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Abstract:  15 
Microtubules are polymers assembled from ab-tubulin heterodimers. They typically display 
lateral a-a and b-b homotypic interactions, except at one region, called the seam, where 
heterotypic a-b and b-a interactions occur. Here, we decorated microtubules assembled in 
vitro or in cytoplasmic Xenopus egg extracts with kinesin-motor domains, and analyzed their 
lattice organization using dual axis cryo-electron tomography followed by segmented sub-20 
tomogram averaging. In both conditions, microtubules incorporated variable protofilament 
and/or tubulin subunit helix start numbers. While microtubules assembled in vitro displayed 
variable numbers of seams, those assembled in extracts displayed preferentially one seam. The 
seam location varied within individual microtubules implying the presence of lattice holes. Thus, 
the formation of discontinuous microtubule lattices is an intrinsic property of tubulin assembly, a 25 
process that is controlled in cells. 

 
One-Sentence Summary:  

Microtubules assembled from purified tubulin form discontinuous lattices, an intrinsic property 
strictly controlled in cytoplasmic Xenopus egg extracts. 30 
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Main Text:  
Microtubules are tubes of about 25 nm in diameter, which can reach several tens of micrometers 
in length. They are critically involved in a variety of functions including cell motility, cell 
compartmentalization, and cell division (1). They are commonly described to be made of 13 
parallel protofilaments that associate laterally with a ~0.93 nm longitudinal stagger so that the a 5 
and b subunits of the ab-tubulin heterodimer follow left-handed, three-start lateral helices 
around their wall (13_3 microtubules; Fig. 1A, top) (2). The lateral contacts between tubulin 
subunits are thought to be predominantly homotypic (a-a and b-b, B-lattice), except at one 
particular region that is made of heterotypic lateral interactions called the seam (a-b and b-a, 
A-lattice). Yet, a detailed analysis of microtubule lattice organization is still lacking. In 10 
particular, our knowledge of their structures in cells remains limited (3, 4). To address these 
issues, we decorated microtubules assembled in vitro from purified mammalian tubulin or in 
cytoplasmic Xenopus egg extracts with kinesin-motor domains that bind to b-tubulin (Fig. 1A, 
bottom), and analyzed their lattice binding pattern using cryo-electron tomography followed by 
sub-tomogram averaging. To this end, we specifically developed a novel segmented sub-15 
tomogram averaging (SSTA) strategy, which allowed us to investigate the structural 
heterogeneity of individual microtubule lattices. 
Microtubules were self-assembled in vitro from purified porcine brain tubulin for about one hour 
(fig. S1A) and kinesin-motor domains were added just before vitrification of the specimen grids 
into liquid ethane (fig. S1B, top). Cryo-electron tomograms were acquired using a dual-axis 20 
strategy (5) so that all microtubules could be analyzed independently of their orientation with 
respect to the tilt axes (fig. S1C, movie S1). We first processed entire microtubules present in the 
tomograms using a sub-tomogram averaging approach that retrieves small sub-volumes of about 
40 nm3 in size at every kinesin-motor domain position (i.e., every ~8 nm; fig. S2A) (6). The 
resulting 3D volumes clearly revealed the protofilament number and the organization of the 25 
kinesin-motor domains around the microtubule lattice (Fig. 1B, movie S2), and hence the 
underlying organization of their constituent tubulin dimers (Fig. 1B, bottom right).  
In agreement with previous studies (3, 7–9), we found that microtubules assembled in vitro from 
purified tubulin contained one or several A-lattice seams (fig. S3). However, we could frequently 
observe protofilaments with a much finer appearance where the kinesin-motor domain 30 
periodicity was partly or completely lost (Fig. 1C, movie S3). We hypothesized that the 
appearance of such aberrant protofilaments resulted from the averaging of regions containing 
kinesin-motor domain densities with regions falling in between. To explore this idea, we 
performed sub-tomogram averaging of short regions along microtubules (Fig. 1D-E, fig. S2B). 
Using this approach, we could confirm that these abnormal protofilaments originated from a 35 
mixture of regions with and without kinesin-motor domains, indicating an offset of at least one 
tubulin subunit along individual protofilaments in these regions (Fig. 1F). At the organizational 
level of the microtubule lattice, this result implies a change from one lattice type to another one 
within individual microtubules, and hence the presence of holes inside their walls. 
Next, we wondered whether the formation of lattice discontinuities was an intrinsic property of 40 
tubulin polymerization and if such microtubule lattice defects are also present in a cellular 
context. Decorating microtubules with kinesin-motor domains in cells remains challenging, since 
it involves removing of the cell membrane with detergents, adding kinesin-motor domains, and 
obtaining sufficiently thin specimens that can be analyzed by electron microscopy (3, 4). To 
overcome these difficulties and to allow the analysis of a large data set of cytoplasmic 45 
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microtubules, we took advantage of the open cellular system constituted by metaphase-arrested 
cytoplasmic Xenopus laevis egg extracts ((10); from here onwards referred to as “cytoplasmic 
extracts”). Cryo-fluorescence microscopy was used to optimize the density of microtubule asters 
onto electron-microscope grids (fig. S4A). Kinesin–motor domains were added to label-free 
extracts just before vitrification (fig. S1B, bottom) and specimens were imaged by dual-axis 5 
cryo-electron tomography (fig. S4B) followed by SSTA (Fig. 2A).  

