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Melanosomes are lysosome-related organelles (LROs) in which mel-
anins are synthesized and stored. Early stage melanosomes are
characterized morphologically by intralumenal fibrils upon which
melanins are deposited in later stages. The integral membrane pro-
tein Pmel17 is a component of the fibrils, can nucleate fibril formation
in the absence of other pigment cell-specific proteins, and forms
amyloid-like fibrils in vitro. Before fibril formation Pmel17 traffics
through multivesicular endosomal compartments, but how these
compartments participate in downstream events leading to fibril
formation is not fully known. By using high-pressure freezing of
MNT-1 melanoma cells and freeze substitution to optimize ultrastruc-
tural preservation followed by double tilt 3D electron tomography,
we show that the amyloid-like fibrils begin to form in multivesicular
compartments, where they radiate from the luminal side of intralu-
menal membrane vesicles. The fibrils in fully formed stage Il premela-
nosomes organize into sheet-like arrays and exclude the remaining
intralumenal vesicles, which are smaller and often in continuity with
the limiting membrane. These observations indicate that premelano-
some fibrils form in association with intralumenal endosomal mem-
branes. We suggest that similar processes regulate amyloid formation
in pathological models.
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elanins are synthesized by skin and eye pigment cells within
lysosome-related organelles called melanosomes. Melano-
somes form through a series of morphologically defined stages, such
that mature electron dense stage IV melanosomes with tightly
packed melanins develop from specialized nonpigmented imma-
ture stage I and II melanosomes and partially pigmented stage III
melanosomes (1); each stage represents a distinct biogenetic inter-
mediate (see ref. 2; reviewed in ref. 3). Ellipsoidal shaped stage II
and III organelles harbor characteristic intralumenal striations, or
fibrils, organized in linear arrays through the length of the or-
ganelle. In highly pigmented cells, the fibrils in the majority of
melanosomes are covered with melanin deposits (stage III), indi-
cating that the fibrils serve to focus melanin polymerization within
melanosomes. The fibrils are also thought to sequester highly
reactive melanin intermediates, thus reducing the toxicity associ-
ated with melanin synthesis (4—6). Accordingly, animals in which
melanosome fibrils do not form properly often become hypopig-
mented, likely because of melanocyte death (reviewed in ref. 7).
Moreover, the melanosome fibrils resemble amyloids that form
under pathological situations such as Alzheimer’s disease and the
prion encephalopathies (8—10). It is therefore important to under-
stand how the fibrils form and organize to gain insight into
neurodegenerative disorders.
The membrane trafficking events required for the generation of
stage I and II premelanosomes and their intralumenal fibrils are
poorly understood (reviewed in ref. 3). The premelanosome fibrils
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appear to be composed largely of luminal fragments of Pmell7/
gp100, a pigment-cell-specific integral membrane protein (11-14).
Expression of Pmell7 alone in nonmelanocytic HeLa cells induces
the formation of similar fibrils within late endosomes (11), and a
recombinant luminal Pmell7 Ma fragment forms amyloid-like
fibrils upon renaturation in vitro (6). Pmell7 luminal fragments are
enriched in stage II melanosomes but not easily detected in stage
IIT and I'V melanosomes (2), most likely because of encapsulation
by melanin and masking of epitopes (3, 15).

Full-length Pmell17 can also be detected in endosomal compart-
ments that correspond to stage I premelanosomes (2). These
vacuolar compartments, which typically harbor a few detectable
intralumenal vesicles (ILVs), contain Pmel17 both at their limiting
membrane and on the ILVs, are accessed by endocytic tracers after
15 min, and bear at their cytosolic side bilayered coats containing
clathrin (2) and the endosomal sorting complex required for
transport (ESCRT)-0 component Hrs (16). These compartments
are both morphologically and compositionally indistinguishable
from bona fide endosomal vacuoles that function in nonmelano-
cytic cell types as intermediates in the down-regulation of mem-
brane proteins, including the epidermal growth factor and growth
hormone receptors, by the ESCRT-dependent multivesicular body
(MVB) pathway (17, 18). We and others have defined such com-
partments as “coated endosomes” (2) or early MVBs (19). Pmell7,
like growth factor receptors, is sequestered on the ILVs of early
MVBs but paradoxically in a manner that is independent of
ubiquitination, Hrs, and components of the ESCRT-I machinery
(16). Pmel17 sequestration on ILVs precedes its proteolytic pro-
cessing by a prohormone convertase to liberate the amyloidogenic
luminal M« fragment (12, 16) and is therefore essential for the
generation of the amyloid-like fibrils of stage II premelanosomes.
Whether the ILVs subserve additional functions in Pmell7 fibril
formation is not yet known.

