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Geranylgeranyl diphosphate (GGPP) synthase was purified to homogeneity from
bovine brain in a one-step affinity column procedure. For the construction of the
affinity column, a farnesyl diphosphate (FPP) analog, O-(6-amino-1-hexyl)-P-
-farnesylmethyl phosphonophosphate, was synthesized and linked to the spacer of
the matrix of Affigel 10 via the amino group. The native enzyme appeared to be
homooligomer (150-195 kDa) with a molecular mass of the monomer of 37.5 kDa. The
pl for the enzyme was 6.2. The Km values for dimethylallyl diphosphate (DMAPP),
geranyl diphosphate (GPP) and FPP were estimated to be 33 pM, 0.80 M and 0.74 pM,
respectively. The Km value for isopentenyl diphosphate (IPP) in the presence of both
IPP and FPP mixture was 2 uM. The ratio of the reaction velocity for formation of GGPP
from DMAFPF, GPP or FPP was 0.004:0.145:1. The intermediate FI'P was formed in the
reaction with GPP as an allylic primer. FPP synthase catalyzing the formation of FPP
from DMAFPF and IPP was also purified to homogeneity from the same organ by a
similar affinity chromatography procedure using a GPP analog, O-(6-amino-1-hexyl}-
-P-geranylmethyl phosphonophosphate as a ligand. The enzyme was a homodimer
with a monomeric molecular mass of 40.0 kDa. These results indicate that GGPP, a
lipid precursor for the biosynthesis of a majority of prenylated proteins, is synthesized
from DMAPP and IPP by the action of FPP synthase catalyzing the reactions Cs—Cis

followed by the action of GGPP synthase catalyzing the reaction Ci15—Cao.

A number of prenylated proteins have been
found in various organisms [1-5]. These in-
clude Ras proteins, Ras-related small G-pro-
teins, nuclear lamin proteins, y-subunit of
heterotrimeric large G-proteins, and fungal
mating pheromones. The prenylation of these
proteins has been reported to be essential for
their function in the cells [6-8] and, by ident-
ifying protein prenyltransferases in yeast and
mammalian brains [9], the direct precursors of

prenyl moiety have been established to be FPP
and GGPPF. Three types of protein prenyltrans-
ferases have been reported. Protein farnesyl-
transferase catalyzes condensation of FPP and
the cysteine residue of a CAAX sequence at the
C-terminal region of precursor proteins (C, cys-
teine; A, aliphatic amino acid; X, methionine or
serine). Protein geranylgeranyltransferase I
calalyzes a similar condensation of GGPP and
the cysteine residue of a CAAX sequence of
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sodium dodecylsulfate polyacrylamide gel electrophoresis; PMSF, phenylmethanesulfonyl fluoride.
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precursor proteins (X, leucine or phenyla-
lanine). Protein geranylgeranyltransferase II
catalyzes the condensation of GGPP and one or
both of the cysteine residues of a CXC or an
XXCC sequence at the C-terminal region of
precursor proteins. Concerning the biosyn-
thesis of lipid precursors for these protein pre-
nyltransferases, FPP, which has been generally
accepted to be the common intermediate occu-
pying the branch point in the biosynthetic path-
ways to cholesterol, dolichel, ubiquinone and
Heme a, is supplied from DMAPP by the action
of FPP synthase, the most abundant and widely
occurring prenyltransferase in mammalian tis-
sues. On the other hand, the biosynthesis of
GGPP, the carbon chain length of which is
longer by one isoprene unit than that of FPP, is
not well understood. Reed & Rilling [10] have
reported that crystalline FPP synthase from
avian liver has a poor but significant ability to
synthesize GGPP from FPP and IPP. We have
separated GGPP synthase from FPP synthase
by ion exchange chromatography followed by
hydroxylapatite chromatography of crude ex-
tracts from pig liver [11]. Recently we have also
reported separation of the two enzymes by
chromatography of crude extracts from rat
liver [12] and from bovine brain [13]. However,
the farnesyl-transferring activity of the par-
tially purified GGPP synthase free from FPP
synthase was too low for the enzyme to be
characterized.