The vast majority of the microtubule segments were organized according to a 13 protofilament, 
three-start helix in a B-lattice configuration with one single seam (fig. S5). Yet, lattice-type 
transitions were observed in six cases over the 64 microtubules analyzed. These transitions 
systematically involved a lateral offset of the seam by one protofilament (Fig. 2B). In addition, 10 
variations in protofilament and helix start numbers were also observed such as 12_2, 12_3, 13_4 
and 14_3 microtubule-lattice regions (Fig. 2C). Of note, the 12_2 and 13_4 microtubules showed 
a local dislocation in between two protofilaments (movie S6), which is likely a response to the 
excessive protofilament skewing present in these microtubules (11). The 12_2 microtubule 
contained two seams, while the 13_4 microtubules had no seams and hence were fully helical at 15 
the tubulin dimer level. These observations show that changes in protofilament and/or helix start 
numbers, as well as multiple seams and transitions in lattice types, occur within individual 
microtubules in a cytoplasmic environment. 

The results obtained so far revealed an unexpected heterogeneity of the microtubule lattice, both 
when assembled in vitro from purified tubulin and in cytoplasmic extracts. However, we found 20 
marked differences between the two conditions. First, microtubules in both systems show a range 
of protofilament and/or helix start numbers (Fig. 2D, left): While microtubules assembled from 
purified tubulin are predominantly 14_3 (64.9 %) and 13_3 (33.1 %), the vast majority of those 
assembled in cytoplasmic extracts are 13_3 (96.3 %). Second, in both cases B-lattice contacts 
predominate (Fig. 2D, middle left). However, a marked difference concerns the number of seams 25 
(Fig. 2D, middle right): It can be as high as seven in microtubules assembled from purified 
tubulin (fig. S3:MT13) and is mainly one in cytoplasmic-extract microtubules. Third, the number 
and location of seams varies within individual microtubules assembled from purified tubulin, 
with an average lattice-type transition frequency of 3.7 µm-1 (Fig. 2D, right), while it is only 0.1 
µm-1 in microtubules assembled in cytoplasmic extracts (p<0.0001, Mann-Whitney test). Finally, 30 
protofilament number and/or helix start number transitions were observed in both cases, but with 
no marked difference between microtubules assembled in vitro (0.10 µm -1) and those assembled 
in cytoplasmic extracts (0.07 µm-1; p=0.38, Mann-Whitney test). 
Changes in protofilament number, helix start number, and lattice types within individual 
microtubules imply the presence of holes within their lattices. Here, we have illustrated gaps of 35 
only one tubulin subunit, which is the minimum required to produce the lattice-type transitions 
observed in microtubules assembled from purified tubulin (Fig. 1F) and in cytoplasmic extracts 
(Fig. 2B). However, lattice gaps of a larger number of subunits are likely present, but seem to 
remain limited in size since we could not identify these holes in raw tomograms. The presence of 
holes within the microtubule lattice agrees with recent observations suggesting that tubulin dimer 40 
exchange is not restricted to microtubule ends, but also occurs within their wall (12). In a recent 
study, the lattice exchange rate of tubulin was compared to the protofilament-number transition 
frequency in microtubules assembled in vitro (13). It was shown that both frequencies increase 
with the microtubule growth rate. While it remains to be determined whether such a correlation 
can be made with lattice-type transitions, our results suggest that the main origin of tubulin 45 
lattice exchange sites are holes induced by such transitions.  
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Changes in lattice types along individual microtubules could result from an imperfect annealing 
of shorter microtubules, a process known to occur in vitro (14). Yet, the high lattice-type 
transition frequency observed with purified tubulin would necessitate annealing of very short 
segments, a few tens to hundreds of nm in length. The average lattice-type transition frequency 
observed in cytoplasmic extracts could be compatible with annealing of microtubules a few µm 5 
in length. However, the fact that these transitions involved systematically a lateral seam offset of 
only one protofilament suggests a firm regulatory mechanism. Hence, a more plausible 
explanation is that these lattice discontinuities are formed during microtubule assembly (Fig. 3, 
movie S7). At present, all models of microtubule elongation hypothesize that tubulin engages 
either uniquely longitudinal interactions (Fig. 3A, step 1), or both longitudinal and lateral 10 
interactions with the growing tip of microtubules (Fig. 3A, step 2) (15). A purely longitudinal 
elongation process (16) can hardly explain how microtubules can vary in terms of protofilament 
and/or helix start numbers as well as in lattice types, and thus how holes can arise during 
assembly. Conversely, to account for the presence of holes of one or a few subunits in size, it is 
sufficient to consider that tubulin can also engage lateral interactions without longitudinal ones 15 
(Fig. 3A, step 3). Gaps of an odd number of tubulin subunits will induce lattice-type transitions 
(Fig. 3A, step 4-5), while those of an even number will induce no changes (Fig. 3B) and thus 
will not be directly detected by our analysis unless they are of sufficient size to diminish the 
overall density of the kinesin–motor domains in sub-tomogram averages. Hence, since both types 
of events are likely to occur, we may underestimate the presence of holes by at least a factor of 20 
two. In addition, a finer sampling of the microtubule lattice with shorter segments could also 
reveal a much higher hole frequency. Formation of lateral contacts without longitudinal ones at 
the seam region can also explain how the seam can vary in position by one protofilament (Fig. 
3C), since this only requires that a tubulin dimer engages homotypic lateral interactions at the 
seam region (Fig. 3C, step 2). This event will also leave a gap of an odd number of subunits 25 
within the microtubule lattice (Fig. 3C, steps 3-4). 

