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Photoconversion of matrix targeted GFP enables analysis of continuity

and intermixing of the mitochondrial lumen
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Abstract We establish photoconversion of green fluorescent
protein (GFP) as an optical ‘highlighter’ to investigate the con-
tinuity of the mitochondrial matrix in living budding yeast (Sac-
charomyces cerevisiae). Photoconversion of GFP resulting in a
marked shift of the absorption and emission spectra to longer
wavelengths is elicited, under low oxygen conditions, by irradi-
ation with blue light. Photoconversion induced a several 100-fold
increase in red fluorescence of matrix targeted GFP without
affecting cell viability. The color changing facilitates simple
and effective regional optical marking in a conventional fluores-
cence microscope. We found the mitochondrial compartment of
S. cerevisiae to generally consist of one luminally continuous
large part and occasionally some additional smaller fragments.
Separated fragments fuse within a few minutes to the large part,
resulting in a rapid intermixing of the entire mitochondrial ma-
trix compartment. In Afis] and Adnml mutants restricted in
outer membrane fission, the mitochondria are still luminally
continuous, suggesting a tight coupling of inner and outer mem-
brane fissions. Matrix constrictions frequently occurring in wild
type cells as well as in Afis] and Adnml mutants do not interfere
with luminal continuity.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondria are highly dynamic double membrane
bounded organelles that constantly change their shape by
tubule fissions and fusions [1-4]. Recently it has been dem-
onstrated for several mammalian cell lines that their mito-
chondria are luminally discontinuous and functionally hetero-
geneous [5]. Although electron and fluorescence microscopy
suggested a single ramified large mitochondrion in logarithmi-
cally growing budding yeast cells [6-8], no direct evidence for
a continuous mitochondrial network in yeast at a given point
in time has been provided.
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The level of co-regulation of inner and outer membrane
fissions is anticipated to have strong influence on the func-
tional homogeneity of the mitochondrial compartment in a
single cell. Inner membrane fissions without concomitant out-
er membrane fissions would result in isolated matrix frag-
ments enveloped by a common outer mitochondrial mem-
brane. In this case solute diffusion within the mitochondrial
network would be largely inhibited. Such a septated mito-
chondrion would be contradictory to the idea of mitochon-
drial structures being an electrical continuum [9].

The dynamin related GTPase Dnmlp and Fislp are cru-
cial components of the mitochondrial fission machinery in
yeast [1,2,4,10-12]. As outer membrane proteins, they are
likely involved in outer membrane fission. The components
of the inner membrane fission apparatus are less well de-
scribed [13]. Moreover, it is unclear how and to what extent
the machineries for inner and outer membrane fissions inter-
act.

To investigate the luminal continuity of the mitochondrial
compartment in wild type cells and in mutants lacking Dnm1p
and Fislp we decided to employ green fluorescent protein
(GFP) as an optical ‘highlighter’. Several approaches have
been described to photochemically modulate fluorescent pro-
teins. Such optical ‘highlighter’ can be marked by brief, local-
ized, intense illumination and then tracked in space and time
(for review see [14,15] and references therein). Photoconver-
sion (also termed photoinduction) of GFP resulting in a shift
of the absorption and emission spectra to longer wavelengths
upon strong illumination with blue light has been one of the
first examples of such a ‘highlighter’ [16,17]. With the excep-
tion of one study analyzing the mobility of photoconverted
GFP in bacteria, the potential of photoconversion to study
protein dynamics in living cells has not been exploited [18].
Likely three reasons can be cited for this: First, GFP photo-
conversion requires low oxygen conditions. Second, there
have been conflicting reports on the nature of the photocon-
verted fluorophore [19]. And third, photoconverted GFP is
allegedly very dim [20].

In this study it is demonstrated that the required low oxy-
gen conditions, that can be regarded as physiological for the
facultative anaerobe Saccharomyces cerevisiae, are no obstacle
for imaging living budding yeast. We provide evidence that
the red fluorophore generated by photoconversion is a photo-
modulated GFP, and demonstrate that it is very bright under
the experimental conditions employed. Photoconversion of
GFP is used to investigate the continuity and the intermixing
of the mitochondrial matrix in S. cerevisiae. The findings sug-
gest a tight co-regulation of the fission machineries of inner
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and outer membranes, which appear to be independent of the
apparatus performing matrix constrictions.

