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F atty acylation of cellular proteins is vital, control-
ling protein�protein and protein�membrane in-
teractions. Protein fatty acylation is the covalent

attachment of lipids onto proteins. This serves to modu-
late the proteins’ physicochemical properties and bio-
logical functions and to direct their targeting for activa-
tion within cells. As such, protein fatty acylation
regulates intracellular protein trafficking and sorting, sig-
nal transduction pathways, and homeostasis (1−3).

Several classes of protein fatty acylation exist in eu-
karyotes. These primarily include N-myristoylation
and S-palmitoylation (Figure 1, panel a). Typically,
N-myristoylated proteins contain the saturated 14-
carbon myristate group bound to an exposed N-terminal
glycine residue through a stable amide bond.
S-Palmitoylation on the other hand comprises the re-
versible addition of a 16-carbon palmitate or longer fatty
acid chains onto cysteine residues via a labile thioester
linkage. While S-palmitoylation is dominant in living
cells, N-palmitoylation has been observed in Hedgehog
and Spitz secreted proteins (4, 5) and presumably oc-
curs through migration of the palmitoyl group on a cys-
teine to form the amide linkage.

Despite the critical role of protein fatty acylation in
physiology, few methods exist that are highly sensitive
for detecting lipid-modified proteins (6, 7). Traditional
methods involve metabolic labeling with radioactive
fatty acids (8), but they are time-consuming as they re-
quire long autoradiographic exposure time, not to men-
tion the hazards of handling radioisotopes. Recently,
pioneering work described the metabolic incorporation
of fatty acid analogues bearing an azido group and their
use to detect fatty acylated proteins by a Staudinger li-
gation reaction (9−12). This approach was used for la-
beling recombinant proteins in bacteria (13) and for
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ABSTRACT Fatty acylation or lipid modification of proteins controls their cellu-
lar activation and diverse roles in physiology. It mediates protein�protein and
protein�membrane interactions and plays an important role in regulating cellular
signaling pathways. Currently, there is need for visualizing lipid modifications of
proteins in cells. Herein we report novel chemical probes based on �-alkynyl fatty
acids for biochemical detection and cellular imaging of lipid-modified proteins. Our
study shows that �-alkynyl fatty acids of varying chain length are metabolically in-
corporated onto cellular proteins. Using fluorescence imaging, we describe the
subcellular distribution of lipid-modified proteins across a panel of different mam-
malian cell lines and during cell division. Our results demonstrate that this meth-
odology is a useful diagnostic tool for analyzing the lipid content of cellular pro-
teins and for studying the dynamic behavior of lipid-modified proteins in various
disease or physiological states.
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identifying fatty acylated proteins that are localized in
mitochondria or posttranslationally modified during ap-
optosis (10, 11). However, all of these studies stopped
short of characterizing the subcellular distribution of
lipid-modified proteins. Hence, there is still need for al-
ternative methods aimed at visualizing protein fatty acy-
lation in cells, as this has not been addressed. Here we
report the synthesis and investigation of a suite of non-
radioactive fatty acids containing alkyne groups, their
metabolic incorporation onto cellular proteins, and their
utility as tool reagents for detecting and visualizing lipid-
modified proteins in cultured cells (Figure 1, panels b
and c).

RESULTS AND DISCUSSION
Design and Synthesis of �-Alkynyl Fatty Acids. In

this study, we describe the subcellular distribution of
lipid-modified proteins by using alkynyl fatty acids. We
chose to use alkyne groups because they maintain the
hydrophobicity of the fatty acid carbon chain and hence
minimize changes in the physicochemical properties of
fatty acids and their interactions with lipids and because
they are metabolically inert but sufficiently reactive un-
der appropriate conditions. Indeed, the chemical prop-
erties of alkynes have been recently exploited in the

study of glycoconjugates (14) and activity-based pro-
tein profiling (15, 16).

We introduced alkyne groups at the �-position (termi-
nal end that is farthest from the carboxyl functionality)
of fatty acids (Figure 1, panel b) because previous work
demonstrated that the biosynthetic enzymes that incor-
porate fatty acids onto proteins are tolerant to modifica-
tions at this terminal position (17, 18). Our �-alkynyl
myristate and palmitate analogues were synthesized
from the corresponding alcohols containing internal
alkynes via a zipper reaction (19) that allows isomeriza-
tion of an internal alkyne to a terminal alkyne (see
Supplementary Scheme 1). This was followed by Jones
oxidation to yield the �-alkynyl myristate and palmitate
analogues in high yield and purity.

