, 1994). It consists of a

prolate head capsid that encapsidates a 172 kbp DNA molecule, representing a 168kbp

concatenated genome, a tail tube surrounded by a contractile sheath that terminates with a

baseplate and long tail fibers with which the virus recognizes potential host cells. At least 15

structural protein species contribute to a total of 134 protein subunits in the ~6.5 MDa

baseplate. The hexagonal baseplate assembles from six wedges surrounding a central hub.

The baseplate is the communication center and receives signals from the long tail fibers on

host recognition. The receptor recognition by the long tail fibers triggers the rearrangement

of the baseplate proteins, causing the short tail fibers to unfold from the bottom of the

baseplate. The irreversible binding of the short tail fibers to the host cell results in a drastic

conformational change of the dome-shaped baseplate to a star-shaped structure. Both the

dome-shaped and star-shaped conformations of the baseplate have hexagonal symmetry

(Crowther et al., 1977). The dome-shaped structure has a maximum diameter of ~520 Å and

is ~270 Å high. The star-shaped baseplate is ~610 Å in diameter and ~120 Å in height. The

relaxation of the high-energy metastable dome-shaped baseplate to a low-energy star-shaped

baseplate induces the contraction of the tail sheath which then drives the tail tube to

penetrate the host cell membrane and triggers the ejection of the phage DNA into the host

cell.

These conformational changes have been studied using cryo-electron microscopy (cryoEM)

that, in turn, was interpreted by fitting the independently determined crystal structures of

eight individual proteins (gp5, gp6, gp8, gp9, gp10, gp11, gp12, gp27) into the cryoEM

density of both the dome- (Kostyuchenko et al., 2003) and star-shaped (Leiman et al., 2004)

cryoEM maps of the baseplate. The currently available resolution of these electron density

maps is 12 Å and 16 Å, respectively. The assumption of these studies was that the individual

protein structures remain rigid during the conformational transition. Furthermore, these

interpretations lack detailed structural knowledge to provide information about the

mechanisms that are involved in this process. These studies suggested that the individual

protein domains act as rigid bodies that slide over each other during the conformational

change of the baseplate.

The assembly of bacteriophage T4 is an ordered sequential event. In particular the assembly

pathway of the tail was studied using mutant phages, in vitro complementation tests and

electron microscopy (Kikuchi and King, 1975a; Kikuchi and King, 1975b; Kikuchi and

King, 1975c). This well-studied sequential assembly pathway of T4 was examined to

determine how a baseplate could be assembled with a minimal number of protein species

(Yap et al., 2010). Five wedge proteins, not including the central hub proteins and the

peripheral short tail fibers, were shown to be required for the assembly of a hexagonal

baseplate-like post infection structure. We report here an approximately 5.0 Å resolution X-

ray crystallographic electron density map of an in vitro assembled, hubless, star-shaped

baseplate of T4 phage. We compare this structure with the earlier cryoEM results and

independent structures of some of the component proteins.

Yap et al. Page 2

J Struct Biol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2. MATERIALS AND METHODS

2.1. Purification, crystallization and derivative preparation

T4 baseplate-like protein complexes were assembled in vitro using recombinant proteins as

previously described in detail (Yap et al., 2010). In brief, seven T4 wedge proteins (gp10,

gp7, gp8, gp6, gp53, gp25 and gp11) were expressed independently using an E. coli

expression system. Among the seven proteins, gp6 was expressed with a His6 tag at the C-

terminus. Harvested cells were resuspended in buffer 1 (50 mM Tris pH 8.0, 100 mM NaCl,

1 mM DTT, 0.5 mM EDTA), mixed and lysed by sonication. The cell lysates were subjected

to centrifugation at 30,000g for 20 minutes. The supernatant fraction was loaded onto a

HisTrap 5ml column (GE Healthcare). Targeted protein complexes were eluted by a gradient

of 20 to 500 mM imidazole in buffer 1. The eluted peak fractions were subjected to a HiTrap

Q HP-5ml column (GE Healthcare). Targeted protein complexes were eluted by a gradient

of 0 to 1 M NaCl in buffer 1. Protein complexes were further purified using size-exclusion

column Sephacryl 16/60 HR S-400 (GE Healthcare) in buffer 1. The seven proteins were

then successfully incorporated into the assembly of the baseplate-like structure. Five

proteins are essential for the efficient assembly, namely gp10, gp7, gp8, gp6, and gp53.