2. Materials and methods

2.1. Yeast strains and growth conditions

Growth and manipulation of yeast was carried out according to
standard procedures [21]. Cells were routinely grown in yeast ex-
tract—peptone—glucose medium (YPD) (1% yeast extract, 2% peptone,
2% glucose), in peptone-minimal glucose medium (PMGlu) (1.7 g/l
yeast nitrogen base (Difco, USA), 20 mg/l adenine sulfate, 5 g/l am-
monium sulfate, 5 g/l peptone 140 (Gibco BRL, UK), 2% glucose) or
in peptone-minimal galactose medium (PMGal) (as PMGlu but 2%
galactose) at 30°C. All strains used in this study were isogenic to
BY4741 or BY4742. Deletion strains were obtained from EURO-
SCAREF (Frankfurt, Germany). Disruptions were confirmed by poly-
merase chain reaction.

To label the mitochondrial matrix with GFP from Aequorea victoria
containing the Ser65Thr mutation [22] cells were transformed with
pVT100U-mtGFP. The plasmid contains a DNA fragment encoding
GFP fused to subunit 9 (amino acids 1-69) of the Fy-ATPase of
Neurospora crassa under control of the constitutive alcohol dehydro-
genase promoter [23].

2.2. Photoconversion and imaging
For photoconversion cells were placed under a coverslip and em-
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bedded in 1% low melting agarose in phosphate buffered saline (PBS)
(137 mM NacCl, 2.7 mM KCl, 4.3 mM Na,HPOy4, 1.4 mM KH,POy,,
pH 7.3). The oxygen concentration was reduced either by mitochon-
drial respiration of the cells themselves, or by adding a coupled glu-
cose oxidase—catalase system (0.25 mg/ml glucose oxidase (Sigma),
0.06 mg/ml catalase (Sigma), 50 mM glucose) to remove oxygen
from the medium enzymatically.

Photoconversion of GFP in entire cells was induced by illuminating
the GFP expressing cells for 1-20 s with blue light in an epifluores-
cence microscope (Leica DMIRE?2) via the fluorescein filter set. The
microscope was equipped with a HBO 50 W mercury lamp. The light
intensity in the sample was ~7 W cm 2.

Spot photoconversion was performed with a beam scanning con-
focal microscope (Leica TCS SP2, Leica Lasertechnik, Heidelberg,
Germany). For spot photoconversion GFP labeled mitochondria
were first visualized using very low light intensities for GFP excitation
(70 W cm™2 in the focus, scanned rapidly over the sample). Low light
imaging did not induce observable photoconversion. Subsequently a
spatially confined area was illuminated with focused laser light (488
nm, ~ 30 kW cm™2 focused to a diffraction limited spot). Spot photo-
conversion was accomplished by scanning ~20 times with 400 Hz
over the same area. The photoconverted GFP was excited at A=1543
nm and detected at 570-630 nm.

For all image acquisition a beam scanning microscope (Leica TCS
SP2, Leica Lasertechnik, Heidelberg, Germany) equipped with a 1.2
numerical aperture water immersion lens (Leica 63X, Planapo) or a
1.4 numerical aperture oil immersion lens (Leica 100X, Planapo,
Wetzlar, Germany) was employed. For fluorescence detection photo-

F Wildtype + myxothiazol + Oz reduction
- _

. .

Y
% ? ”

i

Fig. 1. Low oxygen concentrations are a prerequisite for photoconversion of GFP. Budding yeast cells expressing matrix targeted GFP were
grown to logarithmic growth phase and embedded in 1% low melting agarose. In each panel on the left (green look up table): Green fluores-
cence of GFP (Aexe =488 nm; Agetection = 500-530 nm). On the right (fire look up table): Red fluorescence of photoconverted GFP (Agx. = 543
nm; Agetection = 370-630 nm). A: Wild type cells imaged directly after embedding display green fluorescence, but GFP is not photoconvertable
by illumination with blue light (10 s, fluorescein filter set, 7 W cm™2 in the sample). B: Mitochondrial targeted GFP in wild type cells after 30
min under the coverslip can be photoconverted. C: No GFP photoconversion in Acox6 mutants deficient in mitochondrial respiration is ob-
served after 30 min. D: GFP photoconversion in Acox6 mutants in the presence of an oxygen scavenging system. E: No GFP photoconversion
in wild type cells inhibited in mitochondrial respiration by 10 uM myxothiazol after 30 min. F: GFP photoconversion in wild type cells in the
presence of 10 UM myxothiazol and an oxygen scavenging system. Displayed are maximum intensity projections of optical planes imaged with
a laser scanning confocal microscope. Bar: 2 um.