Biochemical Incorporation of �-Alkynyl Fatty Acids
onto Cellular Proteins. First, we wished to demonstrate
that the synthetic fatty acid analogues were metaboli-
cally incorporated onto cellular proteins. To do so,
�-alkynyl fatty acids with 10 (1), 11 (2), 13 (3), 14 (4),
16 (5), and 18 (6) carbon atoms (Figure 1, panel b) were
added to cultured MDCK epithelial cells and incubated
for 24 h. After preparing the cellular proteome, the alky-
nyl group incorporated onto acylated proteins was che-
moselectively ligated to azide-tagged biotin (for synthe-
sis, see Supplementary Scheme 2) or fluorophore by a

Figure 1. Labeling and imaging of cellular proteins with bioorthogonal �-alkynyl fatty acids. a) Chemical structures of
N-myristate and S-palmitate groups covalently attached to proteins. b) �-Alkynyl fatty acid analogues used in this study.
c) Process for labeling cellular lipid-modified proteins with fatty acid analogues. Synthetic �-alkynyl fatty acids are
added to cultured cells and metabolically incorporated into acylated proteins. After workup, the alkynyl group is chemos-
electively ligated to azide-tagged biotin or fluorophore by a Cu1-catalyzed alkyne-azide [3 � 2] cycloaddition reaction.
The conjugated proteins are separated by gel electrophoresis and detected by streptavidin-linked horseradish peroxidase
(route A) or alternatively detected by streptavidin-Alexa488 and imaged using fluorescence microscopy (route B).
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Cu1-catalyzed alkyne-azide [3 � 2] cycloaddition reac-
tion (20) (Figure 1, panel c). The conjugated proteins
were separated by gel electrophoresis and analyzed by
Western blot using streptavidin-linked horseradish per-
oxidase (Figure 2, panel a). Samples treated with
�-alkynyl fatty acids showed significant labeling rela-
tive to untreated control. The degree of labeling was de-
pendent on the carbon chain length, indicative of the
specific nature of the bioorthogonal labeling procedure
with �-alkynyl fatty acids. We ascribe the background
bands detected in the untreated DMSO control to endo-
genously biotinylated proteins considering that
bioorthogonal click chemistry exhibits specific labeling
under these conditions (see Supplementary Figure 1)
(14−16). The C13, C14, and C16 probes exhibited the
highest degree of protein incorporation. This is a reason-
able expectation considering that the majority of known
protein lipid modifications in cells comprise myristoyla-
tion and palmitoylation. Importantly, �-alkynyl fatty ac-
ids were taken up and metabolically incorporated into
other cell lines such as RAW2647 macrophages and
mouse L-cells (see Supplementary Figure 2), demon-
strating the versatility of these probes. It is worth not-
ing that differences in labeling among the individual
�-alkynyl fatty acids indicate they target diverse sets of
proteins.

To demonstrate the specificity of metabolic incorpo-
ration, we analyzed the type of chemical linkage via
which �-alkynyl fatty acid probes attach onto proteins.
We treated alkyne-labeled proteins from MDCK cells
with hydroxylamine, which specifically removes fatty ac-
ids attached via thioester linkages but not amide bonds
(6) (Figure 2, panel b). The C16 �-alkynyl fatty acid
showed substantial sensitivity to hydroxylamine treat-
ment, suggesting that it is predominantly attached via
thioester linkages and hence labels S-palmitoylated pro-
teins. On the other hand, the 13- and 14-carbon fatty
acid chains predominantly incorporated via amide
bonds due to their relative resistance to hydroxylamine
treatment. Collectively, these experiments validate the
utility of C14 and C16 �-alkynyl fatty acids as probes for
protein N-myristoylation and S-palmitoylation, respec-
tively. They also demonstrate that C10, C11, and C18
predominantly attach via thioester bonds (Figure 2,
panel b), and hence serve as probes of S-acylation as
well. The interesting finding about C10 and C11 adds to
the toolbox of fatty acid probes of S-acylation and is con-
sistent with prior examples illustrating the attachment

of decanoic acid to acyl carrier proteins via a thioester
linkage (21).