These proteins follow the sequential assembly pathway that had been elucidated previously

(Kikuchi and King, 1975a).

The T4 baseplate intermediate complexes (gp10-gp7-gp8-gp6-gp53, gp10-gp7-gp8-gp6-

gp53-gp25, and gp10-gp7-gp8-gp6-gp53-gp25-gp11) were assembled in vitro and purified.

Purified protein complexes were concentrated to 15 mg/ml for protein crystal screening

using the sitting drop vapor-diffusion method. Various Hampton Research screens and

Emerald screens were tested to obtain the initial crystallization conditions. The gp10-gp7-

gp8-gp6-gp53 complex crystallized as hexagonal plates, whereas the other complexes

crystallized as thin needles. Only the hexagonal crystal form gave any X-ray diffraction

pattern. After several rounds of optimization using the hanging drop vapor-diffusion

method, the best condition for obtaining well-shaped hexagonal crystals was 6.5 % PEG

6000, 2 M NaCl, and 0.1 M Bis-Tris buffer pH5.5 with a protein (12 mg/ml) to reservoir

solution ratio of 2:1. The crystals grew to have diameters of between 100 μm to 300 μm and

a thickness of about 50 μm after about 10 days at 20 ° C.

2.2 X-Ray data collection

Initially the crystals were examined on a home Rigaku rotating anode X-ray generator and

were found to give reasonable X-ray diffraction to about 10 Å resolution. However, simple

soaks in cryo-solvent were found to be harmful to the diffraction quality of the crystals.

Therefore, prior to data collection the crystals were soaked in stepwise increasing amounts

of glycerol (5 % to 25 %) in pre-equilibrated buffer followed by flash-freezing in liquid

nitrogen. Crystals treated with this stepwise freezing strategy diffracted consistently beyond

7 Å resolution but never better than 4 Å resolution. Both crystal annealing and dehydration

were tested without obtaining any improvement in the diffraction quality of the crystals.

A tantalum bromide cluster Ta6Br12
2+ derivative was used to determine the phases of the X-

ray reflections. The Ta6Br12
2+ was added as a powder to the solution containing grown
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crystals. These crystals were soaked for 24 hours before flash freezing. A single-wavelength

dataset was collected to 6.8 Å resolution using radiation with a wavelength of 1.2548 Å

corresponding to the maximum anomalous signal from the cluster. All native and derivative

datasets were collected on a MAR 300 CCD detector at APS Sector 23 GM/CA-CAT at 100

K.

2.3 X-Ray Free-Electron Laser (XFEL) data

An attempt was made to improve the resolution of the diffraction data collection using the

XFEL source at Linac Coherent Light Source (LCLS) at Stanford University. Crystals were

tested using two sample delivery systems, namely the X-ray Pump-Probe (XPP) and the

Coherent X-ray Imaging (CXI) (DePonte et al., 2008) instruments. Cryo-cooled crystals

were used at the XPP instrument and warm microcrystals were used at the CXI instrument.

The goniometer-mounted cryo-cooled-crystal method on the XPP instrument was found to

be more useful because the amount of crystalline material was more limited. The beam size

at XPP was varied from 30 to 3 μm. The crystals had diameters varying from about 100 to

200 μm. About five different successful exposures could be made from different volumes of

a crystal when using a 30 μm beam diameter, but the crystal was completely annihilated

even after only one exposure using a 3 μm beam diameter. The Bragg reflections were better

defined using the smallest beam size. The resolution of the data at best was marginally as

good as that collected at the APS synchrotron. Data processing was problematic as the

procedures for limited data collections using XFEL radiation are still under development

(Hattne et al., 2014).

