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Tripeptidyl peptidase II (TPPII) is a eukaryotic protease acting
downstream of the 26S proteasome; it removes tripeptides from
the degradation products released by the proteasome. Structural
studies in vitro have revealed the basic architecture of TPPII, a twostranded linear polymer that assembles to form a spindle-shaped
complex of ∼6 MDa. Dependent on protein concentration, TPPII
has a distinct tendency for polymorphism. Therefore, its structure
in vivo has remained unclear. To resolve this issue, we have scrutinized cryo-electron tomograms of rat hippocampal neurons for
the occurrence and spatial distribution of TPPII by template matching. The quality of the tomograms recorded with the Volta phase
plate enabled a detailed structural analysis of TPPII despite its low
abundance. Two different assembly states (36-mers and 32-mers)
coexist as well as occasional extended forms with longer strands.
A distance analysis of the relative locations of TPPII and 26S
proteasomes confirmed the visual impression that these two
complexes spatially associate in agreement with TPPII’s role in
postproteasomal degradation.
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he ubiquitin-proteasome system (UPS) is the main pathway
of intracellular protein degradation in eukaryotic cells (1). In
the UPS, the 26S proteasome, a 2.5-MDa multisubunit complex,
degrades ubiquitylated proteins into oligopeptides with a size
range of 4–25 residues (2, 3). The oligopeptides released by
the 26S proteasome are further degraded by postproteasomal
proteases (4, 5). One of the postproteasomal proteases that degrades oligopeptides longer than 15 residues is tripeptidyl peptidase II (TPPII) (6, 7). TPPII is a cytosolic serine protease of
the subtilisin class (8) with an exopeptidase activity that removes
tripeptides from free N-termini of peptides (9). TPPII has also
been reported to be endowed with endopeptidase activity, but
this activity is very low compared with its exopeptidase activity
(10). Previously, only unfolded peptides had been reported to be
degraded by TPPII (11). Tripeptides produced by TPPII are
thought to be hydrolyzed further by an array of aminopeptidases
(12). In addition to protein turnover, a role in MHC class 1 antigen presentation has also been proposed as one of the cellular
functions of TPPII, but is still a subject of some controversy [for
a review see Rockel et al. (11)]. A membrane-associated version
of TPPII functions as a neuropeptidase inactivating the satiety
hormone cholecystokinin-8 (CCK-8) by degrading into CCK-5 in
the rat brain (13).
Structural studies of isolated and purified TPPII revealed the
existence of large (∼6 MDa) spindle-shaped complexes comprising two linear arrays of 20 monomers each in Drosophila
melanogaster (14) and 18 monomers each in Homo sapiens (15).
High-resolution structures of Drosophila TPPII (16) and human
TPPII (15) have been obtained by hybrid approaches combining
X-ray crystallography and EM single-particle analysis. The basic
building block is a dimer with a hemispherical catalytic chamber;
two dimers need to become stacked together to form a full and
active catalytic chamber. In biochemical experiments it was
shown that the activity of TPPII dimers with different stacking
numbers increases with increasing lengths of the TPPII strands
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(17). Although the terminal contacts of two strands within a
spindle, termed the “double clamp” (14), stabilize the spindle
form to some extent, TPPII is nevertheless a linear protein
array, which shows the expectable dependence of strand length
on concentration. Thus, single or double strands can extend to
beyond 10 dimeric subunits per strand at high protein concentrations, and, conversely, spindles can decay into smaller
oligomers at lower concentrations. Because TPPII complexes
previously have not been characterized in vivo, the actual assembly state of this complex in cellular environments has
remained unknown.
Cryo-electron tomography (CET) has unique potential to visualize macromolecules and supramolecule structures in situ
under near-native conditions with spatial resolutions in the low
nanometer range (18). The Volta phase plate (VPP) has been
developed to improve the signal-to-noise ratio of cryo-electron
microscopic images (19). By using the VPP in CET, molecular
features in plunge-frozen primary cultured neuronal cells can be
visualized (20). The improvement in image contrast by the VPP
enables in situ structural studies of macromolecular complexes
such as proteasomes and ribosomes (21, 22). Furthermore, it
allows the spatial distribution of these macromolecular complexes in cells to be analyzed with nanometer precision and
without the need of labeling (21, 22). Here, we scrutinized
existing tomograms of rat primary cultured neuronal cells (21)
by template matching for the occurrence and location of
TPPII. A detailed structural analysis of TPPII was achieved by
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reference-free subtomogram averaging. The spatial relationship
of TPPII and 26S proteasome particles was evaluated by a distance
analysis.
Results
Detection of TPPII Complex in Situ. TPPII is a low-abundance
protein (11), but it has been reported that brain tissue has a
higher TPPII activity than most other tissues (13). A tomographic dataset of primary cultured hippocampal neuronal cells
comprising a total of 70 tomograms was therefore subjected to
an in-depth analysis focused on TPPII.
Fig. 1A shows a representative tomographic x–y slice from a
tomogram of a neuronal cell. A horizontally oriented TPPII
particle can be discerned by visual inspection (Fig. 1A, top red
square) as well as a vertically oriented one (Fig. 1A, bottom red
square). The latter is, moreover, in close proximity to a singlecapped 26S proteasome (Fig. 1A, black arrow). The two TPPII
particles (spotted here directly in their cellular environment) are
distinctly spindle-shaped and resemble the structures observed
in vitro (14, 15). To further analyze the in situ structure of the