To gain better understanding of the biosyn-
thetic pathway to GGPP from DMAPYP, the first
starting allylic primer in the isoprenoid biosyn-
thetic pathway, it is of importance to elucidate
the relationship between FPP synthase and
GGPP synthase. It is also of interest to see
whether the level of GGPP as well as that of FPP
in cells is controlled, as the number of ger-
anylgeranylated proteins has been shown to be
larger than that of farnesylated proteins [14-
16]. Since the cha acterization of GGPP syn-
thase has been hampered by the difficulty in
purifying this enzyme by a series of combina-
tions of conventional chromatographies, we
tried to purify it in a one step procedure by
affinity chromatography using an FPP analog
as a ligand. This approach enabled us to purify
GGPP synthase to homogeneity and to charac-
terize the enzyme. In this report we describe
these resullts.

EXPERIMENTAL PROCEDURES

Materials, [1-'*C]IPP (spec. act. 52 Ci/mol)
was obtained from Amersham Corp. DMATT,
GPPF, FPP, E,E,E-GGPP, Z,E,E-GGPT, and 2-(di-
methylamino)ethyl-PP were prepared accord-
ing to Davisson et al. [17]. 3-Azageranyl-
geranyl-PP was provided by Prof. R.M. Coates,
Department of Chemistry, University of Illi-
nois, Urbana, IL (US.A.). Bovine brains were
obtained from a local slaughterhouse. Affigel
10 agarose beads were purchased from Bio-Rad
Laboratory. Mono Q, Superose 12 HR 10/30,
and Superdex 200 10/30 columns were ob-
tained from Pharmacia-LKB. Silica gel 60 thin-
layer plates were obtained from Merck.
Reverse-phase LKC-18 thin-layer plates were
purchased from Whatman. All other chemicals
were of reagent grade.

Preparation of affinity gels. Two kinds of li-
gands (see Fig. 1), O-(6-amino-1-hexyl)-P-ger-
anylmethyl phosphonophosphate and
O-(6-amino-1-hexyl)-P-farnesylmethyl phos-
phonophosphate, were prepared according to
Bartlett et al. [18]. These ligands were almost
pure as judged by "H NMR spectrometry and
by silica-gel thin-layer chromatography (Rf
0.13 and 0.17 for the geranylmethyl ligand and
the farnesylmethyl ligand, respectively; eluent:
20% aqueous CHaCN containing 0.5% of conc.
NH4OH). Each ngand was coupled to Affigel
10 according to instructions of Bio-Rad com-
pany and the method of Bartlett ef al. [18]. The
affinity gels were stored at 4°C in 10 mM Pipes
buffer (pH 7.0} containing 1 mM MgClz, 10 mM
2-mercaptoethancl and 0.25 mM sodium azide
until use.

Enzyme purification. Bovine brain was im-
mersed in two volumes of 50 mM Tris/HCI
buffer (pH 7.5) containing 1 mM EDTA, 1 mM
EGTA, 0.1 mM leupeptinand 0.2 mM PMSF, cut
into small pieces with scissors, and homo-
genized (five strokes) in a Teflon glass homo-
genizer. The homogenate was centrifu~=d at
10000 x g for 30 min and at 100000 x g for 2.5 h.
For purification of GGPP synthase, the result-
ing supernatant was brought to 0.4 saturation
with solid ammonium sulfate, stirred for 30
min, and centrifuged at 10000 x g for 15 min.
The obtained supernatant was brought to 0.6
saturation with solid ammonium sulfate,
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stirred for 30 min, and then centrifuged at
10000 x g for 15 min. The precipitate was dis-
solved in a small volume of standard buffer (10
mM Pipes, pH 7.0, 1 mM MgCly, and 10 mM
2-mercaptoethanol). The crude enzyme was
dialyzed agairs<t standard buffer containing 0.1
M KCl and 1 mM sodium pyrophosphate. The
dialysate was filtered through a membrane
(DISMIC-25, 0.45 um). The filtrate was diluted
to 10-20 mg/ml with the same buffer as de-
scribed above and loaded onto a farnesyl-
methylaffinity gel column (0.8 cm x 12 cm), and
the column was eluted at a flow fate of 6 ml/h.
A pre-column located immediately before the
affinity column contained 5 ml of Affigel 10
agarose derivatized with 2-aminoethanol. The
farnesylmethyl affinity gel column was then
washed with standard buffer containing 0.1 M
KCland 1 mM sodium pyrophosphate until the
absorbance at 280 nm came back to the base
line. Subsequent elution steps were carried out
at a flow rate of 30 ml/h. The column was
washed with standard buffer containing 0.2%
(w/v) octylglucoside to remove non-specifi-
cally bound proteins, followed by washing
with standard buffer. GGPP synthase was
eluted with a linear gradient of FPP (0-500 M)
in standard buffer. The fractions showing the
enzyme activity were combined, concentrated
in a Centricon-3 concentrator apparatus,
washed with standard buffer three times to
remove FPPand stored at-80°C in the presence
of 0.2% octylglucoside until use.