The structural events that follow Pmell7 cleavage to generate
first morphologically detectable fibrils and then organized fibrillar
arrays are not understood. Here, we use high-pressure freezing
(HPF) and electron tomography (ET) to define at high resolution
the internal organization of early melanosomal intermediates and
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Fig. 1.

Ultrastructure of MNT-1 cells using HPF and freeze substitution.
(Upper) A low-magnification image showing mature melanosomes (stages IV
and 1ll) at the periphery and immature melanosomes (stages Il and 1) in the
Golgiarea. PM, plasma membrane; GA, Golgi Apparatus; m, mitochondria; ER,
endoplasmic reticulum. (Lower) Selected images of stage I, II, lll, and IV
melanosomes. (Scale bars: 200 nm.)

of unpigmented stage II premelanosomes. The results elucidate an
unexpectedly higher organization of the fibrils, suggest a direct role
for ILVs in the early steps of fibril generation, and reveal a direct
link between early MVBs, the generation of amyloid-like fibrils, and
biogenesis of stage II premelanosomes.

Results

Preservation of Melanocyte Ultrastructure by HPF. MNT-1, a pig-
mented melanoma cell line, is an excellent model system to
investigate the biogenesis of melanosomes (2, 11, 12, 20).
MNT-1 cells resemble untransformed skin melanocytes by
expression of mRNAs encoding melanogenic proteins (21) and
by ultrastructure, in that melanosomes of all four stages (1) are
detected by EM analysis after chemical fixation and embed-
ding in epon resins (2). To better visualize intermediates in
melanosome biogenesis, we have used HPF and freeze sub-
stitution. In HPF, cells are cryoimmobilized under high pres-
sure in milliseconds, thus preserving their cytoplasm and
organelles in a more natural state and bypassing potential
artifacts caused by slow aldehyde fixation (22, 23). Cells are
subsequently embedded in epon resin during freeze substitu-
tion (23). As shown in Fig. 1, the cytoplasm of MNT-1 cells
preserved by this method is filled with distinct melanosomal
structures, an extended Golgi apparatus, and numerous mito-
chondria. Pigmented, mature melanosomes (stages III and I'V)
are most abundant at the cell periphery, whereas unpigmented,
immature melanosomes (stages I and II) are more concen-
trated in the Golgi area. The morphology of melanosomes in
this analysis is seemingly similar to that obtained with glutar-
aldehyde fixation (1, 2), except that most organelles are slightly
increased in volume, as previously described for other or-
ganelles, because HPF prevents aldehyde-induced shrinkage
(24, 25). Notably, the organized arrays of intralumenal fibrils
within immature melanosomes are well preserved.
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Fig.2. The intralumenal fibrils of stage Il premelanosomes are organized as
sheets. (A) Slice of an electron tomographic reconstruction of a stage Il
premelanosome. The line indicates the axis of rotation for visualization along
the zaxisin B. (A and B) The intralumenal striations follow the curvature of the
melanosomal membrane (arrows), revealing a sheet-like morphology. (C)
Three-dimensional model of the melanosomal membrane (in magenta) and
one single fibril (in yellow) (see Movie S1). (D) Slice of a reconstruction of a
stage Ill melanosome. The line indicates the axis of rotation for visualization
along the z axis in E. (D and E) Note the melanin deposits over the sheets. (F)
Three-dimensional model of the melanosomal membrane (in magenta) and
one single fibril with melanin (in yellow) (see Movie S2). (G, Left) A cross
section through an early stage Ill melanosome reveals the sheet-like organi-
zation of the melanin-coated fibrillar structures (Left, arrows) as compared to
the elongated fibrillar appearance of the longitudinally sectioned melano-
some (Right). (Scale bars: 200 nm.)