TPPII complex, a combination of data mining by template
matching and subtomogram averaging was used.
For an initial analysis, the searches for TPPII particles were
performed with a 36-mer template derived from the human TPPII
structure. To avoid template bias, the center of the matching
volume was removed (Fig. S1A). The averaged particles were then
classified into longer and shorter complexes. Subsequently, a
32-mer template was used in addition to the 36-mer template for
optimizing the detection of shorter TPPII complexes.
Template matching for TPPII complexes in each tomogram was
carried out as shown in Fig. S1B. The TPPII complexes marked by
red squares in Fig. 1A were detected by template matching. Consecutive slices of horizontally and vertically oriented TPPII complexes from unbinned subtomograms with low-pass filtering to 25 Å
are shown in Fig. 1 B and C, respectively. In total, the searches
performed with 36-mer and 32-mer templates identified 93 TPPII
particles in 70 tomograms. Twenty-eight tomograms contained no
TPPII particle at all (Fig. S2). For comparison, ∼2,000 26S proteasome particles were detected in the same dataset. This indicates that,
in neurons, proteasomes are ∼20 times more abundant than TPPII.

A

B

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

C

D

E

Fig. 1. Detection of TPPII in situ. (A) Representative tomographic x–y slice from a tomogram of a neuronal cell (four times binned). A horizontally oriented
TPPII complex (top) and a vertically oriented TPPII complex (bottom) are indicated by red squares. The latter is, moreover, in close proximity to a single-capped
26S proteasome (black arrow). (B and C) Consecutive slices (with an interval of five slices) of horizontally and vertically oriented TPPII complexes from
unbinned subtomograms low-pass filtered to 25 Å are shown corresponding to the TPPII particles in A (red squares). (D and E) “Extended” TPPII complexes
with either one or both strands longer than in the 32- or 36-mer assemblies are shown. White arrows point at the two-strand part in extended TPPII complexes. (Scale bars: 200 nm in A; 50 nm in B and C; and 100 nm in D and E.)
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TPPII particles were located mainly in the cytosol, often near
microtubules or the smooth endoplasmic reticulum, but we
never observed TPPII in direct association with membranes. In
a few tomograms with either one or both strands longer than in
the 32- or 36-mer assemblies, TPPII complexes were detected
(Fig. 1 D and E).
Subtomogram Averaging of TPPII Complex. For a detailed structural
analysis of the identified TPPII complexes, we used subtomogram averaging (Fig. S3A). A sphere was used as a starting model
for the first alignment by fast rotational matching (FRM) to
avoid a potential reference bias (Fig. S4A) (23). After only five
iterations, the distinct spindle shape of the TPPII complex
emerged. However, further iterations did not improve the
resulting structure (Fig. S4A). Therefore, we refined the particle
position for each particle before unbinned reconstruction. As in
the initial processing/alignment step, averaging of recentered
particles was carried out by FRM using a sphere as a starting
model (Fig. S4B). Recentering of the particle positions improved
the quality of the obtained structure dramatically (Fig. S4).
The obtained TPPII structure is double-stranded and spindleshaped and shows nine handles on each side of the strands (Fig.
2A, single asterisk). Small protrusions are resolved, which correspond to an insertion of the catalytic Asp and His residues
(DH insert) (Fig. 2A, double asterisk). The resolution of the final
map was evaluated by calculating the Fourier Shell Correlations
(FSC) with the “gold standard” method (24) and additionally
with an external reference (EMD-2036, Fig. S5). According to
the gold standard method, resolution was 26.4 Å (0.143 criterion), and comparison with an external map yielded a resolution
of 27.7 Å (0.5 criterion).
Classification of TPPII Complex. To further investigate structural
variations of TPPII in situ, we classified all particles with a mask
focusing on both tips and obtained a total of six classes (Fig. 3A
and Fig. S6) (25). The comparison of the length of the classified
structures showed that four classes (1, 4–6) are longer than the
other two classes (2, 3) (Fig. S6). Of 93 particles, 81 particles