196

multiplier tubes or avalanche photodiodes were used. All imaging was
performed at ambient temperature (~ 22°C).

2.3. Fluorescence lifetime determination

The lifetime of the photoconverted GFP was determined by time
correlated single photon counting employing a confocal fluorescence
microscope as described previously [24]. In brief, after photoconver-
sion of matrix targeted GFP in living budding yeast cells the fluoro-
phore was excited with A=555 nm pulses of ~ 300 fs duration from
an optical parametric oscillator (APE GmbH, Berlin, Germany).
Fluorescence was detected with a photon counting detector (SPCM-
AQR-13, Perkin-Elmer, Fremont, CA, USA) and a TCSP card (SPC
535, Becker and Hickl GmbH, Berlin, Germany).

2.4. Protein purification

The coding sequence of GFP was excised with BamHI and EcoRI
from pYES-mtGFP [23] and subcloned into the pRSETA vector
(Stratagene) that was predigested with BamHI and EcoRI to create
pRSETA-GFP. This plasmid was transformed into Escherichia coli
BL21CodonPlus (Stratagene). For protein expression, cells carrying
the recombinant plasmid were grown to an ODggy of 0.6 in Luria—
Bertani medium (LB) containing 100 pg/ml ampicillin and were in-
duced with 1 mM isopropyl-1-thio-B-p-galactopyranoside. Following
6 h incubation at 25°C the resultant biomass was pelleted by centri-
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fugation, resuspended in PBS with protease inhibitors and sonicated.
The bacterial lysate was cleared by centrifugation, and GFP was
affinity purified from the supernatant on a Ni-nitrilotriacetic acid
(NTA)-agarose column (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The affinity purified GFP was fur-
ther purified using size exclusion chromatography on a Superdex
200 pg column (Amersham Pharmacia). The purity of the obtained
protein fractions was verified by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and subsequent silver stain-
ing.

3. Results and discussion

3.1. Low oxygen conditions are required for photoconversion
of GFP

To investigate the requirements of photoconversion in
S. cerevisiae wild type yeast cells expressing mitochondrial
targeted GFP were embedded in low melting agarose under
a coverslip. Under these conditions the cells displayed vivid
green fluorescence (Fig. 1A). Illuminating the cells for 10 s
with blue light (fluorescein filter set; 450-490 nm excitation;
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Fig. 2. The red fluorophore is photoconverted GFP. A, B: GFP was expressed in E. coli and purified to homogeneity. The proteins were
spread on a coverslip and overlaid with PBS and an oxygen scavenging system. A: Red fluorescence of GFP before photoconversion
(Aexe =543 nm; Agetection = 370-630 nm). B: Red fluorescence after photoconversion. Imaging conditions were identical to A. Photoconversion
was accomplished by scanning with a focused intense 488 nm laser beam over a spatially confined area. Bar: 5 um. C, D: Fluorescence lifetime
microscopy of photoconverted GFP. Living budding yeast cells expressing matrix targeted GFP were embedded in PBS with 1% agarose for 30
min. Following photoconversion with blue light the lifetime of the photoconverted GFP was determined by time correlated single photon
counting. C: Fluorescence intensity image. Displayed is a single optical section. D: Corresponding fluorescence curves integrated over the desig-
nated areas. A lifetime of 2.11 £0.05 ns for the photoconverted GFP was obtained by measuring it at 25 locations in 10 cells. Bar: 2 um.
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7 W cm™2 in the sample) directly after embedding in agarose
did not induce observable red fluorescence excitable at 543 nm
(Fig. 1A). Respiration competent yeast cells consume molec-
ular oxygen from the medium below the oxygen concentration
threshold required for photoconversion within less than 30
min. Following photoconversion the mitochondrial network
displayed a bright red fluorescence (emission maximum
~ 600 nm), which co-localized with the green fluorescence
(Fig. 1B). To prove that low oxygen levels are necessary for
photoconversion we utilized yeast cells with diminished mito-
chondrial respiration. Mutant cells lacking COX6, coding for
a component of the respiratory chain complex IV, have an
impaired mitochondrial respiration. In addition, the respira-
tion chain of wild type cells was pharmacologically inhibited
with 10 uM myxothiazol (inhibitor of complex III) or with
2 mM potassium cyanide (inhibitor of complex IV; data not
shown). Mitochondrial targeted GFP of these cells was not
photoconvertable, if cells were placed for 30 min under a
coverslip (Fig. 1C and E). Upon enzymatic removal of oxygen
from the mounting medium with a coupled glucose oxidase—
catalase system GFP was readily photoconvertable (Fig. 1D
and F). Although additional factors cannot be excluded these
findings prove that low oxygen concentrations are important
for photoconversion.