Premelanosome Amyloid Fibrils on Which Melanin Deposits Are Or-
ganized as Sheets. The improved preservation by HPF allowed us to
investigate in detail the ultrastructural characteristics of melano-
some precursors in situ. We first sought to better define the nature
of the organized fibrils within stage II melanosomes. To appreciate
these structures in 3D, we performed double tilt tomographic
reconstruction of thick (350-400 nm) sections of MNT-1 cells.
Perpendicular tilt series were recorded in regions of the MNT-1 cell
cytoplasm containing unpigmented stage II melanosomes, and
tomographic slices were obtained [supporting information (SI)
Movie S1]. In several reconstructions of nonpigmented stage 11
melanosomes (illustrated in the single slice shown in Fig. 24), the
intralumenal fibrils were measured to be 6-10 nm in diameter,
similar to pathological amyloid fibrils (26) and fibrils generated by
recombinant Pmell7 (6). Analysis of tomographic reconstructions
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Fig. 3. Fibrils begin to form on ILVs within early MVBs. Small fibrils (arrows)
are closely associated to nascent buds (A, see Inset for higher magnification)
and vesicles of early MVBs (B, C, and D). (B) Examples of MVBs in which thin
fibrils are seen emanating from 60-70 nm intralumenal vesicles (arrows). (C
and D) Examples of organelles bearing smaller, 40-nm vesicles (arrowheads)
and more organized fibrils (arrows). (E) An example of an ellipsoidal stage Il
premelanosome with organized arrays of fibrils (). (F) Note the sheet-like
appearance of the fibrils lying parallel to the plane of the section (double
arrows). (Scale bars: 200 nm.)

on the x— plane perpendicular to the fibrils (Fig. 2B; arrow in A
indicates the axis of rotation) reveals that fibrils that appear to be
separated in the x-y plane are actually continuous in the x—=z plane
(Fig. 2B). A partial 3D model obtained from manual contouring on
tomographic slices (see Materials and Methods), highlighting the
melanosomal membrane and a single fibril (Fig. 2C and Movie S1),
reveals that the parallel fibrils are organized as sheets rather than
separable “tubules.” Similar analyses of fibrils with melanin depos-
its in a stage III melanosome reveal that melanin deposition
increases the thickness of the fibrils 2-fold to a diameter of 14-20
nm (Fig. 2D; tomographic reconstruction in Movie S2). The
melanin deposits are observed over the entirety of the organized
fibrils, which retain their sheet-like organization as observed by
tilting the reconstruction along its z axis (Fig. 2E) and by 3D
modeling (Fig. 2F and Movie S2). In ultrathin sections of HPF-fixed
MNT-1 cells, the sheets can be appreciated in slightly pigmented
stage III melanosomes cut perpendicular to the plane of the section
(Fig. 2G, arrows) relative to stage IT melanosomes cut parallel to the
plane of the section (Fig. 3F and Fig. S1B). Together, these results
indicate that the Pmell7-containing fibrils of melanosome precur-
sors assemble into 3D sheets like other amyloids and do not exist
as isolated tubules like the microtubules in flagella (27) or the von
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Willebrand factor (VWF) polymers in Weibel-Palade bodies
(WPBs) (28).