(87%) belong to the longer structure class and only 12 particles
(13%) to the shorter one (Fig. 3B).
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To obtain averaged maps for both subsets, particles were
aligned and processed as previously described (Fig. S3B). Due to
the small particle number in subset 2 (shorter structure class) the
gold standard method could not be used. The map obtained from
subset 1 (longer structure class) yielded a similar structure as the
sum of all particles (Fig. 3C). In the averaged map of subset 1,
not only handles but also DH inserts are apparent. The map with
nine handles in one strand (longer class) was assigned to a TPPII
36-mer. In the averaged map from the shorter class only eight
handles per strand were visible (Fig. 3D); therefore, this structure was assigned to a TPPII 32-mer. The lower resolution map
of the 32-mer lacks features such as the density corresponding to
the DH insert. The structural differences between these two
subsets of 36-mer and 32-mer complexes are displayed in an
overlay map (Fig. 3E) clearly revealing the missing dimer in each
strand for the 32-mer structure (Fig. 3E, arrows).
Spatial Relation Between TPPII and 26S Proteasome. As mentioned
before (Fig. 1A, black arrow), 26S proteasome particles are occasionally found in close proximity to the TPPII complexes.
Representative subtomograms showing 26S proteasomes localized near TPPII are displayed in Fig. 4 A and B. To determine
whether such a close proximity can be attributed to colocalization, we analyzed the spatial relationship between these two
protease complexes.
The measured distances between all TPPII particles and all
26S proteasomes were compared with the distances between
random points equaling the amount of TPPII particles and 26S
particles (Fig. S7). For the latter, 1,000 simulations were computed to estimate the variations among the simulated distances.
The positions were calculated inside a mask derived from segmented cells. As the occupiable volume can be further reduced
by objects inside the cells, such as vesicles and filaments, the
simulations were also carried out with reduced masks (Fig. S8).
The masks with 6% volume reduction agreed best with the
measured distances (Fig. S8, black arrow). Therefore, the 6%
mask reduction was used for further analysis. The overlay of
measured and simulated histograms indicates that distances
closer than ∼110 nm are out of the range of 3σ SD (P values of
the first two bins are 0.002 and 0.001, respectively) (Fig. 4 C and
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Fig. 2. In situ structure of TPPII. Structure of the TPPII complex after subtomogram averaging. Isosurface representation of the in situ TPPII structure with
B-factor applied is shown in three different views: (A) “dumbbell view,” (B) “navette view,” and (C) “top view.” The obtained TPPII structure is double-stranded
and spindle-shaped and shows nine handles on each side of the strands (single asterisk). Small protrusions are resolved, which corresponds to an insertion of
the catalytic Asp and His residues (DH insert highlighted by the double asterisk).

4414 | www.pnas.org/cgi/doi/10.1073/pnas.1701367114

Fukuda et al.

A

B 90

N=93

80

C

TPPII 36-mer

D

TPPII 32-mer

E

Overlay

60
50
40

87%

30
20

0

13%

10

TPPII TPPII
36-mer 32-mer

Fig. 3. Classification of TPPII. (A) Classification of all TPPII particles with a mask focusing on both tips. (B) Histogram shows the distribution of the two main
subsets: longer structure class corresponding to the TPPII 36-mer and shorter structure class to the TPPII-32 mer. (C) Isosurface representation of the subtomogram average for the longer structure class (TPPII 36-mer, blue) and the corresponding central slices from the density maps are shown: Left two images
are the dumbbell view and the Right two images are the navette view of the TPPII 36-mer. (D) Isosurface representations and central slices from the density
maps of the TPPII 32-mer (orange) are shown: Left two images are the dumbbell view and Right two images are the navette view. (E) Overlay map of both
structures showing the structural differences. The isosurface of the TPPII 36-mer is shown transparently (light blue), and the TPPII 32-mer is shown as a solid
(orange). Black arrows indicate the missing dimer in each strand for the 32-mer structure.