3.2. Red fluorophore is photoconverted GFP

Previously the red fluorophore observed after photoconver-
sion has been reported to be a porphyrin derivative [19]. How-
ever, purified GFP spread on a coverslip and incubated with
an oxygen removing system could readily be photoconverted

Fig. 3. Photoconversion of matrix targeted GFP does not interfere
with cell viability. Wild type cells expressing matrix targeted GFP
were grown until logarithmic growth phase and placed on a thin
layer of YPD agar. Cells were covered with a coverslip. After 2 h
GFP was photoconverted by illumination with blue light for 10 s
(fluorescein filter set, S0 W Hg lamp). The red fluorescence of the
photoconverted GFP was imaged with a laser scanning confocal
microscope at the indicated time points (min). Displayed are maxi-
mum intensity projections overlaid with a bright field image. This
time-lapse sequence is also displayed in Movie 1. Bar: 5 um.
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Fig. 4. Increase of red fluorescence upon photoconversion. Wild
type cells expressing matrix targeted GFP were embedded in 1%
agarose for 30 min. Red fluorescence (Aexe =543 nm; Agetection = 570—
630 nm) was recorded before and after photoconverting GFP by il-
luminating the cells for 10 s with blue light (fluorescein filter set,
50 W Hg lamp, 7 W cm™2 in the sample). A: Overlay of the photo-
converted GFP fluorescence with a bright field image. B: Pixel in-
tensities of the fluorescence of the photoconverted GFP added along
the x-axis within the box indicated in A. Blue graph: Red fluores-
cence before photoconversion. Red graph: Red fluorescence after
photoconversion. Bar: 2 um.

in vitro using laser light of A=488 nm in a laser scanning
microscope (Fig. 2A and B; and see [16]). Our purification
protocol, involving affinity chromatography and size exclusion
chromatography should have effectively removed porphyrins
from the sample, making the involvement of porphyrins in
case of the in vitro photoconverted GFP unlikely. Further-
more, we measured the lifetime of the photoconverted GFP in
mitochondria of living cells as 2.11 +0.05 ns with time corre-
lated single photon counting (Fig. 2C and D). This is close to
the ~2.4 ns lifetime of the green fluorescence of GFP [24].
The lifetime of the red fluorophore is distinct from the pre-
viously published lifetime of 15.5%0.1 ns, which is in the
range of porphyrins [19]. This excludes porphyrins as the
red fluorophore in the photoconverted mitochondria. We con-
clude that a photochemically converted GFP is responsible for
the observed red fluorescence.

3.3. Photoconverted GFP is stable and does not interfere with
cell viability

Sufficient nutrients provided facultative anaerobic budding
yeast cells grow and divide when sealed under a coverslip.
Under these conditions they lower, through mitochondrial
respiration, the oxygen concentration below the threshold nec-
essary for photoconversion. By illuminating cells expressing
matrix targeted GFP with a short (~ 10 s) pulse of blue light
(fluorescein filter set) GFP was partially photoconverted. This
vivid color change persisted in living cells for at least 5 h (Fig.
3 and Movie 1). Following photoconversion the cells under-
went several cell divisions and the photoconverted GFP was
transferred from the mother cell to the bud. Hence the low
oxygen conditions are physiological for these cells. No signs
of reduced cell viability were observed following photoconver-
sion.
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3.4. Photoconversion induces a several 100-fold increase in red
fluorescence

In living cells a several 100-fold increase in red fluorescence
was induced by a 10 s blue light illumination pulse (50 W Hg
lamp, fluorescein filter set, 7 W cm™2 in the sample) (Fig. 4).
The estimation of a several 100-fold increase is based on the
increase of the mean pixel intensities of the red fluorescence of
mitochondrial targeted GFP upon photoconversion. This es-
timation represents a lower limit of the effective increase of
red fluorescence after photoconversion, because its determina-
tion was ultimately limited by (the low) background noise and
possibly by cellular autofluorescence.