For purification of FPP synthase, the superna-
tant obtained by centrifugation at 100000 x g of
the homogenate from bovine brain was
brought to 0.3 saturation with solid ammonium
sulfate, stirred for 30 min, and centrifuged at
10000 x g for 15 min. The supernatant was
brought to 0.4 saturation with solid ammonium
sulfate, stirred for 30 min, and centrifuged at
10000 % g for 15 min. The precipitate was dis-
solved inasmall volume of standard buffer and
dialyzed against the same buffer. The dialysate
was then filtered through the membrane (DIS-
MIC-25, 0.45 pm), and the filtrate was diluted
to 10-20 mg/ml with standard buffer and
loaded onto a geranylmethyl affinity gel col-
umn (0.8 cm x 12 cm). Subsequent elution con-
ditions were the same as described by Bartlett
et al. [18].

Prenyltransferase assay and product ana-
lysis. The standard assay mixture contained, in

a final volume of 25 pl, 50 mM phosphate buffer
(pH 7.0), 5 mM MgClz, 2 mM dithiothreitol,
0.1% (w/v) bovine serum albumin, 0.8% (w/v)
uctylglur:umde, 25 puM allylic diphosphate, 20
uM [‘l {I]IP'PI 20 pM 2-(dimethylamino)ethyl-
PP and a suitable amount of enzyme protein.
The mixture was preml:ubaled in the absence
of allylic diphosphate and [1-**CJIPP at 37°C
for 5 min to inhibit the action of IPP isomerase,
then the substrates were added and the incuba-
tion continued at 37°C for 30 min. When a
purified enzyme was used, the preincubation
in the presence of 2-(dimethylamino)ethyl-PP
was omitted. The enzymatic reactions were
stopped by the addition of a mixture (0.3 ml) of
conc. HCI:CH30H (1:4, v/ v). The mixture was
kept at 37°C for 15 min and extracted with
hexane. The radioactivity in the hexane extracts
was measured by scintillation counting.

For product analysis, the enzymatic reaction
products were extracted with 1-butanol and
treated with acid phosphatase at 37°C for at
least 5 h according to Fujii ef al. [19]. The lib-
erated products were extracted with hexane.
The hexane soluble products were analyzed by
reverse-phase LKC-18 thin-layer chromato-
graphy in acetone:water (7:1, v/v). The posi-
tions of authentic standards were visualized
with iodine vapor. For autoradiography, the
thin-layer plates were exposed on a Fuji im-
aging plate at room temperature for one day.
The exposed imaging plate was analyzed with
a Fuji BAS 2000 Bioimage analyzer.

Molecular mass of native enzyme, ASuperose
12 column and a Superdex 200 column were
eluted with standard buffer containing 0.1 M
MaCl and 5 pM FPP at a rate of 0.5 ml/min.
Protein standards were ﬁ-galactnsidase {465
kDa), immunoglobulin G (150 kDa), Fab frag-
ment from immunoglobulin G (50 kDa), and
myoglobin (17 kDa). Fractions were collected
and assayed for GGPP synthase activity.

RESULTS

Purification of geranylgeranyl-PP synthase

For purification of the enzyme from bovine
brain we prepared two kinds of affinity gels,
geranylmethyl affinity gel and farnesylmethyl
affinity gel. We first tried to use the geranylme-
thyl affinity gel, which has been reported to be
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Fig. 1. Chemical structures of affinity gel ligands used for the present work.
O-{6-Amino-1-hexyl)-P-farnesylmethyl phosphonaphosphate (A) and O-{6-amino-1-hexyl}-P-geranylmethyl phospho-

nophosphate (B} were each coupled to Affigel 10.