3. RESULTS

3.1 Data collection and processing

The baseplate crystals were extremely radiation sensitive. Only about twenty 0.5° oscillation

images could be collected before the diffraction patterns displayed obvious signs of

radiation damage. Different spots on the same crystal could sometimes be used with a beam

size of 100 × 50 μm for data collection (Table 1). All data were processed, scaled and post-

refined with the HKL2000 program (Otwinowski and Minor, 1997). The merged data was

scaled and post refined using the program HKL2000. Reflections with structure amplitudes

less than 0.8σ were omitted for all phase determinations. The value of Rsym and the resultant

scaled data showed that the crystals were hexagonal and belonged to space group P622 with

a=b= 469.7 Å, c= 457.1 Å. The final Rmerge for native and the Ta6Br12
2+ heavy atom

derivative were 21.6 % and 12.1 % to 4.0 Å and 6.8 Å resolution, respectively (Table 1). As

the crystals used for data collection were randomly orientated, the decline of completeness

of the data with increasing orientation was due to the high “temperature” factor of the

reflections.

3.2 Crystal packing

CryoEM images of the in vitro assembled baseplate shows a star-shaped particle with a

diameter of about 480 Å (Fig. 1). The expected diameter of the star-shaped baseplate is 610

Å (Leiman et al., 2004). However, the in vitro assembled baseplates are missing the

peripheral gp12 (short tail fibers) and gp11 proteins, suggesting that the in vitro assembled
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baseplate corresponds to the central portion of the star-shaped structure, which has a

diameter of about 480Å. As the a and b dimensions of the crystallographic cell are 469 Å-

long and since the crystals have hexagonal symmetry, there is a baseplate sitting on a 6-fold

crystallographic axis at the corners of the hexagonal unit cell, resulting in a two-dimensional

close packing of the baseplates.

The presence of 2-fold crystallographic axes parallel to a and b intersecting the 6-fold axis

will require two baseplates sitting on each 6-fold axis back-to-back. However, the thickness

of the star-shaped baseplate was previously reported to be only 120 Å (Leiman et al., 2004).

Thus, the two baseplates positioned on the 6-fold axis would have a total thickness of about

240 Å. Yet the unit cell length of the c axis is 457 Å, almost twice the expected length if

there were only two baseplates in the unit cell. Therefore, two additional baseplates must be

positioned on each 6-fold axis, rotated and perhaps inverted relative to each other giving a

total of four baseplates in the unit cell. With two crystallographically independent baseplates

in the crystal unit cell there must be the equivalent of two independent wedges per

crystallographic asymmetric unit. This was confirmed by calculating a rotation function

(Tong and Rossmann, 1990) (Fig. 2) that showed a non-crystallographic symmetry (NCS) 2-

fold axes perpendicular to the c axis at an angle of +3.8° and 30.0°+3.8° relative to the b*
axis. This also implied that the two independent baseplates were inverted (“back-to-back”)

with respect to each other. Hence, the baseplates stacked on each 6-fold axis are facing

alternatively up and down.

The calculated molecular weight of the in vitro assembled baseplate is 3.3 MDa. That gives

an unusually large Matthews coefficient of 8.8 Å3/Da corresponding to there being solvent

in 81 % of the unit cell volume. However, the molecular weight of an in vivo assembled

baseplate would be about 6.5 MDa, which would give a more reasonable Matthews

coefficient of 4.4 Å3/Da. Thus, omission of some of the proteins creates holes in the

baseplate which is probably the cause of the poor diffraction quality of the crystals.