Our current view of microtubules organized according to a perfect pseudo-helical B-lattice 
interrupted by a single A-lattice seam must be revised. This is definitely the case for 
microtubules assembled from purified tubulin and has profound consequences for the 
interpretation of biochemical, biophysical, and structural results. For instance, 3D reconstruction 30 
studies will have to take into account the heterogeneity of the microtubule lattice to reach higher 
resolution (7). The lattice organization of cytoplasmic-extract microtubules is more in agreement 
with the B-lattice, single seam model. However, exceptions are also observed such as changes in 
protofilament and/or helix start numbers, as well as in the location of seams within individual 
microtubules. Therefore, our results suggest that the formation of heterogeneous microtubule 35 
lattices is an intrinsic property of tubulin polymerization, which is firmly regulated in cells. One 
key regulatory factor could be the g-tubulin ring complex (gTuRC), which imposes the 13 
protofilament organization to a nascent microtubule (17). But how this structure is preserved 
during microtubule elongation remains unclear, especially if one considers a two-dimensional 
assembly process where the lattice can vary in terms of protofilament number, helix start 40 
number, or lattice type during elongation. Proteins of the end-binding (EB) family are other good 
candidates that could play a key role in regulating microtubule structure during assembly in cells. 
They interact with the tip of growing microtubules and bind in between protofilaments that are 
organized according to a B-lattice (18); they thus may favor the formation of homotypical lateral 
interactions during assembly. In addition, EBs have been shown to induce the formation of 13 45 
protofilament, three-start helix microtubules (19), which could also be forced to adopt a 
preferential B-lattice organization. Conversely, microtubule polymerases like XMAP215, which 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.14.452321doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.14.452321
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

5 
 

act at growing microtubule ends (20) may favor lattice heterogeneities. It remains to be 
determined whether the concerted action of different microtubule growing-end binding proteins 
regulate microtubule structure and dynamics in cells (21). 
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Fig. 1 Microtubules assembled from purified tubulin contain several seams whose number 
and location vary within their lattices. 

