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SUPPLEMENTARY TEXT 

Helical reconstruction in the absence of de novo indexing 

Helical reconstruction relies upon de novo indexing and acquisition of helical 

symmetry parameters, a process that is labor intensive and not always readily achievable 

(1). As such, the current state of helical reconstruction methods very much resembles 

that of macromolecular X-ray crystallography several decades ago, specifically the 

requirement for experimental phase determination (2). Here we demonstrate that utilizing 

prior knowns from homologous structures can greatly accelerate the path to structure 

determination. More specifically, we have employed something akin to “helical molecular 

replacement” to obtain initial estimates for helical symmetry from homologous structures 

to kick-start our reconstructions (3, 4). This approach to helical reconstruction is similarly 

fraught with biases that can potentially yield false “solutions” for structure determination 

(5). As such, cross-validation metrics are essential to the pipeline we have employed 

here. The primary metric we have relied upon is the appearance of high resolution 

structural features in our final reconstructions that comport with known stereochemistry 

and other features of protein structure (Fig. 5B). Furthermore, we also confirmed that 

observed amplitude spectra from 2-D classification before application of helical 

reconstruction are qualitatively similar to those derived from projections of the 

reconstructed maps. (Fig. S5B). As an additional validation metric, we compared refined 

out-of-plane tilt values for all particle stacks that were used for reconstruction (Fig. S6). 

Refinement of the straightened FljK particle stack with likely incorrect symmetry gives a 

nonsensical map (Fig. S6A) with a pronounced bi-modal distribution of out-of-plane tilts 

values. Using this same analysis on the straightened FljK particle stack with our estimated 
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symmetry (Fig. S6B) returns a near gaussian distribution of out-of-plane tilt values, while 

the non-straightened FljK and FljK/L reconstructions are nearly gaussian with a small dip 

about the median (Figs. S6C,D), which is far less pronounced than that observed for the 

likely incorrect symmetry test case above (Fig. S6A). The small deviation from a gaussian 

distribution likely arises from the non-straightened nature of the corresponding filaments 

and therefore imperfect application of helical symmetry. 

Our ability to generate a reconstruction of a non-straightened FljK flagellum shows 

that conformational heterogeneity does not necessarily preclude structure determination 

of flagellar filaments by helical reconstruction methods, similar to recent work by Blum et 

al. (6). We note that map quality is globally degraded in the presence of conformational 

heterogeneity, and the “best” region of the map becomes more strongly restricted to the 

center of the reconstruction as conformational heterogeneity increases (Fig. 5C). 

Excessive conformational heterogeneity can make helical reconstruction impossible, and 

in such cases conventional single particle reconstructions must instead be utilized (7). 

However, the latter approach is typically only feasible for larger asymmetric units and, as 

expected, our attempts to use standard single particle methods on our filaments failed 

(data not shown) (5). 

In comparing our three reconstructions, it is apparent that the combination of 

compositional and conformational heterogeneity significantly impedes high resolution 

structure determination. For example, the non-straightened FljK and FljKL filaments 

exhibit similar curvature (Fig. 5A), yet only the compositionally homogeneous FljK 

filament yielded a three-dimensional map of sufficient quality to generate an atomic 

model. One possibility for the limitation of FljKL could be that the highly similar, yet 
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distinct, flagellin monomers are stochastically incorporated throughout the body of the 

filament, and as such the resulting numerous combinatorial possibilities preclude 

significant accumulation of any one single composition for averaging in silico. 

  



 5 

SUPPLEMENTARY FIGURES 

Supplementary Figure 1. Architecture of flagellins. A) Each monomer has N-terminal 
and C-terminal helices that make up the D0 domains at the center of the filament, a pair 
of adjacent helices that comprise the D1 domain, and between the D1 helices is an 
insertion region that is exposed to the surface of the filament. Shown here is the FljK 
flagellin. Post-translationally modified residues are depicted by yellow spheres and the 
N130S straightening substitution used in this work is shown by red spheres. B) 
Schematic of the C. crescentus FljK filament, with different colors for adjacent flagellin 
monomers. The 5-start and 11-start protofilaments are annotated in the image with 
dashed lines.  



 6 

 

 
Supplementary Figure 2. Adsorption kinetics of phage ϕCbK to C. crescentus strains 
with altered flagellin complements. Data points represent the natural logarithm of phage 
titer relative to the initial titer at time 0 [ln(Tt/Tt=0)]. 
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Supplementary Figure 3. Adsorption kinetics of phage ϕCbK to C. crescentus strains 
with point mutations in FljK. Data points represent the natural logarithm of phage titer 
relative to the initial titer at time 0 [ln(Tt/Tt=0)]. 
  



 8 

 

  



 9 

Supplementary Figure 4. Helical reconstruction in the Relion 3.1 framework. A) Example 
2-D classes. B) Representative amplitude spectra from initial 2-D classes. Although the 
spectra are not of sufficient quality for de novo determination of helical symmetry, the 
observed layer line spacing is consistent with a helical repeat that is similar to that in 
homologous flagellins of known structure (6, 8-10) (Fig. S5). C) Helical reconstruction 
using initial helical symmetry values from homologous flagellins. After generation of an 
initial model, the helical symmetry values are further refined to yield a high-resolution 
structure. Using this pipeline, the FljK-only flagellins give reconstructions in the low 3 Å 
resolution range, whereas the heterogeneous FljK/L flagellin is trapped at ~ 4.6 Å. D) 
Example command used for initial model generation in Relion 3.1. 
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Supplementary Figure 5. Comparison of amplitude spectra before and after helical 
reconstruction. A,B) Representative amplitude spectrum from a naïve 2-D classification 
is similar to that obtained from reconstructed maps after application of helical symmetry 
in Relion 3.1. In both cases, the observed repeat distance is ~ 56 Å. C) When viewed in 
a helical plot, the refined rise and twist from reconstruction gives a similar repeat distance 
of ~ 53 Å. D) Masked FSC curves for the three reconstructions presented here. 
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Supplementary Figure 6. Out-of-plane tilt analysis of helical reconstructions. Small red 
arrows denote threonine glycosylation sites observed in the higher resolution FljK maps 
(Fig. 5E). A) Deliberate application of likely incorrect helical symmetry during map 
reconstruction in Relion 3.1 returns a nonsensical map. Comparison of the resulting out-
of-plane tilt values for the refined particle stack shows a pronounced bi-modal distribution. 
B) In contrast, use of estimated helical symmetry from Relion 3.1 yields a map with clearly 
defined protein secondary structure and an out-of-plane tilt distribution that is 
approximately gaussian. C.D) A similar analysis on the non-straightened reconstructions 
of FljK with or without FljL shows a near gaussian distribution with a small central dip that 
likely arises from the non-straightened nature of these filaments, and therefore non-ideal 
application of helical symmetry about a linear helical axis in Relion 3.1. 
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