3.3 Molecular Replacement

The in vitro assembled baseplate was assumed to have a similar structure as the star-shaped

conformation. The latter was, therefore, used as a molecular replacement search model. The

search model (Fig. 1c) was constructed from the independently determined partial structures

of trimeric gp10 ((Leiman et al., 2006), PDB ID code 2FKK), dimeric gp6 ((Aksyuk et al.,

2009), PDB ID 3H2T) and the complete structure of dimeric gp8 ((Leiman et al., 2003),

PDB ID 1N80), placed into the cryoEM density of the star-shaped baseplate ((Kostyuchenko

et al., 2005), EMDB ID EMD-1086). Missing from this model were the structures of gp7,

gp53, about two thirds of gp10, and about half of gp6, amounting to about two thirds of the

total mass of the in vitro assembled baseplate. Although no structures of gp7 and gp53 are

known, gp7 probably connects together some of the other proteins within a wedge and gp53

helps to associate the different wedges within the baseplate (Kikuchi and King, 1975d;

Kostyuchenko et al., 2003). An R-factor search was performed over reasonable limits for the

position of one of the two baseplates. The refinable search parameters were therefore the

model’s rotation about and translation along the c axis as well as the intersection of the NCS
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2-fold axis with the crystallographic 6-fold axis. However, no position and orientation of the

baseplate with convincingly low R-factor was found.

In view of this failure, an attempt was made to use the program PHASER (McCoy et al.,

2007) to solve the structure using not the whole baseplate but only one wedge. The initial

cross rotation function at 5.0 Å resolution gave 130 resolved peaks above the mean value.

The three top translation functions had Z scores of 9.7, 9.0 and 7.9. The first of these

solutions gave a reasonable packing result. The other solutions were discarded. When a

second wedge was added to the structure there was only one significant result that had a Z

score of 20.1. Operating with the crystallographic 6-fold axis on the position and orientation

of these two wedges generated two back-to-back baseplates similar to each other and to the

cryoEM derived baseplate structure (Leiman et al., 2004). Furthermore, these two baseplates

were related to each other by an approximate 2-fold NCS axis within 0.1° of that observed in

the self-rotation function. The R-factor of this solution was 55.9 %. Analysis of the

relationship between the two independent wedges showed that they were related by a

rotation axis with an orientation defined by the polar angles ψ=4.0°, φ=19.0° (Rossmann and

Blow, 1962). As the baseplates had been self-assembled in vitro and were related by a NCS

axis shown to be orthogonal to the crystallographic c axis by the rotation function, the

Phaser solution was adjusted to be based on a ψ=3.8° and φ=0.0° NCS axis. The distance of

the NCS axis from the origin along the c axis had to be at about 0.25c and was refined by the

program IMP (Jones, 1992) to minimize the density difference between NCS related

positions within the volume defined by a wedge.

The failure to solve the structure using the whole baseplate as a search model requiring only

three independent parameters, as opposed to the successful solution when using a wedge as a

search model with essentially 12 parameters, was likely due to changes in the structural

components that constituted the search model. This was also supported by the larger R-

factor (60.0%) obtained by using the model of the complete baseplate, as compared to the

55.9% R-factor using independent wedges as reported above.

Although phases could be calculated once the molecular replacement solution had been

determined, these phases would be biased by the assumption implicit in the construction of

the atomic model. Furthermore, the fraction of atoms whose position had been used in

constructing the phasing model was only about one third of the total number of atoms in the

baseplate assembly. Thus, the starting phase solution would be rather poor and strongly

biased by the known components of the baseplate. For this reason a Ta6Br12
2+ cluster

compound (Table 1) was used to help improve the phases in conjunction with NCS 2-fold

averaging and solvent flattening.

3.4 Phasing by isomorphous replacement, anomalous dispersion and NCS averaging

A difference electron density map between the Ta6Br12
2+ derivative and native data, using

the molecular replacement phases, showed that there were two peaks per crystallographic

asymmetric unit related to each other by the observed NCS 2-fold axis. These peaks were

about 9σ above the mean density, whereas the next highest peak was only 4σ high. The

heavy atom parameters were then refined with the MLPHARE program (Argos and

Rossmann, 1974) while combining the molecular replacement phases with the single
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isomorphous phases (Rossmann and Blow, 1961). Two additional low occupancy Ta6Br12
2+

sites were found during this process. One of these sites was situated on the 2-fold NCS axis.