HPF Reveals Early Intermediates in Premelanosome Biogenesis. We
next sought to better define the stage-I-like compartments in which
amyloid-like fibrils begin to form. Compared to nonpigmented cells,
MNT-1 cells display unusually numerous early MVBs/stage I mela-
nosomes bearing coats on the limiting membrane (Fig. 1), inward
budding profiles (Fig. 34), and 1-4 internal vesicles with a diameter
of 50-90 nm (Fig. 3B). Preservation by HPF reveals that in many
of these “early stage I” compartments, very short and thin fibrillar
structures (1.3-2.4 nm in diameter), are closely apposed to the
inward invaginations and the ILVs and often appear to emanate
from them (arrows in Fig. 3 4 and B). In most cases, fibrils emanate
from several distinct sites of individual ILVs, suggesting that the
ILVs may seed the formation of multiple fibrils. Longer, thicker
fibrils (6—-8 nm in diameter) are observed in more ellipsoidal
membrane-bound compartments (late stage I) displaying smaller
ILVs (mean diameter of 30-45 nm) that appear more electron
dense than those that are observed in early stage I (Fig. 3 C and D
and Fig. S1A4). These late stage I compartments, like fully formed,
ellipsoidal stage II premelanosomes (Fig. 3E and Fig. S1A4), are
enriched in the perinuclear area and segregated from most mature
melanosomes in the cell periphery. The size of the ILVs within early
and late stage I melanosomes is generally inversely correlated with
the size and amount of organized fibrils; early stage I harbor thin,
short fibrils adjacent to larger vesicles, whereas late stage I harbor
thicker, longer, and more organized fibrils with smaller vesicles
(Table S1). These observations suggest that the late stage I struc-
tures are intermediates in the transition from early stage I to mature
stage II premelanosomes and that fibril maturation is accompanied
by a decrease in ILV size.

Pmel17-Driven Amyloid-Like Fibrils Are Closely Associated with the
ILVs. The data in Fig. 3, in context with earlier findings (12, 16),
suggest that fibrils generated upon Pmell7 cleavage directly ema-
nate from inward budding profiles and ILVs. To further test for the
association between the ILVs and nascent fibrils in 3D, we analyzed
thick (350-400 nm) sections of MNT-1 cells by electron tomogra-
phy. Double tilt series were recorded in regions enriched for early
and late stage I melanosomes and processed for tomographic
reconstruction (Movie S34). Tomographic slices (with or without
manual contours) of a single representative compartment contain-
ing both ILVs and fibrils are shown in Fig. 4 A-C and Movie S34.
Apparent within this organelle (Fig. 4D and Movie S3B) and others
like it are several “free” ILVs, ranging in diameter from 25 to 50 nm,
that are in this example not continuous with the limiting membrane.
Fibrils emanate from most of the ILVs but are preferentially
associated with the larger (50 nm) vesicles (Fig. 4E, for highlight at
a different angle of the 3D model and Movie S34 and Movie S3B).
In Fig. 4F and Movie S3C, a computational approach [the isosur-
face selection tool in the image processing, modelling and display
(IMOD) program; see Materials and Methods] depicts fibrillar
structures emanating from the larger ILVs, confirming the manual
contouring in Fig. 4 C-E. These data suggest that the ILVs seed the
formation of multiple individual fibrils.

The progressive fibril accumulation and reduction in ILV size
within melanosome precursor compartments correlates with a
transition from a round to an ellipsoid shape (see Fig. 3 C and D,
Fig. S14, and Table S1), such that early stage I structures are more
rounded (Fig. 3B) and late stage I structures are more elongated
(see also Fig. S1A). These data indicate that the accumulation of
fibrils and decrease in number and diameter of ILVs are accom-
panied by the deformation of the limiting membrane as a first step
toward acquiring the characteristic ellipsoidal shape of stage II
premelanosomes.

Hurbain et al.
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Fig. 4. Fibrils are closely associated with ILVs of early MVBs. (A and B) A
tomogram slice (A) and sequential z axis slices through the tomographic volume
(B) showing close association of small fibrils (arrows) with intralumenal vesicles.
(C and D) Membranes and fibrils in consecutive tomogram slices are manually
contoured; one slice is shown in C, and the 3D model is shown in D. The limiting
membrane of the organelleisin red, vesicles with clearly associated fibrils (yellow)
are in blue and those with no obvious fibrils are in green. Closely apposed
endoplasmicreticulum membranes are in white. (E) The ILVs and associated fibrils
are highlighted and shown rotated. Note the short fibrils emanating from larger
ILVs. Arrow indicates the vesicle shown in F. (F) Computationally detected fibrils
emanating from a large ILV. See also Movie S3A for tilt series and tomographic
reconstruction, Movie S3B for 3D model, and Movie S3C for representation of
fibrils by isosurfacing. (Scale bar: 200 nm.)