Since the red fluorescence of photoconverted GFP can be
completely separated from the green fluorescence of non-pho-
toconverted GFP, photoconversion results in a marked opti-
cal contrast under physiological conditions. In contrast to
approaches using fluorescence recovery after photobleaching
(FRAP), which require almost complete bleaching of the flu-
orophore, partial photoconversion is sufficient to follow the
dynamics of the converted fluorophore. We employed photo-
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conversion to explore the continuity of the mitochondrial ma-
trix.

3.5. Mitochondrial matrix of wild type cells is continuous

For GFP targeted to the mitochondrial matrix of mamma-
lian cells a diffusion coefficient of 2-3 X 1077 cm? s~! has been
measured [25]. Because GFP and its photoconverted red emit-
ting fluorescent state have comparable diffusion coefficients in
bacteria [16,18] it is reasonable to assume a comparable dif-
fusion coefficient for the photoconverted GFP in budding
yeast mitochondria. In case of a luminally continuous mito-
chondrial network, photoconversion of a small area of a GFP
labeled mitochondrion would result in a homogeneous distri-
bution of the photoconverted GFP within the experimental
timeframe of a few seconds.

We photoconverted matrix targeted GFP in a small fraction
of the network (see blue circle in Fig. 5SA). About 5 s later (the
minimal time required to switch the filters in the microscope)
the distribution of the photoconverted fluorophore was im-
aged (Fig. 5B). Subsequently the whole network was visual-

Fig. 5. Spot photoconversion of matrix targeted GFP expressed in wild type cells. A-C: Spot photoconversion on wild type cells expressing
matrix targeted GFP after a 30 min incubation period under the coverslip to lower the oxygen concentration. A: Bright field image. The blue
circle indicates the area of photoconversion. B: Photoconverted GFP. C: Green GFP fluorescence. The arrows indicate a tubule that is lumi-
nally discontinuous with the main mitochondrial network. D-H: Intermixing of the mitochondrial matrix in wild type cells. D: Bright field im-
age. E-G: Distribution of the photoconverted GFP imaged at the indicated time points. H: Green fluorescence of GFP recorded after 9 min.
Note that the mitochondrial matrix of the cell on the left is discontinuous to the matrix of the right cell. I-L: Time-lapse imaging of a seem-
ingly continuous but luminally discontinuous mitochondrial network of a wild type cell. I: Bright field image. J: Photoconverted GFP. K:
Green GFP fluorescence imaged immediately after recording of J. L: Green GFP fluorescence imaged 2 min later. The arrows indicate a site
that was initially seemingly continuous but luminally discontinuous. Displayed are maximum intensity projections. The intermixing of the ma-
trix (D-H) is also displayed in Movie 2. Bars: 2 pm.
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ized by imaging the distribution of the remaining unconverted
GFP (Fig. 5C). We found that around 50% of the logarithmi-
cally growing cells contained a luminally continuous mito-
chondrial network (n>25). In the remaining cells the point
photoconverted GFP diffused into 30-95% of the mitochon-
drial network. The luminally continuous mitochondria might
represent electrically united systems [9].

Next we investigated whether in wild type cells, which con-
tain a luminally discontinuous mitochondrial compartment,
this discontinuity is stable, or whether an intermixing of the
whole mitochondrial matrix occurs. In mitochondrial net-
works that were initially luminally discontinuous the distribu-
tion of the photoconverted GFP was subsequently followed
by time-lapse microscopy (Fig. 5D-H; and Movie 2). In gen-
eral we observed at latest after 10 min a complete labeling of
the mitochondrial matrix with photoconverted GFP. Hence
the frequent mitochondrial tubule fusion and fission events
[2] ensure a complete intermixing of the mitochondrial matrix
within a few minutes. In logarithmically growing budding
yeast cells there is no stable segregation of the mitochondrial
compartment within a single cell.