The �-alkynyl fatty acids were metabolically incorpo-
rated onto cellular proteins in a time- and dose-
dependent manner, indicating that labeling with
�-alkynyl fatty acids is dependent on active cellular me-
tabolism. Treatment of MDCK cells with C14, C16, or C18
results in labeled protein bands that are observed within
1 h and that exhibit a time-dependent increase in their in-
tensity over a 6 h time period (see Supplementary
Figure 3). In a similar fashion, treatment with increasing
concentration of C14, C16, or C18 shows dose-
dependent metabolic incorporation at 4 h (see Supple-
mentary Figure 4). Because protein N-myristoylation is a
co-translational event, we show that treatment with the
protein synthesis inhibitor cycloheximide inhibits pro-
tein labeling with C14 (see Supplementary Figure 5,
panel a). Furthermore, competition experiments with
myristic and palmitic acids demonstrate that the
�-alkynyl C14 and C16 fatty acids serve as specific
probes for protein N-myristoylation and S-palmitoylation
in cells, respectively (see Supplementary Figure 5, pan-
els b and c). Together, these results illustrate that
�-alkynyl fatty acids are sufficiently taken up and well

Figure 2. Biochemical detection of lipid-modified proteins. a) MDCK
cells were treated with �-alkynyl fatty acid probes (100 �M) as
indicated for 24 h. Lane 1: C10, lane 2: C11, lane 3: C13, lane 4:
C14, lane 5: C16, lane 6: C18. DMSO lane represents lysates
treated with DMSO instead of fatty acids and processed in the
same manner as the fatty-acid-treated lysates. Cellular proteins
were isolated, reacted with biotin-azide, resolved by gel electro-
phoresis, and detected by Western blotting with streptavidin-HRP,
as described in Methods. Asterisks denote bands labeled by treat-
ment with probe, as judged visually by appearance of new bands
relative to untreated DMSO control. b) In parallel, membranes were
treated with 5% hydroxylamine for 72 h before detection with
streptavidin-HRP.
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tolerated by cultured cells, readily recognized by the bio-
synthetic machinery, and efficiently incorporated onto
cellular proteins.

Imaging of Lipid-Modified Cellular Proteins. To dem-
onstrate the broad utility of �-alkynyl fatty acids, we per-
formed fluorescence microscopy to visualize cellular
fatty acylated proteins. Cells were treated with vehicle
or the various �-alkynyl fatty acid analogues, extensively
washed to remove excess probe, and then fixed. To dif-
ferentiate labeled proteins from possible incorporation
of probes into cellular phospholipids, cells were either
methanol fixed or fixed with paraformaldehyde followed
by treatment with detergent to remove lipids. Cells were
then processed for the click reaction with rhodamine
azide or biotin azide followed by streptavidin-
conjugated Alexa488. A high fluorescence signal was
observed in samples treated with �-alkynyl fatty acids
compared to a minimal signal in DMSO-treated samples
in prostate cancer PC3 cells (Figure 3, panels a�d and
Supplementary Figure 6), mouse fibroblast L-cells
(Supplementary Figure 7) and RAW2647 macrophages

(Supplementary Figure 8). The signal-to-background ra-
tio was significantly higher in samples processed with
rhodamine azide compared to biotin azide; this is
mainly due to endogenously biotinylated proteins that
contribute to background and is also consistent with
background observed in streptavidin biochemical detec-
tion (Supplementary Figure 1). Hence, rhodamine-azide
was used in fluorescence microscopy experiments for
detection of lipid-modified proteins. Fluorescence im-
ages show different subcellular distributions of proteins
labeled with the various �-alkynyl fatty acids. Interest-
ingly, cellular C14-, C16-, and C18-labeled proteins are
distributed in a punctate pattern outside the nucleus, lo-
calize to a varying degree in vesicular structures in the
cytoplasm. and label the plasma membrane and mem-
brane ruffles (Figure 3, panels e�g and see Supplemen-
tary movies 1, 2, and 3), consistent with membrane tar-
geting of lipid-modified proteins. There are also subtle
differences in the fluorescence localization between
C14, C16, and C18 (see Supplementary movies 1, 2,
and 3 and Supplementary Figure 9), with C14 and C16