Stage Il Premelanosomes Contain ILVs Continuous with the Limiting
Membrane. In ultrathin sections of aldehyde-fixed MNT-1 cells or
other melanocytic cells, ILVs are rarely observed within stage II
premelanosomes bearing organized fibrillar sheets. This lack of
detection likely reflects extraction of ILVs during preparation of
sections, because small ILVs are observed within stage II melano-
somes in thin sections (Fig. S1C) or tomographic reconstructions of
thick sections (Fig. 5 and Movie S44) of HPF-fixed MNT-1 cells.
These ILVs range in size from 25 to 40 nm, similar to those
observed in late stage I compartments (see Figs. 3 and 4 and Fig.
S1). Importantly, however, they are segregated from the fibrillar
sheets and accumulate preferentially between the organized fibril-
lar arrays and the limiting membrane (Fig. S1C), much like the ILVs
within fibril-containing late MVBs of HeLa cells that ectopically
express Pmell7 (11, 12). Most ILVs are detected in close proximity
to, and often in continuity with, the limiting membrane of the stage

Hurbain et al.

Fig. 5. Stage Il premelanosomes bear ILVs continuous with the limiting
membrane. (A and B) A tomogram slice (A) and sequential z axis slices through
the tomographic volume (B) illustrating an internal vesicle fused with the
limiting membrane of a stage Il melanosome. (Cand D) Membranes and fibrils
in consecutive slices from the tomogram are manually contoured; one slice is
shown in C, and the 3D model is shown in D. The limiting membrane of the
organelle is in red; free vesicles are in green and those fusing with the
membrane in yellow. Fibrils are in brown. Closely apposed endoplasmic
reticulum membranes are in white. (E and F) The melanosomal membrane and
the ILVs are highlighted. Note the continuities between the ILVs (yellow) and
the melanosomal membrane, indicated by the appearance of the ILV mem-
brane on the cytosolic face of the melanosome (arrows). See also Movie S4A
for tilt series and tomographic reconstruction, Movie S4B for manual contour-
ing, and Movie S4C for 3D model. (Scale bar: 200 nm.)

II premelanosomes. For example, in the representative 3D recon-
struction in Fig. 5 E and F (Movie S4B and Movie S4C), the
membrane of three out of eight ILVs is continuous with the
organelle limiting membrane (see also Fig. S2). These observations
suggest that, once the fibrils organize in parallel arrays, the remain-
ing ILVs may be forced to the periphery of the now ellipsoidal
organelle. The observed continuities with the limiting membrane
might represent “back fusion” of the remnants of fibril-associated
ILVs, potentially explaining why stage II premelanosomes contain
less ILVs. However, we cannot exclude that they might represent
inward budding events from the limiting membrane to generate new
“free” vesicles bearing later stage melanosome cargoes, like tyrosi-
nase (20) and ATP7A (29).

Discussion

Here we have used HPF and 3D double tilt electron tomographic
analyses of MNT-1 melanocytic cells to define the ultrastructural
organization of the intralumenal fibrillar matrix of melanosomes
and the relationship between nascent fibrils and the ILVs of
melanosome precursors. Our observations shed light on a critical
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step of melanogenesis and open an avenue for understanding how
pathological amyloid fibers are formed and regulated.

Our detailed characterization of fibrils and ILVs in melanosome
precursors was made possible by HPF and freeze substitution,
which preserves cellular architecture to a degree unobtainable with
chemical fixation. HPF preserved ILVs and associated small pro-
tofibrils within intermediates in the formation of stage II melano-
somes; such structures are likely altered or destroyed by the
chemical fixation and subsequent organic extraction used in con-
ventional EM analyses. HPF has been similarly exploited to advance
our understanding of the early steps of WPB biogenesis in human
umbilical vein endothelial cells, allowing Zenner and coworkers to
observe vVWF-containing tubules in the frans Golgi network and
associated vesicular structures (28). Whereas single tilt tomograms
have been useful in defining subcellular structures in 3D (30), we
used double tilt 3D electron tomography—combining two perpen-
dicular tilt series—to reduce the so-called “missing wedge” into a
“missing cone” (31, 32) and thereby improve resolution along the
z axis. In single tilt series of = 60° only 67% of Fourier space is
covered resulting in elongation of structures parallel to the optical
axis. By combining 2 perpendicular tomograms in a single double
tilt reconstruction, 84% of Fourier space is covered resulting in a
more isoform resolution of the final tomogram and less distortions
along the z axis (33). The 3D resolution afforded by combining HPF
with double tilt electron tomography allowed us to reveal aspects of
intermediates in stage II melanosome formation, similar to the
advances provided by 3D analyses in understanding the organiza-
tion of forming WPBs (34), MVBs (25) and multilamellar MHC
class II compartments (35).