(A) Organization of tubulin within microtubules. Top: ab-tubulin heterodimers (a in cyan, b in 
yellow) alternate head-to-tail along protofilaments, 13 of which associate laterally to form the 
microtubule wall. The lateral association of the a- and b-tubulin subunits describe a left-handed 5 
three-start helix around the microtubule wall. They form preferentially homotypic B-lattice 
lateral interactions, except at one region, called the seam, where A-lattice interactions occur. 
Bottom: Decoration of microtubules with kinesin-motor domains (orange) highlights the tubulin 
dimer lattice. (B) Average of a 1390.4 nm long 14_3 microtubule assembled in vitro from 
purified tubulin and reconstructed in 3D by sub-tomogram averaging (fig. S3, MT3, movie S2). 10 
Top: Views turned 90° around the Y-axis. Yellow spheres have been placed onto the kinesin-
motor domain densities and cyan spheres in between. They follow the left-handed, three-start 
helix of the microtubule lattice. A kinesin-motor domain is juxtaposed laterally to a lack of 
density along the three-start helix at the seam, producing a characteristic zig-zag pattern. Bottom: 
Top view of the volume (left), sphere model turned 45° around the X-axis (middle left), flat 15 
representation of the model (middle right), and 3D model of the underlying tubulin dimer lattice 
(right). The stars (*) highlight the same protofilament in each representation. (C) Average of a 
1327.2 nm long 13_3 microtubule (fig. S3, MT5, movie S3) displaying two aberrant 
protofilaments (*), and two adjacent seams (arrows in the -30° view). Red spheres have been 
placed on top of the aberrant protofilaments. (D) Segmented sub-tomogram averaging of the 20 
microtubule in (C). The microtubule has been divided into 4 segments 331.8 nm in length, and 
sub-tomogram averages have been performed on each segment (S1 to S4). The two aberrant 
protofilaments in (C) are well resolved in S1, S3 and S4, while they still display an aberrant 
shape in S2. The lattice organization of these protofilaments must be offset by at least one 
tubulin subunit between S1 and S3. Hence, S2 constitutes a transition zone where kinesin-motor 25 
domain densities and absence of densities have been averaged. (E) Flat representation of the 
lattice organization within segments S1 to S4. S1 contains 5 seams while S3 and S4 contain 3 
seams (arrows). Two lattice type transitions occur between S1 and S3, and S4 contains an 
aberrant protofilament (movie S3). A finer segmentation of the microtubule at 165.9 nm revealed 
an additional lattice-type transition in this region (fig. S3, MT5, between segments S5 and S7). 30 
(F) Lattice organization of S1, S2 and S3. Holes (red stars) of a minimum size of one tubulin 
subunit (or an odd number) must be present in segment S2 to account for the offset in lattice-type 
organization between S1and S3. Dark arrows point to seams, and red arrows in S2 to lattice-type 
transitions. 
 35 
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Fig. 2 Microtubules assembled in Xenopus egg cytoplasmic extracts contain preferentially a 
unique seam whose location varies within their lattices. 

(A) Top left: Sub-tomogram averages of five 310.8 nm long segments of a 13_3 microtubule 
(original length 1628 nm, movie S5). S4 contains an aberrant protofilament (*), and the seam 
(arrow) moves laterally by one protofilament from S3 to S5. Top right: flat representation of the 5 
five segments. Bottom: Sub-tomogram averages of 148 nm long segments. The microtubule has 
been segmented into 11 segments (fig. S5, MT2). Only S7 to S10 are shown, corresponding to a 
region that encompass S3 to S5 in the 310.8 nm segmentation. The lattice-type transition occurs 
from S8 to S9, and no aberrant protofilament is seen with this finer segmentation. (B) 3D models 
of the tubulin lattice before (left), during (middle) and after (right) the transition. The lateral 10 
offset in seam position requires a longitudinal offset of a minimum of one tubulin subunit to 
account for the lattice-type transition observed in (A). (C) Microtubules with different 
protofilament and/or helix start numbers (movie S6). Left: 12_2 with two seams (fig. S5, MT9). 
Middle left: 12_3 with a unique seam (fig. S5, MT32). Middle right: 13_4 with no seam (fig. S5, 
MT7). Right: 14_3 with one seam (fig. S5, MT32). (D) Comparison between microtubules 15 
assembled from purified porcine brain tubulin or in cytoplasmic extracts (grey bars: porcine 
brain microtubules, dark bars: cytoplasmic-extract microtubules). Left: Microtubule types. 
Middle left: Percentages of A- and B-lattices. ND: not determined. Middle right: Percentage of 
seam numbers. Right: Lattice-type transition frequency. Short microtubules with less than four 
segments were excluded from the analysis. Comparison was performed using the Mann-Whitney 20 
test (p<0.0001). 
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Fig. 3 Molecular mechanism underlying microtubule-lattice heterogeneity. 
Illustration of the different modes of tubulin association with microtubule growing ends. Red 
dots indicate new interactions. (A) Formation of multiple seams. 1) Unique longitudinal 
interaction. 2) Combined lateral and longitudinal interactions. 3) Unique lateral interaction 
between one a-tubulin subunit of an incoming tubulin dimer and a b-tubulin subunit at the tip of 5 
the growing microtubule. 4-5) Incorporation of the lattice-type transitions inside the microtubule 
wall during microtubule elongation. Two A-lattice seams have been formed (fine arrows). (B) 
Incorporation of a tubulin dimer gap without change in lattice type organization. 1) Homotypic 
lateral interaction of an incoming tubulin dimer without longitudinal interaction. 2-5) 
Incorporation of a tubulin dimer gap inside the microtubule lattice. (C) Lateral offset of the seam 10 
by one protofilament during elongation. 1) Unique longitudinal interaction. 2) Homotypic 
interaction of an incoming dimer at the seam region without longitudinal contacts. 3-4) 
Incorporation of a lattice-type transition inside the microtubule wall. The seam has moved 
laterally by one protofilament (4), a situation systematically encountered in cytoplasmic Xenopus 
egg-extract microtubules. 15 
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