Figure 3. Cellular imaging of lipid-modified proteins. a�d) Fluorescence microscopy of PC3 cells not labeled in the ab-
sence (a) or labeled in the presence of �-alkynyl fatty acids C14 (b), C16 (c), and C18 (d). Cells were treated with DMSO or
�-alkynyl fatty acids (100 �M) as indicated for 3 h. Cells were then fixed, permeabilized, reacted with rhodamine-azide
(shown in green), and imaged by epifluorescence microscopy using a 40x objective. e�g) Confocal section of PC3 cells
treated with C14 (e), C16 (f), and C18 (g). Cells were treated as in panels a�d and imaged by confocal microscopy using a
63x oil objective. All images were acquired the same way. The fluorescence along the z-axis is shown on top of each
confocal section. h�j) Confocal section of PC3 cells in interphase (h), metaphase (i), and cytokinesis (j), treated with C16
(red) and stained with tubulin (green). Cells were treated as in panels a�d except that they were fixed in methanol and
imaged by confocal microscopy using a 63x oil objective. All images were acquired the same way. The fluorescence along
the z-axis is shown on the left-hand side of panel i. Arrow in panel j indicates cleavage furrow where palmitoylated pro-
teins concentrate. Scale bar � 10 �m.

584 VOL.4 NO.7 • 581–587 • 2009 www.acschemicalbiology.orgHANNOUSH AND ARENAS-RAMIREZ



labeling dense objects around the nucleus and C18 la-
beling fluorescent objects that are more dispersed
throughout the cytoplasm. Furthermore, based on our
cellular images, it is likely that some labeled lipid-
modified proteins may in part be localized in mitochon-
dria, among other organelles. It remains to be deter-
mined which cellular compartments are occupied by
lipid-modified proteins and how this depends on the
specific type of �-alkynyl fatty acid used. Nevertheless,
this set of data is to our knowledge the first cellular view
of global lipid-modified proteins.

Next, we demonstrated that �-alkynyl fatty acids can
be used to analyze the distribution of lipid-modified pro-
teins in different cellular states. As a test case, we moni-
tored PC3 cells that are undergoing cell division and
have been labeled with C16 �-alkynyl fatty acid in addi-
tion to a tubulin marker (Figure 3, panels h�j and
Supplementary movies 4 and 5). Metaphase cells show
a distinct distribution of C16-labeled proteins at the
plasma membrane and in dense structures around the
spindle and throughout the cell body (Figure 3, panel i
and Supplementary movie 4). Interestingly, during cyto-
kinesis, C16-labeled proteins concentrate at the cleav-
age furrow, the site of cell division (see arrow, Figure 3,
panel j and Supplementary movie 5). While the biologi-
cal significance of this observation is out of the scope of
this paper, these experiments shed light on the behav-
ior of S-palmitoylated proteins during cell division and
highlight the potential application of our probes in differ-
ent cellular contexts.

Monitoring Turnover of Lipid-Modified Cellular
Proteins. We then decided to examine the turnover of
lipid-modified proteins in cells to gain insight into their
dynamic behavior. In this regard, we performed a pulse-
washout experiment as follows: PC3 cells were pulse la-
beled with C16 �-alkynyl fatty acid for 3 h, washed ex-
tensively then incubated in growth medium without C16
and subsequently fixed at various time points (Figure 4,
panel a). We observe that C16-labeled proteins un-
dergo rapid turnover as noted by the loss in fluores-
cence signal within 3�6 h (Figure 4, panels b and c). It
will be interesting to determine in the future how the
turnover of lipid-modified proteins is affected under dif-
ferent conditions and how it varies with the individual la-
beling probes. Nevertheless, these experiments shed
light onto the turnover of S-palmitoylated proteins in

cells and provide evidence that �-alkynyl probes should
aide in monitoring the dynamics of lipid-modified pro-
teins in various cellular states.

Conclusion. In summary, we developed sensitive,
nonradioactive chemical probes for biochemical detec-
tion and cellular imaging of protein fatty acylation. We
also described a simple and efficient way to synthesize
�-alkynyl myristic and palmitic acid probes via a zipper
reaction and biochemically validated C10, C11, C13,
C14, C16 and C18 probes in different mammalian cell
lines and characterized their distribution by fluores-
cence imaging. Previous studies utilizing azido fatty ac-
ids (9−11) and a C18-alkyne probe (22) were aimed at
biochemical detection of fatty acylation but stopped
short of characterizing the subcellular distribution of
lipid-modified proteins. This study’s fluorescence imag-
ing of cellular lipid-modified proteins across a diverse
panel of cell lines, turnover of C16-labeled proteins, and
the finding that S-palmitoylated proteins concentrate at
the cleavage furrow during cell division demonstrate
that this methodology will be useful for probing the dy-
namics of lipid-modified proteins.