Fig. 2. Typical farnesyl-
methyl affinity gel column
(0.8 em x 12 em) chroma-

Absorbance at 280 nm

100
Fraction Number

effective in purifying FPP synthase [18]. When
the 0.4-0.6 ammonium sulfate fraction contain-
ing geranyl-transferring and farnesyl-transfer-
ring activity was loaded onto the column under
the conditions reported in [18], neither activity
was observed in the flow-through fraction, but
both activities were observed in the fraction
eluted by inorganic pyrophosphate (1 mM).
Next, we tried to use the farnesylmethyl affinity
gel. Neither geranyl-transferring nor farnesyl-
transferring activity of the 0.4-0.6 ammonium
sulfate fraction was observed in the flow-
through fraction, like in the case of the ger-
anylmethyl affinity gel. When the column was
eluted with inorganic pyrophosphate (1 mM),
an enzyme with geranyl-transferring activity
was released from the gel. Another enzyme
with farnesyl-transferring activity was re-

150

tography of the 0.4-0.6
ammaonium sulfate frac-

tion.

Incubations were conducted
with the combination of far-
nesyl-PP and [1-”’C]i30pcn-
tenyl-FP. The 0.4-0.6 am-
monium sulfate fraction
(1157 mg) was dialyzed
against standard buffer con-
taining 0.1 M KCl and 1 mM
PPi () and applied to the af-
finity gel column. The col-
umn was then washed with
standard buffer containing
0.2% octylglucoside (I1). Pro-
teins were eluted with a li-
near gradient of farnesyl-FP
(0-500 pM) (1),

(0L X Wda) ANAnoy ewAhzuz

]
Q = N W A 1N

200

covered with a linear gradient of FPP (0-500
UM). These results suggested that GGPP syn-
thase can bind to the farnesylmethyl affinity gel
in the presence of inorganic pyrophosphate (1
mM) and that the bound enzyme can be re-
leased from the gel by FPP. Since SDS-polyac-
rylamide gel electrophoresis of the GGPP
synthase fraction thus obtained showed several
protein bands, we next tried to establish better
conditions to remove the proteins which were
non-specifically bound to the gel. Figure 2
shows a typical farnesylmethyl affinity chro-
matogram of the 0.4-0.6 ammonium sulfate
fraction. When individual fractions were as-
sayed with a combination of FPP and [1-
HCJIPP in the presence of 2-(dimethylamino)-
ethyl-PP, two activity peaks were observed.
Product analysis revealed that the flow-
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Fig.3.5D5-Polyacrylamide gel electrophoresis of fractions ranging from 142 to 149 of farnesylmethylaffinity

gel column chromatography.
The gel was stained with Coomassie Brilliant Blue.

through fractions corresponding to the first
peak contained IPP isomerase and FPP syn-
thase and that the fractions corresponding to
the second peak contained GGPP synthase.
Next, the fractions (no. 142-149) corresponding
to GGPP synthase were analyzed by SDS-poly-
acrylamide gel electrophoresis (Fig. 3). When
the gel was stained with Coomassie Brilliant
Blue, a protein band corresponding to the mole-
cular mass of 37.5 kDa was observed in parallel
with farnesyl-transferring activity of GGPP
synthase. To confirm whether this protein band
corresponded in fact to the latter enzyme, we
further carried out Mono Q chromatography of
the GGPP synthase fraction obtained by farne-
sylmethyl affinity chromatography. The active
enzyme eluted at the concentration of 023 M
NaCl was associated with the protein band
corresponding to the molecular mass of 37.5
kDa. 5DS-Polyacrylamide gel electrophoresis
of the purified enzyme gave practically a single
band as shown in Fig. 4. The GGPP synthase
was about 2000 fold purified with a specific
activity of 98 nmol/min per mg protein as sum-
marized in Table 1. We also tried to purify FPP
synthase from bovine brain by geranylmethyl
affinity chromatography. In this case, the 0.3
0.4 ammonium sulfate fraction containing ger-
anyl-transferring activity but no farnesyl-
-transferring activity was used. The FPP syn-
thase was purified about 1600 fold with a spe-
cific activity of 464 nmol/min per mg protein.