Our 3D analyses of stage Il premelanosomes show that fully
matured fibrils are organized as parallel sheets rather than as
separable fibrils. This sheet-like arrangement is unique among
intralumenal structures within subcellular organelles, and contrasts
with the isolated tubules formed by vVWF in WPBs (28). Thus,
although fibril formation by both Pmel17 and vWF are initiated by
an analogous proteolytic activation step (12, 36), the polymerized
structures generated from their cleavage products are dramatically
different. The tendency to aggregate fibrils into sheets or not must
therefore be regulated either by inherent features of nonamyloi-
dogenic regions of fibril components (i.e., Pmell7 and vVWF) or by
accessory factors. Interestingly, sheet-like organizations have been
observed for other amyloidogenic proteins such as the AB peptide
in Alzheimer’s disease and thus might represent a characteristic of
amyloid fibrils (37). Deposition of Pmell7 in sheets might provide
a platform for melanin aggregation into a large contiguous struc-
ture. This sheet-like organization might facilitate transfer of poly-
merized melanins in a single package from epidermal melanocytes
to keratinocytes or prevent release of polymerized melanins from
melanosomes during transient fusion with phagosomes in retinal
pigment epithelial cells.

We had previously shown that proteolytic processing of Pmell7
to the amyloidogenic M« fragment requires sorting onto the ILVs
of MVBs (11, 12, 16). Our analyses here reveal an intimate
relationship between ILVs and newly forming fibrils and add to the
increasing evidence supporting a role for MVBs and their ILVs and
exosomes (secreted forms of ILVs) in the formation of pathogenic
amyloid fibrils (38—40). MVBs may provide an environment con-
ducive for the proteolytic processing and unfolding of amyloido-
genic precursors by virtue of a mildly acidic pH and a balanced
cohort of processing proteases (41-43). In addition, the unique
cohort of “raft-like” lipids associated with ILVs—particularly cho-
lesterol, ceramide, and glycosphingolipids (44-47)—might facili-
tate amyloidogenesis (48, 49). Consistent with this notion, raft-like
structures are required for the processing of Alzheimer’s precursor
protein to the amyloidogenic AB peptide (50) and for the confor-
mational changes that lead to the generation of the scrapie prion
protein (51, 52); amyloid formation in monocytes can be impaired
by cholesterol reduction (53); extracellular amyloid fibril formation
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can be induced by GM1 gangliosides associated with exosomes (40);
and raft lipids are components of extracellular amyloid fibrils (53).
Raft lipids might be recruited onto the forming fibrils directly from
the ILVs, a hypothesis supported by the decrease in the number and
diameter of the ILVs as the premelanosome fibrils grow and
accumulate. Although raft lipids are not required for the rapid
fibrillogenesis of recombinant Pmell7-Ma fragments diluted out of
denaturant in vitro (6), they may be required to facilitate the
conformational changes required for amyloidogenesis from folded
forms of Pmell7 in vivo.

Our analyses of stage II melanosome development showed a
correlation between elongation of fibrils and development of the
characteristic ellipsoid shape of melanosomes. The growing sheet-
like Pmell7 fibrillar matrix might act like an inner skeleton,
generating a force that induces membrane deformation around the
sheets. Similar deformation of lipid vesicles in vitro by confined,
polymerizing microtubules has been shown to generate ellipsoid-
like structures with a melanosome-like shape (54). This evidence
might then explain how melanosomes of later stages maintain their
shape and size.