The other site did not have a related 2-fold NCS site (Table 2). After convergence had been

reached, the anomalous dispersion Bijovet differences for the Ta6Br12
2+ data were included

in the refinement. Eventually joint phase probabilities of the molecular replacement phases

to 4.0 Å resolution, single isomorphous replacement phases to 6.7 Å resolution and

anomalous dispersion phases to 6.7 Å resolution were used to compute an improved electron

density map to 4.0 Å resolution. This map was improved using the Uppsala software factory

programs (Kleywegt and Jones, 1994; Kleywegt and Jones, 1996) and the CCP4 suite of

programs (Collaborative Computational Project, 1994) by iterative cycling while modifying

the electron density using 2-fold NCS averaging and solvent flattening within an envelope

defined by the cryoEM structure of the star-shaped baseplate for the proteins in the in vitro

assembled baseplate. The overall converged correlation coefficient and R-factor between the

observed amplitudes and the calculated amplitudes of the Fourier back transformed density

modified map were 0.70 and 0.21, respectively (Fig. 3).

In an attempt to assess the quality of the phasing provided by the “Cullis R factor” we can

compare the phasing power of Hg atoms in the determination of the structure of horse

oxyhemoglobin, where the Cullis R-factor was originally defined (Cullis et al., 1961), with

that of the Ta6Br12
2+ clusters in the present case. The “Cullis R factor” was about 0.8 for the

various heavy atom compounds used to determine the hemoglobin structure at 6.5 Å

resolution. In that case the mass of protein per asymmetric unit was about 32 kDa and the

heavy atom component was two Hg atoms (160 electrons) per asymmetric unit. Thus, the

protein mass per electron was about 200 Da/electron. Making a similar calculation for the

Ta6Br12
2+ clusters in the present case gives about 425 Da/electron. The Cullis R factor was

0.9 in the present case for a phase determination extending to about 4.5 Å resolution. Thus,

the slightly poorer Cullis R factor is readily justified by the far greater mass/electron.

3.5 Structure analysis

It was not possible to make a detailed structural interpretation of the resultant electron

density map. However, this was not surprising, considering that the data was less than 50%

complete beyond 5 Å resolution and the protein structures contained mostly β-strands with

only a few short α-helices. Therefore, the program EMfit (Rossmann et al., 2001) was used

to verify the orientation and position of the known structures (gp6, gp8, gp10) fitted as rigid

units into the electron density map. The best fit was determined for each of the known

structures in the baseplate using a complete three-dimensional search. Two good fits,

significantly greater than any of the next best fits, were found for the dimeric gp6 and gp8

proteins and three good fits were found for the trimeric gp10 protein (Table 3). Furthermore,

the center of mass of each of the oligomers superimposed on itself for the local 2- and 3-

fold related positions, demonstrating that the oligomer symmetry axis corresponded to the

local symmetry of the electron density map. However, these results might be merely the

result of biased phasing from molecular replacement.

In order to avoid model bias, a map was calculated based only on single isomorphous

replacement (SIR) and single wavelengths anomalous dispersion (SAD). First, this map was
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examined for the presence of the 2-fold NCS symmetry relating the two independent

baseplates to each other. A correlation map was calculated that determined the correlation of

the electron density within a small volume with the 2-fold NCS related density (Kleywegt

and Jones, 1999). Thus, the correlation should be higher for positions within the envelope

covering the volume occupied by the 2-fold NCS related baseplates. The resultant envelope

(Fig. 4a) corresponded roughly to the boundary that had been determined by the earlier

cryoEM studies (Fig. 4b).