D and Fig. S8). A distance of ∼110 nm is roughly equivalent to
twice the length of the TPPII 36-mer (∼110 nm). Therefore, a
distance range of 110 nm was applied as a threshold for a spatial
association between TPPII and 26S proteasome.
Within the distance range of 110 nm from each TPPII particle,
a total of 70 26S proteasome particles were detected. Some
TPPII particles spatially associated with more than one 26S
proteasome. The ratio of 36-mer to 32-mer assemblies that associate with the proteasome is the same as the ratio of 36-mer to
32-mer of all TPPII particles after classification. In total, 50% of
the TPPII particles associated with 26S proteasomes whereas
only 7% of proteasome particles associated with TPPII.
To investigate further what might mediate the spatial association, the subtomograms were surveyed by visual inspection (an
example is shown in Fig. S9). No direct physical contacts or
connectors between TPPII and 26S proteasome were observed in
the available subtomograms. Moreover, there is no evidence that
there is a preferred angular orientation between TPPII and the
26S proteasome particles (Fig. 4 A and B, bottom row, and
Fig. S9).
Discussion
Previous structural studies in vitro have established the molecular architecture of the giant TPPII complex. Linear arrays of
dimers form twisted strands that pair to form a spindle-shaped
∼6-MDa supercomplex that is stabilized by interactions between
the terminal dimers (the double clamp) (14). The active sites are
Fukuda et al.

sequestered from the environment in “catalytic chambers” inaccessible for folded proteins (16). This basic architecture is
conserved among eukaryotes from fission yeast to humans.
There are, however, species-specific variations in the number of
dimers per strand: In Drosophila, the dominant form of assembly
comprises 10 dimers per strand (hence it is a 40-mer), and in
humans it is 9 dimers per strand (hence it is a 36-mer). The
in vitro studies have shown that these well-defined assemblies
exist only in the concentration window of 0.030–3 mg/mL (17).
At higher protein concentrations, the dimer strands tend to
grow, yielding polymorphic assemblies; at lower concentrations,
the complex disassembles into oligomers.
Therefore, the question arises, what is the assembly state of
TPPII in vivo? CET with the VPP allowed us to address this
question by examining rat hippocampal neuronal cells cultivated
on EM grids. Given the fact that TPPII is a low-abundance
protein in most tissues, a large number of tomograms (70 tomograms) had to be taken and searched by template matching for
TPPII particles. The total detected number of TPPII molecules
(93 particles) appears to be quite low compared with the total
detected number of the 26S proteasome (∼2,000 particles) in the
same dataset. At a glance it is surprising that the molar ratio of
the two complexes that are supposed to process substrates sequentially is ∼1:20. However, one has to keep in mind that a
TPPII 36-mer contains 32 catalytic chambers, allowing the processing of substrates in parallel, whereas each 26S complex
harbors only a single catalytic chamber.
PNAS | April 25, 2017 | vol. 114 | no. 17 | 4415
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Fig. 4. Spatial association between TPPII and 26S proteasome. (A and B) Representative subtomograms containing TPPII particles colocalizing with 26S
proteasomes. (Left column) Top-view particles. (Right column) Side-view particles. (Top row) Slices through the corresponding subtomograms and (Middle
row) their isosurface representations. (Bottom row) The relative orientation of TPPII and 26S proteasome particles (averaged structures are used for better
visualization). Red arrows point at TPPII, and black arrows point at the nearest 26S proteasomes. Dashed-line circles indicate the distance range for a single
TPPII particle with a 55-nm radius (light blue) and twice the particle length with a 110-nm radius (dark blue). A and B indicate independent subtomograms.
(C) Histogram of distances between TPPII and 26S proteasomes displaying the measured distances (blue line) and simulated distances (red line). The simulated
distance distribution for random coordinate points include error bars that were obtained by calculating the mean and SDs for all 1,000 simulations (error bars
refer to ±3σ SD). (D) Enlarged histogram area from C (dashed-line box). The dashed lines mark the 55 nm for a single TPPII particle length (light-blue dashed
line) and the 110 nm for twice the particle length (dark-blue dashed line). (Scale bar: 50 nm.)

