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An essential and probably primary
task in the study of cell cycle regula-
tions is the synchronization of cells into
specific cell cycle phases. Most of the
information on cell cycle-related pro-
cesses has been gained in the past
through the use of chemicals or growth
restriction conditions to synchronize
cells (10). Logarithmically growing
cells can alternatively be separated by
centrifugal elutriation, which does not
require an arrest of the cell cycle to
obtain synchronized cells. By this
method, cells are separated on the basis
of size and, to a lesser extent, density
under moderate conditions, making it
ideal for isolating populations of cells
in specific phases of the cell cycle with
minimal metabolic perturbations (7).
Centrifugal elutriation has already been
used in several different studies of cell
cycle-dependent parameters, such as
the regulation of cyclins and their asso-
ciated kinases or E2F-dependent tran-
scription (1,2,4,6,8,11,12). However,
the number of cell types separated by
centrifugal elutriation for cell cycle
analyses described so far is limited, and
a detailed investigation of the repro-
ducibility of this method to analyze cell
cycle parameters in different cell types
is missing. We describe data that
should help investigators to obtain re-
producible results on cell cycle regula-
tions in a wide variety of different cell
types using the approach of centrifugal
elutriation: (i) analyzing a wide variety
of mammalian cell types, we found that
the quality of separation by centrifugal
elutriation must reach a very specific
level to enable one to properly study
cell cycle regulations; (ii) we have opti-
mized the centrifugal elutriation condi-
tions to obtain highest quality of sepa-
ration for 22 different primary cells and
cell lines, focusing on those that are
frequently used in investigations of cell
cycle regulations; and (iii) our data al-
low general conclusions that could help
optimize the conditions for elutriation

of other cells.
We designed the elutriation system

as described earlier (3,5,7). In this sys-
tem, the cells loaded into the elutriation
chamber are subjected to the centrifu-
gal force generated by the rotation of
the rotor in an outward direction and to
the fluid force pumped into the separa-
tion chamber (we routinely used the
standard chamber) in an inward direc-
tion. In the elutriation chamber, a gradi-
ent of sedimentation velocity is estab-
lished that decreases toward the center
of rotation. During the loading process
at constant rotation and pump speed,
the cells are sedimented to a position in
the separation chamber according to
their sedimentation velocity (deter-
mined by size and density of the cell).
The cells remain in the chamber as long
as the two opposite forces are in equi-
librium. This equilibrium is dependent
on the average cell size, the loading
pump and rotation speed and the time
the cells have to reach the right sedi-
mentation position. Homogeneous pop-
ulations of cells with a specific size can
be eluted out of the rotor by increasing
the pump speed as well as by decreas-
ing the rotation speed. During the
course of our investigation, we found
that increasing the pump speed led to
much higher reproducibility of separa-
tion quality than decreasing the rotation
speed. Accordingly, we routinely elu-
triated at constant rotation speed. We
also used, for all elutriations described
here, the Model JE-6B elutriator in a
Model J2-21M centrifuge (Beckman
Instruments, Fullerton, CA, USA). We
used Masterflex Model 6411-16 sili-
cone tubing, and medium flow was
controlled with a Masterflex pump with
the standard Model 7016-20 pump
head (Cole-Parmer, Vernon Hills, IL,
USA). The elutriation medium was
phosphate-buffered saline supplement-
ed with 0.9 mM CaCl2, 0.5 mM MgCl2
and 2% calf serum. Medium flow rate
was increased in steps of 2–3 mL/min,
and consecutive fractions were drawn.
Each separated fraction was monitored
by a flow cytometer (Beckton Dickin-
son, Vienna, Austria) after staining
DNA. Adherent growing cells were
trypsinized, and the enzyme reaction
was stopped by concentrating all the
cells in 45 mL of the medium described
above containing 50% calf serum be-

fore loading. Cells in suspension were
concentrated by centrifugation (150×
g) (2,3).