The single isomorphous replacement and anomalous dispersion (SIRAS) phased map was

further examined by fitting the known proteins, using “sumf”, the average density of the

fitted atoms, as a measure of quality. The sumf values were significantly above noise level,

but less than when the molecular replacement phases had been included in the phasing

(Table 3). This map was then improved by cycles of averaging using the NCS 2-fold axis.

Fitting the three known proteins into the resultant map gave good fits, albeit not quite as

good as the map that had included the molecular replacement phasing (Table 3). However,

gp10 had a slightly worse fit than gp6 or gp8 suggesting that it might have changed its

structure slightly in the assembled baseplate relative to its independent crystal structure.

Nevertheless, these results verified the general correctness of the assumed structure as the

phasing was unbiased by any previous knowledge of the protein structures.

Further improvement could be made to the electron density maps by local 2-fold averaging

of gp6 and of gp8 as well as local 3-fold averaging of gp10, followed by iterative 2-fold

averaging refinement. This procedure improved the fitting of gp10 but reduced the quality of

fit of the gp6 and gp8 molecules. However, as mentioned above, gp10 started off with a

worse fit than the other two molecules, presumably because the structure of gp10 in the

baseplate is a little different than in the crystal structure. Thus, local 3-fold averaging

improved the quality of the map giving an overall better fit of the atomic crystal structure to

the map. In contrast gp6 and gp8 have not changed their structures as much. Thus, the

original fitting of gp6 and gp8 into the maps is better than gp10. However, when the maps

are further improved by local averaging, the difference between the atomic structure and the

maps is enhanced resulting in a loss of fitting quality.

In summary, it would appear that gp10 has some significant changes in structure when in the

baseplate as compared to its crystal structure, whereas gp6 and gp8 have some changes of

structure but these are much smaller. These observations are consistent with the observation

that gp10 (in the absences of gp11 and the folded short tail fibers, gp12) forms the periphery

of the baseplate and is therefore less restricted in its possible conformational changes. The

smaller changes of structure in gp6 are undoubtedly due in part to the clash between the

neighboring ends (Fig. 5) of the molecules that form an inner ring within the baseplate.

4. DISCUSSION

It is clear that at least some of the protein structures in the baseplate undergo small

perturbations when assembled into the baseplate. This is hardly surprising in view of the

large conformational changes that occur in the baseplate when bacteriophage T4 infects an

E. coli cell. However, to characterize these further and hence to be able to follow the
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pathway of the baseplate conformational changes, it will require a better resolved map. The

lack of higher resolution data is probably the result of intrinsic conformational flexibility

and hence lack of homogeneity of the baseplate. Crystal size was not a limitation and the use

of more intense X-rays provided by the Stanford University Linac Coherent Light Source

(LCLS) X-ray free electron laser did not improve the resolution limit of the baseplate

crystals. The quality of the map based on the calculated structure factors of the assumed

model can be seen in Fig. 6 at 5.0 Å and 4.0 Å resolutions. These “perfect” maps are

compared in Fig. 6c with the present, unbiased map based on isomorphous replacement,

anomalous dispersion and NCS averaging at 6.8 Å resolution. Although some α-helices can

be recognized, the β-sheet regions are still very poor. However, Fig. 6b shows that a

“perfect” map at 4.0 Å resolution would be sufficient to resolve the polypeptide chains.

Thus, if better phasing and more of the unobserved reflections could be measured, it should

be possible to obtain an interpretable map with the available crystals. This might be

achievable with one or more additional isomorphous heavy atom cluster derivatives and by

using a Pilatus type single photon counting detector for a greater signal-to-noise ratio in

measuring the less intense reflections.
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Fig. 1. CryoEM of in vitro assembled baseplates
The five recombinant wedge proteins (gp10, 7, 8, 6, and 53) self-assemble into a hubless

baseplate-like structure. The diameter of a particle is about 480 Å. (a) Top view and (b) side

view. Note that in (b) many of the particles can be seen stacking on top of each other in a

manner similar to their packing on the 6-fold crystallographic axis in the hexagonal crystals.