Because the probes reported herein are easy to
handle, we anticipate that they will serve as an alterna-
tive to radioactively labeled fatty acids and their lengthy

Figure 4. Monitoring turnover of lipid-modified proteins. a) Schematic of the
pulse-washout experiment. PC3 cells were pulsed with C16 (100 �M) for 3 h,
washed extensively with PBS, and allowed to grow in full media before being
fixed at various time points. Samples were then processed for click reaction
with rhodamine azide and visualized by epifluorescence microscopy. b) Fluo-
rescent images showing the decay in signal of C16-labeled proteins (green) at
the indicated time points (1, 3, 6, 24 h time points) immediately after washout
of the C16 probe (0 h time point). Nuclei are shown in blue and are used as a
control for cell number. Images were captured by using a 10x air objective. c)
Quantification of the normalized integrated cell intensity (%) in images from
(b). A total of �5000 cells per time point were scored by MetaXpress imaging
algorithm.
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and hazardous experimental protocols. Furthermore,
they pave the way into global lipidomic analysis of cel-
lular acylated proteins (22) and may find usage in bio-
logical studies of novel myristoylated proteins (11, 23,
24). We believe that incorporation of an alkyne tag
would offer advantages in labeling lipid-modified pro-
teins compared to azide tags because they maintain the
hydrophobicity of the carbon chain and minimize inter-
ference with the hydrophobic lipid environment. Indeed,
while this manuscript was under review, Hang and co-
workers described C14, C16, and C18 as more efficient
probes for labeling lipid-modified proteins compared to
their azido counterparts (25). These probes along with
C10, C11, and C13 probes described herein comprise a

novel chemical toolbox for visualizing lipid-modified
proteins during various physiological states of the cell
or for further proteomic analysis of lipid-modified pro-
teins. A future development of this methodology would
be to investigate the identity of proteins detected by the
individual probes and to understand the factors govern-
ing their selectivity in a cellular context. We are cur-
rently extending this methodology in our laboratory to la-
bel and follow the dynamic behavior of specific proteins
in response to different stimuli. The simplicity of our
method and the specificity of metabolic incorporation
of �-alkynyl fatty acids make them ideal probes to study
post-translational lipid modifications of cellular
proteins.

METHODS
Cell Culture. Raw 264.7 macrophages (ATCC no. CCL-2278)

were grown in high glucose Dulbecco’s Modified Eagle’s Me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and glutamax (2 mM). MDCK (canine kidney epithelial cells,
ATCC no. CCL-34) were grown in DMEM media supplemented
with 10% FBS. PC-3 cells (ATCC no. CRL-1435) were grown in
F-12K Medium supplemented with 10% FBS. Mouse L-cells
(ATCC no. CRL-2648) were cultured in DMEM media supple-
mented with 10% FBS. All cells used were incubated in a 5%
CO2 humidified chamber at 37 °C for 24 h before any
experiment.

Labeling and Detection of Lipid-Modified Proteins in Cell
Extracts. The �-alkynyl fatty acid analogues were dissolved in
DMSO to generate 50 mM stock solutions and were stored at
�80 °C. Before cell treatment, the analogues were dissolved in
DMEM serum-free media supplemented with 5% BSA (fatty-acid-
free) at a final concentration of 100 �M. The fatty acid�media
solutions were sonicated for 15 min at RT and then allowed to
precomplex for 15 min at RT.