Our analyses also revealed that, concomitant with elongation and
organization of the fibrils, the small remaining ILVs within stage 11
melanosomes accumulate in the periphery of the organelles, some
of them continuous with the limiting membrane. These continuities
might represent inward budding of newly forming vesicles or back
fusion of preexisting vesicles with the limiting membrane, as
proposed to occur in dendritic cells as a mechanism by which MHC
class II molecules on ILVs are reinserted into the limiting mem-
brane of MVBs for ultimate exposure on the plasma membrane
(55). Although speculative, we favor the hypothesis that the con-
tinuities that we observe represent back fusion for 2 reasons. First,
maturation of premelanosomes is accompanied by a deformation of
the precursor endosome as discussed above, and back fusion of
ILVs that have released the amyloidogenic Pmell7 fragments could
facilitate deformation and growth of the organelle by increasing the
amount of limiting membrane. Second, whereas numerous ILVs
are detected in stage I melanosomes, very few ILVs are detected in
mature stage II premelanosomes; back fusion would provide a
mechanism by which these ILVs would disappear. Back fusion
would also provide a mechanism to remove unwanted components
of the ILVs from the melanosome lumen, such as nonfibrillogenic
Pmell7 Mp fragments, and facilitate cytosolic exposure of effector
molecules that are required for subsequent steps of melanosome
maturation, such as fusion with transport intermediates carrying
melanogenic enzymes. Consistently, our 3D tomographic analyses
reveal close apposition—albeit not fusion—between premelano-
somes and other organelles, including endosomal tubules (data not
shown) and the ER (Fig. 4). Further studies are needed to deter-
mine the functional significance of these contacts and to resolve the
vectoriality of fusion/budding events and the subsequent changes in
limiting membrane composition that accompany premelanosome
maturation.

Materials and Methods

HPF. MNT1 cells were cultured on carbonated sapphire discs (30 mm in
diameter) for 4 days in DMEM containing 10% AIM V medium and 20% FCS as
described (2). At 70% confluency they were high-pressure frozen with a EM
PACT | (Leica Microsystems), the culture medium containing 20% of FCS
serving as cryoprotectant (22).

Freeze Substitution. High-pressure frozen samples were transferred to the AFS
(Leica Microsystems) with precooled substitution fluid (—90 °C) of anhydrous
acetone, containing 2% osmium tetroxide. Substitution at —90 °C lasted for
45 h. Then the samples were warmed 2 °C per hour to —60 °C, where they
remained for 12 h. The samples were warmed again with 2 °C per hour to
—30 °C, where they remained for 8 h before being transferred to ice for 1 h.
Thereafter, the substitution fluid was washed away by anhydrous acetone and
the samples were embedded in Epon 812 (TAAB Laboratories Equipment).
Polymerization was performed at 60 °C for 48 h.
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Sample Preparation. Epon sections (350 nm thick) were cut on a Reichert Ultracut
S microtome (Leica Microsystems) and collected on formvar-coated copper grids
(75 mesh) for analysis by electron tomography. Sections were randomly labeled
on the 2 sides with protein A-gold 10-nm and poststained with 2% uranylacetate
in methanol for 4 min and lead citrate for 2 min.

Electron Tomography. Tilt series (2 perpendicular series per tomogram, angu-
lar range from —60° to + 60° with 1° increments) of 350-nm-thick sections
were recorded automatically by using Xplore3D (FEI Company) on a 200-kV
transmission electron microscope (Tecnai 20 LaBg, FEI company) and used for
reconstructing tomograms. Projection images (1024 X 1024 pixels) were re-
corded with a CCD camera (Temcam F214; TVIPS GmbH). After acquiring the
first tilt series, the specimen grid was rotated over an angle of 90° and a second
series was recorded of the same area. Alignment of the tilt series and tomo-
gram computing (resolution-weighted back-projection) were carried out by
using the IMOD program (32). The 10-nm gold particles at the surface of the
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sections were used as fiducial markers. Manual contouring of the tomograms
was done by using the IMOD program (55). Finally, the contours were meshed
and the z scale was stretched with a factor of 1.6 to correct for resin shrinkage
(32). In addition to the manual contouring of fibrils, the isosurface selection
tool in IMOD 3.12.10 allowed the computational identification of fibrillar
structures emanating from the larger ILVs (55).
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