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The size and number of PSDLs remained unchanged after in-
cubation with polymerizing and subsequently depolymerized 
tubulin (Figure  1C), as did the particles in the tubulin prepa-
ration (Figure  1D). Most of the amorphous fragments derived 
from depolymerized MTs (indicated by thin and thick arrows 
in Figure S1C) disappeared after 30 min of cooling on ice, leav-
ing only a few residual amorphous structures (open arrows in 
Figure S1D), which differed from the PSDLs. PSDL structures 
maintained their characteristic meshwork- like configuration 
after interaction with polymerizing MTs (Figure  1E,F). Thus, 
changes to PSDL structures were minimal. The subtle alter-
ations observed may be attributed to protease- induced damage 
during long- term incubation at 37°C, despite the presence of a 
protease inhibitor cocktail in the blocking solution.

The presence of MTs on the PSDL- loaded grid membrane sug-
gests an interaction between PSDLs and polymerizing MTs. 
We then investigated to determine the presence or absence of 
an association between PSDLs and polymerizing MTs through 
EM during the early phase of polymerization (a few to several 
minutes after initiating MT polymerization). The extent of MT 
polymerization varied, even for samples on the same Formvar 
membrane. Particularly, during the early stages, there were 
sparse areas with shorter MTs and relatively dense areas with 
longer MTs on the same Formvar membrane. The former may 
have occurred during the very early stages of MT polymeriza-
tion. The observation of such early stage areas revealed a sig-
nificant association between short nascent MTs and PSDLs 
(Figure  2A- a). Thereafter, the number and length of MTs in-
creased, with the maintenance of their association with PSDLs 
(Figure  2A- b). These results suggest an interaction between 
PSDLs and polymerizing MTs.

Typical examples of MT ends formed in the absence or pres-
ence of PSDLs are shown in Figure  2B- a,b, respectively. Most 
MT ends were free of any structures when polymerized in the 
absence of PSDLs (Figure 2B- c). However, when MTs were po-
lymerized in the presence of PSDL, approximately 30% of the 
MT ends were associated with structures including possible 
PSDL and PSDL- like structures when observed 5 min after the 
initiation of polymerization (Figure 2B- c). The proportion of MT 
ends associated with PSDL and/or PSDL- like structures in the 
presence and absence of PSDLs in the total MT ends counted 
was 30.93 ± 6.68% and 0.77 ± 0.50% (mean ± SE), respectively 
(Figure 2B- c).

3.2   |   Structures Similar to but Distinct From 
PSDLs Were Present in the Purified Tubulin 
Preparations

Based on the presence of MTs on the PSDL- loaded grid mem-
brane (Figure 1) and the increased modification of MT ends in 
the presence of PSDLs (Figure 2), we further investigated this 
modification in greater detail using electron microscopy at 
higher magnification.

Identification of PSDLs in this study is based on their similar-
ity to the electron micrographs of purified PSDLs published 
previously (Suzuki et al. 2018; Suzuki et al. 2021). The purified 
PSDLs observed by negative staining EM appear to be molecular 

assemblies with numerous tiny, hair- like protrusions, which col-
lectively form a mesh- like structure inside. No specific structure 
is localized in any particular area. The diameter of the puri-
fied PSDL structures is approximately 300 nm. The negatively 
stained structure of purified PSDLs resembles those of isolated 
PSDs but is generally sparser than PSDs (Suzuki et  al.  2018). 
Negative staining images of purified PSD have been reported 
by another group with structures similar to those presented in 
this study (Lai et al. 1999; Lo et al. 2007; Sui et al. 2000). The 
negative- staining image of purified PSDs resembles the EM to-
mography images (Farley et al. 2015; Jung et al. 2023; Petersen 
et al. 2003; Swulius et al. 2010). Standard structures of PSDL and 
PSD observed in negative staining EM are typically displayed 
in Figure 3A, although the overall morphology of the purified 
PSDLs and PSDs shows variability.