Cells were seeded with complete media onto 6-well plates
(8 � 105 cells/well) and incubated for 24 h before treatment. Af-
ter the growth media was removed, cells were washed once
with PBS before adding 2 mL of the �-alkynyl fatty acid contain-
ing media. After a 24 h incubation period at 37 °C/5% CO2,
cells were washed three times with cold PBS, and cell extracts
were prepared in 400 �L of lysis buffer (1% Nonidet P-40/
150 mM NaCl/Pierce protease and phosphatase inhibitor cock-
tail/100 mM sodium phosphate, pH 7.5). To obtain a final pro-
teome concentration of 2 mg mL�1 (protein concentration
determined by BCA kit), cell lysates were concentrated by cen-
trifugation for 15 min at 14,000 rpm at 4 °C with Nanocep cen-
trifugal ultrafiltration devices. Protein extracts (�45 �g) were
then subjected to the probe labeling reaction in a 25 �L vol-
ume, for 1 h at RT, at final concentrations of the following re-
agents (14, 16): 0.1 mM biotin-azide, 1 mM Tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich) dissolved
in water, 0.2 mM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]
amine (TBTA, Sigma-Aldrich) dissolved in DMSO/tert-butanol
(20%/80%) and 1 mM CuSO4 in PBS. The order of addition of
the reagents to the protein extracts is important for the reaction
and has to be followed as described above.

Western Blotting. Labeled protein lysates were resolved by
SDS�PAGE using 4�20% Tris-glycine gels. For immunoblotting

of biotin-labeled proteins after electrophoresis, proteins were
transferred onto a nitrocellulose membrane, which was blocked
with PBS, 0.1% Tween-20 [PBST], and 5% nonfat dried milk for
2 h at RT or overnight at 4 °C. The membrane was washed three
times with PBST (5 min each) and incubated with streptavidin-
horseradish peroxidase (Zymed, 1:1250 in PBST) for 1 h at RT.
The membrane was washed with PBST three times (10 min each)
and developed using enhanced chemiluminescence reagent ac-
cording to manufacturer’s recommendation (Amersham Bio-
sciences). For the hydroxylamine-sensitivity assay, following
the transfer of proteins to nitrocellulose membranes, the mem-
branes were incubated 65�72 h at RT with PBST and 5% NH2OH
(Sigma-Aldrich). After hydroxylamine treatment, membranes
were blocked with 5% nonfat dried milk in PBST for 2 h at RT
or overnight at 4 °C and analyzed by streptavidin blot as de-
scribed above. To demonstrate equal levels of protein loading,
streptavidin blots were stripped with Pierce stripping buffer for
15 min at RT and reprobed with an anti-�-tubulin HRP antibody
and developed with enhanced chemiluminescence reagent.

Fluorescence Microscopy. Cells were seeded onto 12-well
plates (4 � 105 cells well�1) containing glass coverslips and in-
cubated for 24 h before treatment. The growth medium was re-
moved, and cells were washed once with PBS before adding
1 mL of medium containing the �-alkynyl fatty acid at the indi-
cated concentration. After 24�48 h incubation at 37 °C/5% CO2,
cells were washed three times with PBS to remove excess probe
and fixed with 4% paraformaldehyde (PFA) for 10 min at RT.
Cells were then permeabilized with PBS/0.1% triton X-100 for
1�2 min at RT, washed extensively with PBS, and subjected to
the click reaction in a 50 �L volume at final concentrations of the
following reagents: 0.1 mM biotin-azide or rhodamine-azide,
1 mM TCEP dissolved in water, and 1 mM CuSO4 in PBS at RT
for 1 h. The labeled cells were rinsed extensively with PBS and
blocked in PBS/5% BSA for 45 min at RT. Cells were stained with
streptavidin-conjugated AlexaFluor 488 (Invitrogen cat. no.
S32354, 1:500) in PBS/5% BSA for 45 min at RT, and nuclei
were stained with Hoechst 33342 (MP no. H21492; 1:10,000
in PBS) for 10 min at RT. For labeling with rhodamine-azide, cells
were directly stained with Hoechst. For tubulin staining, cells
were fixed in precooled methanol at �20 °C for 5�10 min and
processed for the click reaction as described above followed by
staining with antitubulin antibody and the appropriate second-
ary Alexa488 conjugate antibody. Fluorescent images were cap-
tured on an inverted Zeiss AX10 microscope equipped with a
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CoolSnap CCD camera (Roper Scientific), and images were ana-
lyzed with Slidebook 4.1 software (Intelligent Imaging Innova-
tion). Z-Sections were acquired with 0.3 �m spacing. On aver-
age, 50�70 z-sections were acquired per image.

Supporting Information Available: This material is available
free of charge via the Internet.
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