Molecular mass of native enzyme

The GGPP synthase fraction purified by far-
nesylmethyl affinity chromatography was sub-
jected to Superose 12 gel filtration. Molecular
mass of the active enzyme was estimated to be
about 150.0 kDa. In the case of Superdex 200 gel
filtration, the eluted active enzyme had a mole-
cular mass of 190 kDa. Either active fraction
showed a protein band corresponding to 37.5
kDa on SDS-polyacrylamide gel electro-
phoresis. We also carried out Superose 12 gel
filtration of the FP’P synthase purified by ger-
anylmethyl affinity chromatography. In this
case, the apparent molecular mass of the
enzyme was 80 kDa, while its SDS-polyacryla-
mide gel electrophoresis showed a single pro-
tein band corresponding to 40 kDa. These
results indicate that the FPP synthase (80 kDa)
is composed of two similar or identical sub-
units, whereas the GGPP synthase (molecular
mass 150-190 kDa) is composed of four or five
subunits of similar or identical size.

Properties of geranylgeranyl-PF synlhase

Figure 5A and 5B show a reverse-phase and a
normal phase silica-gel thin-layer chromato-
gram, respectively, of the hydrolysates ob-
tained by acid phosphatase treatment of the
products derived from [1-'*CJIPPand DMAFP,
GPP, FPF, E,E,E-GGPP, or Z,E,E-GGPP. When
DMAPP was the allylic substrate (lane 2), Cao
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Marker
(kDa)
974 -
66.2 ~
42.7~ -
i iy Fig. 4. 5DS-Polyacrylamide
gel electrophoresis of puri-
31.0 - ied geranylgeranyl-PP syn-
Seranyigerany yn
thase.
The gel was stained with
21.5 ~ Coomassie Brilliant Blue. Lane
4 4 1, molecularmass markers; lane
14.4 -~ 2, theenzyme purified on farne-
sylmethyl affinity gel; lane 3,
theenzyme purified by Mono Q
Lane 1 2 3 after farnesylmethyl affinity gel
chromatography.

GGPP was the major product. In the case of the
reaction with GPP (lane 3), both FPP and GGPP
were formed. When FPP (lane 4) was used as
allylic primer, GGPP was practically the only
product formed, and no product was of length
exceeding C20. No product was formed in the
reaction with E,E,E-GGPP or its sterecisomer,
Z,E,E-GGPP (not shown). To study the vari-
ability of products of the enzyme, we quantita-

tively analyzed the distribution of farnesyl and
geranylgeranyl products on the reverse-phase
thin-layer plate of Fig. 5A (Table 2). The ratio of
reaction velocities for formation of GGPP from
DMAPF, GPF, and FPP was 0.004:0.145:1. We
also examined the dependence on the concen-
tration of allylic substrates. The Km value for
DMAPP, GPP, and FPP were estimated from
Lineweaver-Burk plots to be 33 uM, 0.80 uM,

Table 1
Purification of geranylgeranyl-PP synthase by farnesylmethyl affinity gel column chromatography.
Geranylgeranyl-PP synthase was purified starting from 300 g of one bovine brain. One unit was defined as the
activity required to synthesize 1 nmol of product per minute at 37°C. Farnesyl-PP and [1-*Clisopentenyl-PP were
used as substrates. F-Affinity, farnesylmethyl affinity chromatography.

Total activity| Protein | Specific activity Yield Purification
Step : (nmol/min per
{nmol,/min} (mg) i protein) (%) (factor)
0.4-0.6 (NH4)»2504 sat. 55.8 11568 - 0.0482 100 1
F-Affinity 128 0.190 67.4 229 1398
Mono Q _ 48 0.049 98.0 8.6 2033
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Table 2
Distribution of farnesyl and geranylgeranyl
products.

Beta-ray intensity of the radicactivity corresponding to
farnesol and geranylgeraniol on the reverse-phase plate
of Fig. 5A was measured with a Fuji BAS 2000 Bicimage
analyzer. The figures in parentheses indicate the relative
velocities for the Cs—Can, Clo—Cao, and Cr5—Cap steps of
the reaction calculated on the assumption that the
radioactivities of GGPP formed from [1-"*Cliso-
pentenyl-FP with dimethylallyl-PP and with geranyl-PI'
relatwe to that of geranylgeranyl-PP formed from
[1-"Clisopentenyl-PP with farnesyl-PP are 3 and 2,

respectively.
Allylie - Geranyl-
subsirate Farnesyl geraniol
Dimethylallyl-PP 0 (0.00) 26 (0.004)
Geranyl-PP 1778 (0.74) £94 (0.145)
Farnesyl-PP 0 (0,00} 2389 (1.00)