(c) The molecular replacement search model constructed from the independently determined

partial structures of trimeric gp10 (yellow), dimeric gp6 (beige) and the complete structure

of dimeric gp8 (blue), positioned into a wedge (outlined in green) of the star-shaped

baseplate (outlined in black) as determined from the cryoEM analysis of a T4 tail. The

center of the baseplate is indicated by a cross.
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Fig. 2. The κ=180.0° rotation function for the in vitro assembled baseplate
The non-crystallographic 2-fold axis (indicated by an arrow) is perpendicular to the c axis.

The function was calculated using 6 Å resolution data. The 10% of the reflections with the

largest intensities were used for calculating the comparison Patterson. The continuous

contours are at intervals of 250 starting at 250 arbitrary units of rotation function heights.

These show the position of the crystallographic 2-fold axes. The dashed contours are drawn

in intervals of 25 starting at a level of 25 and stop at 250 in units of height. These show the
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non-crystallographic symmetry axis at 30.0°+3.8°, relative to the b* axis and equivalent

symmetry related axes.
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Fig. 3. Comparison between observed and calculated structure factors
The final converged correlation coefficient (dashed line) and R-factor (solid line) between

the observed amplitudes and the calculated amplitudes determined by the Fourier transform

of the modified map are shown as a function of reciprocal resolution.
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Fig. 4. Segmentation of the crystallographic electron density map
(a) An NCS 2-fold symmetry correlation coefficient map of the Ta6Br12

2+ phased map. (b)

The molecular boundary (white shaded area) of the in vitro assembled hubless baseplate

based on the cryoEM model. The position of gp10 (yellow), gp8 (blue) and gp6 (beige) are

shown in (b).
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Fig. 5. Association of the proteins in the in vitro assembled baseplate
(a) The hexameric ring of the gp10 (yellow), gp8 (blue) and gp6 (beige) proteins, based on

the earlier cryoEM reconstruction of the star shape baseplate and the crystal structures of

trimeric gp10, dimeric gp8, and dimeric gp6, around the 6-fold crystallographic axis. A

wedge corresponds roughly to the green triangle. (b) There is a clash (black rectangle)

between neighboring ends (brown and beige) of the 6-fold related gp6 molecules when

fitting the independently determined crystal structures into the cryoEM density, indicating

that there are at least some small conformational differences in the crystal structures.
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Fig. 6. Map quality possibilities
Maps at different resolution limits were generated using calculated structure factors for all

observed and unobserved reflections assuming the EM based model. A temperature factor of

200 Å2 was used for this calculation, corresponding to the effective temperature factor of the

observed data (a) at 5.0 Å and (b) at 4.0 Å resolution. In (c) is shown the current, model

unbiased map calculated to 6.8 Å resolution based on isomorphous replacement, anomalous

dispersion and 2-fold NCS averaging using only the reflections greater than 0.8σ.
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Table 1

Crystallographic data collection statistics.

Data set Native Ta6Br12
2+(peak)

Wavelength (Å) 1.0332 1.2548

Space group P622 P622

Cell dimensions

 a, b, c (Å) 469.7, 469.7, 457.1 472.4, 472.4, 463.0

 α, β, γ (°) 90.0, 90.0, 120 90.0, 90.0, 120

Resolution (Å)a 4.00 (4.07-4.00) 6.80 (6.92-6.80)

Rmerge 0.216 (0.251) 0.121 (0.507)

I/σ (I) 4.5 (1.1) 6.2 (1.0)

CC½b (0.443) (0.103)

Completeness (%) 66.6 (5.3) 86.3 (21.0)

Completeness >90%, to resolution (Å) 5.40 8.00

Redundancy 9.2 (1.0) 3.0 (1.3)

Number of images 834 204

Number of reflection 1452299 135465

Number of unique reflection 162723 45212

a
Highest resolution shell is shown in parenthesis

b
Correlation coefficient between half-datasets
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