During the course of our investiga-
tion, we were confronted with three dif-
ferent levels of elutriation quality,
which we termed categories A, B and
C. In category A elutriations, the G1
fractions contained almost 100% G1
cells, the best S-phase fractions con-
tained up to 80% S-phase cells, and the
best G2/M fractions contained also
about 80% G2/M cells (Figure 1). The
typical category B elutriation reflected
the problem of enrichment of each cell
cycle phase in the separated fractions,
but all fractions maintained a relatively
high amount of G1 cells. Accordingly,
the early G1 fractions were pure, but
the best S-phase fractions never con-
tained more than 30% S-phase cells,
and the best G2/M fractions were about
45% G2/M (Figure 1). In category C
elutriations, we could separate pure G1
cells, but all the other fractions ob-
tained reflected DNA distributions
comparable to those of logarithmically
growing cells (Figure 1). To get in-
sights into the usefulness of the three
categories of elutriations, we analyzed
the different separated fractions for
thymidine kinase (TK) activity, widely
used as a marker for S phase-dependent
regulation (9). Using the approach of
centrifugal elutriation, TK activity has
earlier been shown to be induced about
20-fold  at the G1/S transition and to
decrease during G2 in normal cells
(2,3,12). We detected this type of TK
cell cycle regulation in category A elu-
triations (Figure 1 and Reference 3). In
category B elutriations, the G1/S-spe-
cific up-regulation of TK was heavily
diminished (about 35%), and the down-
regulation during G2 was not gradual
as seen in category A experiments. In
category C elutriations, the cell cycle
regulation of TK was almost totally
abolished, with the highest induction of
2.5-fold (Figure 1). These data show
that the quality of centrifugal elutria-
tion must reach the separation efficien-
cy of category A experiments to allow
conclusions about the real and right cell
cycle regulation of the analyzed para-
meter.

From these data, the question arose
of which conditions one has to choose
to reach this high quality of separation
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Table 1. Conditions for Centrifugal Elutriation of Different Cells 

Pump Speed (mL/min)

Growtha Cell No. Load Timeb Loading Initial Final Temp. Speed Cat.c

Primary Human Cells:

Fetal fibroblasts A 1.8 × 108 25 min 16 24 56 25°C 520× g A
Adult fibroblasts A 1.2 × 108 30 min 20 26.4 55.2 25°C 580× g A
PHAd-stimulated lymphocytes S 2.8 × 108 40 min 10.4 18.4 40 20°C 580× g A

Primary Mouse Cells:

Fetal fibroblasts A 3.3 × 108 40 min 24 32 66.4 25°C 580× g B
Adult fibroblasts A 2.1 × 108 30 min 27.2 32 64 25°C 580× g A

Human Cell Lines:

293, adenovirus-transformed A 1.5 × 108 35 min 20 24 52.8 25°C 580× g A
fibroblasts

HeLa, cervix carcinoma cells A 2.3 × 108 35 min 34.4 40 61.6 25°C 580× g A
2.4 × 108 30 min 41.6 44 66.4 25°C 640× g B

EBVe-transformed lymphocytes S 3.1 × 108 40 min 14.4 20 40 25°C 580× g A
MOLT-4, acute lymphoblastic S 3.4 × 108 30 min 12 16 34.4 25°C 580× g A

leukemia
NB-4, acute promyelocytic leukemia S 2.9 × 108 25 min 11.2 17.6 33.6 25°C 580× g A
Y79, retinoblastoma cells S 2.2 × 108 30 min 12.8 20 39.2 25°C 580× g A

Rat Cell Lines:

Rat1 fibroblasts A 2.0 × 108 30 min 26.4 31.2 63.2 20°C 580× g A
3.1 × 108 30 min 26.4 31.2 63.2 25°C 580× g B
3.1 × 108 5 min 26.4 31.2 63.2 25°C 580× g C

Rat1a fibroblasts A 2.4 × 108 30 min 28 32 66.4 25°C 580× g A
Rat1MycER, Myc over-expressing A 2.6 × 108 25 min 26.4 31.2 63.2 25°C 580× g A

cells
Rat1p1093-E2F1, E2F-1 A 2.2 × 108 30 min 28 32 66.4 25°C 580× g A

over-expressing

Mouse Cell Lines:

3T3 fibroblasts A 2.5 × 108 30 min 20 26.4 66.4 22°C 580× g A
3T6 fibroblasts A 2.9 × 108 30 min 14.4 20 64 25°C 580× g A

2.0 × 108 5 min 17.6 25.6 60.8 25°C 580× g B
2.2 × 108 5 min 36.8 42.4 98.4 25°C 1320× g C

F9, embryonic carcinoma cells A 2.4 × 108 25 min 20 26.4 60.8 25°C 580× g A
SV-40f-transformed mouse A 0.9 × 108 30 min 17.6 25.6 49.6 25°C 580× g A

kidney cells
1.8 × 108 20 min 20 22.4 48 25°C 580× g B

J558, myeloma cells A 1.4 × 108 30 min 20.8 28.8 52.8 25°C 580× g A
RAW309F.1.1, lymphoma cells A 1.6 × 108 30 min 17.6 20 50.4 25°C 580× g A
COP-8, polyoma-transformed A 2.3 × 108 30 min 20 28.8 80 25°C 580× g A

fibroblasts
1.9 × 108 10 min 24 34.4 74.4 25°C 580× g B
3.5 × 108 30 min 22.4 24 72 18°C 580× g C