Before a detailed investigation of PSDL- related structures, we 
examined the structures contained in the M116 tubulin prepa-
ration by EM. We investigated the two types of tubulin prepa-
rations, MAP- rich tubulin (ML116) and pure tubulin (T240), 
> 99% pure in SDS- PAGE, according to the manufacturer's data-
sheet (see also Figure 10A [both from Cytoskeleton Inc., Denver, 
CO, USA]). This examination is necessary because the M116 
tubulin preparation contained small particles (Figure 1B- a,D). 
The particles in the ML116 tubulin were amorphous, with some 
forming a mesh- like configuration, and mostly smaller than 
200 nm (Figures  1D and 3B). Structures with fine meshworks 
were present before and after the induction of MT formation 
(Figure  3B,C). The T240 tubulin preparation also contained 
structures composed of fine molecules (Figure  3E,F). It con-
tained a slightly higher proportion of 200 to 300 nm- sized struc-
tures compared to the M116 tubulin preparation (Figure 3D- d). 
These fine meshwork structures resemble PSDLs in overall 
appearance (Figure  3E). However, importantly, their internal 
structures differ (Figure  3; Figure  S2). Apparent PSDL- like 
structures were more frequently observed in pure tubulin prepa-
rations and were typically larger than those found in MAP- rich 
tubulin. The structures present in T240 tubulin before polym-
erization were retained during MT formation, along with addi-
tional structures (Figure 3) associated with the MTs. The broad 
distribution of tubulin immunoreactivity was confirmed in the 
PSDL- like structures present in the pure tubulin preparation 
(Figure S2D).

3.3   |   EM Observation of the PSDL Structures 
During Incubation With Polymerizing MTs

We investigated the potential interaction between PSDLs im-
mobilized on the EM grid and polymerizing MTs in the system 
described in Figure 1. We encountered difficulty in distinguish-
ing genuine PSDLs from PSDL- like structures derived from the 
tubulin preparation after mixing, in the observation using neg-
ative EM staining. This was although the number of PSDL- like 
structures with a size similar to that of genuine PSDLs is low 
in the ML116 tubulin preparation used for the interaction study 
(Figure 1D), and therefore, the likelihood of transferring these 
structures to the observed specimen is very low. Some PSDL 
structure may have changed during MT polymerization. In this 
article, structures that resemble PSDLs in both morphology 
and size including the original PSDLs, in the PSDL- loaded grid 
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incubated with polymerizing MTs are collectively referred to as 
“PSDL- like structures.”

Associations between PSDL- like structures and MTs were ob-
served at various regions of the MTs. Representative images 
of these associations are shown in Figure  4. Some PSDL- like 
structures were associated with only one end of the MT (single- 
end type), both ends of the MT (both- end type), or located at 

regions other than the ends (non- end type), while others were 
found near the MT ends (close- to- end type). Additionally, mul-
tiple PSDL- like structures and/or MTs were sometimes associ-
ated within a confined space (multiple- type interaction). The 
frequency of PSDL- like structure distribution on MTs is shown 
in Figure  4G. In this quantification, all PSDL- like structures, 
regardless of their degree of resemblance to the standard PSDLs 
shown in Figure 3a, were counted.

FIGURE 2    |    Interaction of PSDLs with MT ends. (A) Representative EM images clearly showing early stage interactions between polymerizing 
MTs and PSDLs. Both EM images were taken after MT polymerization at 37°C for 5 min. The polymerization stage was more advanced in (A- b) than 
in (A- a), as inferred from the length and the prevalence of polymerized MTs. Of note, relatively short MTs, possibly those just starting to elongate, 
were frequently associated with PSDLs in (A- a). Some MT ends connected to PSDL particles and those unconnected are indicated by arrows and 
open arrowheads marked with F, respectively, in (A- a). PSDL particles unconnected to MTs were widely distributed during the early stage of MT po-
lymerization (A- a). During the later stage (A- b), the MT network, which connects PSDLs, significantly developed. (B) Identification of the interaction 
between MTs and PSDLs at MT ends. MT ends were observed 5 min after the induction of MT polymerization in the absence (B- a) or presence (B- b) 
of PSDLs. Free MT ends and PSDL- associated MT end portions are indicated by open arrowheads marked with F and closed arrowheads, respec-
tively. The contact portion indicated by the arrowhead in (B- b) is magnified in Figure 5D- a,b. (B- c) Quantitation of MT ends associated with PSDLs 
or PSDL- like structures. Polymerization was carried out for 5–10 min in a droplet that was covered with a PSDL- laden EM grid or an unladen EM 
grid. The PSDL- laden Formvar membrane was blocked at both 37°C and 0°C, but the PSDL- unladen membrane was not blocked or blocked only at 
0°C. Negative- stained EM images were randomly taken at a 15 000× magnification, and both the free and PSDL- associated MT ends were counted. 
The percentage of the PSDL- associated MT ends was calculated from data obtained from three independent experiments, which included 179, 55, 
and 155 MT ends in the “tubulin alone” samples, and 162, 119, and 169 “tubulin+PSDL” samples. Significance was determined using Student's t test 
(two- tailed).
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