and 0.74 uM, respectively. The K value for IPP
in the reaction with FPP was 2 uM. These results
indicate that FPP is the best allylic substrate,
suggesting that the GGPP synthase essentially
catalyzes a single reaction of Ci5—5Czo. The
enzyme required a d_walent rnetal ion for maxi-
mum activity (Fig. 6). Mg was, rnuch more
effective at 1 mM than Mn”* or Zn?*, The pl for
the enzyme was estimated to be 6.2 by isoelec-
tric focusing gel electrophoresis. The enzyme
was activated 1.2 fold by 0.8% (w/v) octylglu-
coside.

2500

DISCUSSION

Geranylgeranyl-PP synthase and farnesyl-PP
synthase from bovine brain, purified to homo-
geneity, were found to be different proteins.
The two enzymes differ in substrate specificity
and subunit composition. On the basis of the
results obtained it is concluded that, in the
biosynthetic pathway to GGPF, two pre-
nyltransferases are engaged: FPP synthase
catalyzing the reaction C5—Ci15 and GGPP syn-
thase catalyzing the reaction C15—Cap.

It should be noted that GGPP synthase has the
capability of catalyzing the formation of FPP
and GGPP from GPP in the presence of [PP.
Though the geranyl-transferring activity is
lower than the farnesyl-transferring activity,
GPP is accepted by GGPP synthase with a Kin
value (0.80 pM) similar to that for FPP (0.74
pM). This would imply that FPP and GGPF,
lipid precursors for the biosynthesis of various
prenylated proteins, can be synthesized from
GPP in the presence of IPP by the action of
GGPP synthase alone without participation of
FPP synthase. However, this implication seems
unlikely, since it has been accepted at present
that GPP has no other way of being supplied
than as the intermediate of the reaction of
DMAPP and IPP catalyzed by FPP synthase.

In a previous report [11] we demonstrated
that a partially purified preparation of GGPP

2000

1500

1000

500

Enzyme Activity / DPM

Fig. 6. Effect of metal ions
on geranylgeranyl-PP
synthase.

The incubation mixtures con-
tained [1-*Clisopentenyl-PP

0 0.2 0.4 0.6
Metal lon / mM

and farnesyl-PP in the
presenceof varied concentra-
tions of MgCla (3), MnChy
(W), or ZnClz (A ).
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Table 3

Substrate specificity of geranylgeranyl-PP
synthase.

For the estimation of Km values, incubations were
m:nductad in the presence of a fixved concentration of
(1M Clisopentenyl-PP (20 pM} and varied concentrations
of allylic diphosphate. Km Values were calculated using
Lineweaver-Burk analysis. V{rel) shows the relative
reaction velocity with a combination of [1-"*Cliospen-
tenyl-FP (20 pM) and allylic diphosphate (25 pM). The
formation of geranylgeranyl-FP was analyzed as descri-

bed for Fig. 5A and Table 2,

Substrate Km (M) Virel)
Dimethylallyl-PP 33 0.004
Geranyl-PP (.80 0.145

Famesyl-'P 0.74 1.00

synthase from pig liver had a molecular mass
of 300 kDa. Similarly, we reported a much
larger value for the molecular mass (120 kDa)
of partially purified GGPP synthase from rat
liver [12] than the values generally found in
prenyltransferases i.e. in FPP synthase. These
observations led us to the supposition that
mammalian GGPP synthase occurs in a com-
plex form composed of several different or
identical subunits. The present study showed
that a highly purified preparation of GGPP
synthase occurred, in fact, in an oligomeric
form with an apparent molecular mass of 150-
195 kDa, but on SDS-polyacrylamide gel elec-
trophoresis the enzyme gave a homogenous
protein band. Alternatively, the GGPP synthase
could be composed of a smaller number of
subunits but be quite asymmetrical in shape.
The molecular mass of the enzyme monomer
(37.5 kDa) is consistent with that of several
GGPP synthases (3040 kDa) from other sour-
ces, such as plants [20, 21], a fungus [22], and
bacteria [23, 24], though these enzymes have
been reported to occur in a dimeric form. Thus,
it is very interesting that mammalian ger-
anylgeranyl-PP synthase has unique properties
with respect to the organization of subunits.
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