aA = adherent; S = suspension
btime of constant loading pump speed to let the cells enter the system
cCat. = category of elutriation quality (Figure 1)
dphytohemagglutinin
eEpstein-Barr virus
fsimian virus 40
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by centrifugal elutriation in different
cell types. Our investigation revealed
that in using the elutriation system de-
scribed above, the most important step
of the whole procedure was to reach a
perfect equilibrium during loading of
the cells; we have optimized the elutria-
tion conditions for 2 × 108 Rat1 cells
concerning loading time and loading
pump speed. When we used the same

conditions for loading of 3.1 × 108 Rat1
cells, the elutriation quality dropped
from category A to B. When we also
shortened the loading time from 30 to 5
min, the obtained elutriation quality
was category C (Figure 1 and Table 1).
In Table 1, we present the optimized
elutriation conditions for 22 different
cell types that are widely used in inves-
tigations of cell cycle regulations (cul-

tivation of primary cells is described in
Reference 3). For some cells, we pre-
sent conditions that led to lower separa-
tion qualities to help investigators to
avoid possible problems. Our results
also allow investigators to draw some
more general conclusions that could
help them to optimize the conditions of
centrifugal elutriation for other cell
types of interest: (i) increasing the
pump speed led to more reproducible
separation data on the analyzed cell
types than decreasing the rotor speed;
(ii) the quality of separation in Model
JE-6B elutriators is heavily dependent
on the number of loaded cells. As more
cells are loaded, the time of equilibra-
tion should become longer; (iii) we
were never able to elutriate more than 3
× 108 adherent cells in category A, not
even after very long equilibration time
(up to 2 h), using the standard elutria-
tion chamber; (iv) suspension cells are
usually smaller and must accordingly
be equilibrated at lower pump speeds.
Nonadherent cells can be separated at
high quality even when more than 3 ×
108 cells are loaded; and (v) the tem-
perature in the elutriation system (in the
range of 15°–30°C) does not affect the
separation quality. Elutriation at higher
or lower temperature should affect the
fraction at which the cells exit, since
both the density and viscosity of the
medium affect the sedimentation veloc-
ity and change as a function of temper-
ature (particularly viscosity).

In conclusion, we want to stress that
centrifugal elutriation used with opti-
mized conditions for the cell type of in-
terest leads to highly reproducible and
artifact-free data on cell cycle regula-
tions in all different cell types used so
far. However, centrifugal elutriation in
categories B and C does not allow con-
clusions about the cell cycle regulation
of the analyzed parameter.
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Figure 1. Categories of elutriation quality. Logarithmically growing Rat1 cells were separated accord-
ing to their different cell cycle phases by centrifugal elutriation using three different experimental condi-
tions (the conditions are described in detail in Table 1). The cell fractions obtained were cytofluoromet-
rically analyzed for DNA distribution (upper panels) and TK activity (given relative to the highest value
set to 100%). 
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Nonselective URA3
Colony-Color Assay in
Yeast ade1 or ade2
Mutants
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Phenotypes of the yeast Saccha-
romyces cerevisiae are normally as-
sayed with synthetic, minimal media
lacking one or more amino acids (5).
For some markers, such as those in the
adenine biosynthetic pathway, pheno-
types can be distinguished by colony
color on nonselective (rich) media.
Thus, ade1 and ade2 mutants produce
red or pink colonies, while wild-type
yeast colonies are white. Color markers
have advantages over typical selectable
markers. Color markers can be assayed
in a single step, whereas typical mark-
ers are usually assayed by replica plat-
ing to media lacking a particular
metabolite. Although single-step selec-
tion is possible for most markers, selec-
tive strategies may prevent certain
products from being detected, and this
may compromise experimental analy-
ses. Thus, screening color phenotypes
on nonselective media facilitates more
complete product analysis for some
types of experiments, such as those in
which mixed (sectored) colonies may
arise.

URA3 is a very popular gene for
studies in yeast because media are
available that allow selection for and
against both ura3 mutants and wild-
type URA3 strains (1,5). This positive-
negative selection system is often used
to effect “in-out” gene replacement (4).
We use URA3 in our assays of double-
strand break (DSB)-induced mitotic re-
combination. We recently performed a
study involving assays for sectored
Ura± colonies that were expected to
arise through segregation of a palin-
dromic loop mismatch in an intrachro-
mosomal recombination intermediate.
Recombination was induced in liquid
cultures by DSBs created in vivo in an
HO nuclease site (3) located 21 bp up-
stream of the palindrome in strain
YW14-409, which carries a non-tan-
dem duplication of ura3 (and is MATa-
inc, ade2-101, his3-200, trp1-∆1; un-
published). After DSB induction, cells
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