Subsequently we analyzed the causes for the observed dis-
continuities within the mitochondrial network. After photo-
conversion the luminally disconnected fragments were mostly
those which were clearly separated from the main mitochon-
drial network. Besides we observed mitochondrial tubules,
which were seemingly continuous (as judged by the green fluo-
rescence) but luminally discontinuous (Fig. 5I-K). In principle
these cases could represent inner membrane fission without
concomitant fission of the outer membrane. But time-lapse
microscopy demonstrates that in many instances such seem-
ingly continuous tubules are in the process of division or
fusion (Fig. SI-L). Hence most, if not all, of these cases rep-
resent snapshots of ongoing tubule fissions or fusions. In wild
type cells we did not obtain any evidence for a septation of
the matrix (i.e. isolated matrix fragments enveloped by a com-
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mon outer membrane), although very brief and transient sep-
tations would be indiscernible for our assay. Since no indica-
tions for the later supposition are available we conclude that
in wild type budding yeast cells fission of the inner membrane
is tightly linked to the fission of the outer membrane. To
investigate whether in mutants restricted in outer membrane
fission, inner and outer membrane fissions are still inter-
weaved processes we analyzed the matrix continuity in mu-
tants lacking Dnmlp and Fislp.

3.6. In cells lacking the mitochondrial fission components
Dnmlp and Fislp the continuity of the mitochondrial
matrix is maintained

Matrix targeted GFP in Afis] and Adnml mutants was pho-
toconverted in a small fraction of the mitochondrial network.
Subsequently we imaged the distribution of the photocon-
verted GFP over the remaining network. In all analyzed cells
(> 25 for each mutant) the photoconverted GFP spread over
the whole mitochondrial network within less than 5 s (Fig. 6).
We found the mitochondrial matrix of Afis/ and Adnml mu-
tants to be continuous, although matrix constrictions were
frequently observed (Fig. 6 and [2,26]). Hence matrix constric-
tions do not require the fission of a membrane. They appear
to be independent of the outer membrane fission machinery.

Because Afis] and Adnml mutants are deficient in outer
membrane fission the continuity of the matrix indicates the
concomitant lack of inner membrane fission. This finding also
indicates that these processes are tightly interweaved in
S. cerevisiae.

In contrast, Caenorhabditis elegans mutants which ex-
pressed dominant interfering mutant versions of DRP1, a ho-
molog of yeast Dnmlp, harbored mitochondria with sepa-
rated matrix compartments that were still connected by the
outer membrane [27]. Hence it has been concluded that in this
organism fission of inner and outer membranes can be un-
coupled by eliminating functional DRP1. This might point

Fig. 6. Spot photoconversion of matrix targeted GFP expressed in Afis/ and Adnml mutants. A—C: GFP targeted to the matrix of Afis/ mu-
tants was photoconverted in a spatially confined area. A: Bright field image. The blue circle indicates the photoconverted area. B: Red fluores-
cence of the photoconverted GFP. C: Green fluorescence. D-F: Photoconversion of matrix targeted GFP in Adnml mutants. D: Bright field
image. E: Red fluorescence of photoconverted GFP. F: Green GFP fluorescence. Displayed are maximum intensity projections. Arrows indi-

cate sites of matrix constrictions. Bars: 2 um.
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to important differences in the fission machineries of C. ele-
gans and S. cerevisiae.

3.7. Conclusion

We have established GFP photoconversion as a method for
investigating the luminal continuity of mitochondria in living
budding yeast cells. Recently three promising fluorescent high-
lighters, PA-GFP [28], Kaede [20] and KFP1 [29] have been
reported. Although each of these proteins has distinct advan-
tages there are still drawbacks associated to them. Currently
Kaede and KFP1 are problematic fusion tags because of their
tendency to self-associate to form tetramers. PA-GFP and
Kaede require expensive ultraviolet (UV) or two-photon op-
tical equipment for activation. The major constraint of GFP
photoconversion is its requirement for a low oxygen environ-
ment. However, for facultative anaerobes like budding yeast
this environmental condition can be regarded as physiological.
Due to its weak tendency for self-association GFP is an ex-
cellent tag for fusion proteins. Photoconversion requires rela-
tively low light levels and can be effected in standard fluores-
cence microscopes. Using this technique we found that in
budding yeast fission of outer and inner membranes appears
to be tightly coupled. Matrix constriction and mitochondrial
fission are accomplished by different processes. The data dem-
onstrate that at a given point in time the highly dynamic
mitochondrial compartment of S. cerevisiae generally consists
of a single large luminally continuous part and occasionally
some additional smaller fragments. In logarithmically growing
cells a complete intermixing of the mitochondrial matrix oc-
curs in less than 10 min.
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