Even though the total number of TPPII particles was quite
limited (93 particles), the quality of the tomograms recorded
with the VPP was such that very satisfactory medium-resolution
(∼25 Å) structures could be obtained, allowing the establishment
of not only the in vivo structure of TPPII, but also some variations of this structure. In the rat hippocampal neuronal cells,
spindle-shaped 36-mers are the dominant species (87%), but
shorter 32-mers were also observed (13%). A minimum of eight
dimers per strand might be required for forming stable twostrand assemblies (15). Obviously, the crowding in the cellular
environment is such that the formation of large assemblies
(32-mers or larger) is favored. The quality of the primary data
allowed us to identify by visual inspection individual extended
forms with longer single strands, similar to those found in in
vitro experiments.
Often TPPII complexes are found in the close neighborhood
of 26S proteasomes. Although the number of detected TPPII
particles is not very large, our distance analysis shows that such a
spatial association is significant. The detected 26S proteasome
4416 | www.pnas.org/cgi/doi/10.1073/pnas.1701367114

number in the distance closer than ∼110 nm from TPPII is
clearly above the random distribution (3σ; P values of the first
two bins are 0.002 and 0.001, respectively) (Fig. 4D and Fig. S8).
Of course, simulations rarely recapitulate reality entirely. Our
result, however, suggests that “degradation hot spots” exist that
facilitate the sequential degradation of substrates (Fig. 5). The
questions arising from this observation are obvious: (i) What
holds such membrane-less compartments together? and (ii) What
are the signals for targeting the molecular players involved in such
degradation centers?
One possibility would be that molecules exist that act as
tethers or connectors linking the TPPII and proteasomes together. Given the quality of the primary data, we would expect to
see such tethers if they exist. However, we never found any, and,
moreover, the relatively large variations in spatial proximity
make their existence unlikely. An affinity, even a weak one between the 26S proteasome and TPPII, might be sufficient to
achieve some colocalization. Another possible explanation for
the phenomenon is cytosolic compartmentalization by phase
Fukuda et al.

in crowding and thereby to visualize and map such compartments. The identification of targeting signals is more challenging and may require a well-defined model system and a synthetic
approach.
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Substrate

Range of colocalization
Fig. 5. Scheme of a degradation compartment inhabited by TPPII and
proteasomes. Phase separation may form membrane-less compartment (indicated by blue dashed line). The close association facilitates the sequential
degradation of oligopeptides.

Cryo-Electron Tomography. Tilt-series images with a tilt range of ±60° were
collected on a Titan Krios operated at an acceleration voltage of 300 kV with
the Volta phase plate (SI Materials and Methods). The pixel size at specimen
level was 4.21 Å. The tomograms were reconstructed by MATLAB using the
AV3 (29) and TOM toolbox (30).
Image Processing. A human tripeptidyl peptidase II homo-36-mer (EMD-2036)
and homo-32-mer (EMD-2037) were used as templates after rescaling.
Template matching, subtomogram averaging, and 3D auto-focus classification were carried out by PyTom (SI Materials and Methods) (31, 32).
Distance Analysis of Spatial Distribution. Analysis was carried out using
MatLab and the TOM toolbox with homemade scripts (SI Materials and
Methods). All distances between TPPII and 26S proteasome particles were
measured and used to calculate the histogram. The simulation for the distances between TPPII and 26S was repeated 1,000 times. The mean and SDs
for all histogram bins were calculated. Simulated and measured distance
distributions were overlaid. For the error bars, a SD ± 3σ range was used.

separation (26, 27). This remains to be shown, and the molecules
driving this phenomenon need to be identified. In principle, CET
could be used to perform precise measurements of local variations
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Materials and Methods
Cell Culture and Sample Preparation. Primary neuron culture was carried out
as described by Kaech and Banker (28) with some modifications (SI Materials
and Methods) and in accordance with the animal guidelines of the Max
Planck Society. After 18 d cultivation, neuronal cells were plunge-frozen
with fiducial markers using a Vitrobot. Specimens were stored in liquid nitrogen until use.

