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We have previously shown that yeast scaffold attachment regions (SARs) flanking a chimeric 0-glucuronidase (GUS) reporter 
gene increased per-copy expression levels by 24-fold in tobacco suspension cell lines stably transformed by microprojec- 
tile bombardment. In this study, we examined the effect of a DNA fragment originally identified in a tobacco genomic 
clone by its activity in an in vitro binding assay. The tobacco SAR has much greater scaffold binding affinity than does 
the yeast SAR, and tobacco cell lines stably transformed with constructs containing the tobacco SAR accumulated greater 
than fivefold more GUS enzyme activity than did lines transformed with the yeast SAR construct. Relative to the control 
construct, flanking the GUS gene with plant SARs increased overall expression per transgene copy by almost 140-fold. 
In transient expression assays, the same construct increased expression only approximately threefold relative to a con- 
trol without SARs, indicating that the full SAR effect requires integration into chromosomal DNA. GUS activity in individual 
stable transformants was not simply proportional to transgene copy number, and the SAR effect was maximal in cell 
lines with fewer than 4 0  transgene copies per tobacco genome. Lines with significantly higher copy numbers showed 
greatly reduced expression relative to the low-copy-number lines. Our results indicate that strong SARs flanking a trans- 
gene greatly increase expression without eliminating variation between transformants. We propose that SARs dramatically 
reduce the severity or likelihood of homology-dependent gene silencing in cells with small numbers of transgenes but 
do not prevent silencing of transgenes present in many copies. 

INTRODUCTION 

In recent years, it has become clear that a proteinaceous nu- 
clear "matrix" or "scaffold may play a central role in determining 
chromatin structure. Electron microscopy has shown that DNA 
is attached to this scaffold at intervals to produce a series of 
loops, varying in size from 4 0  to severa1 hundred kilobases 
(Bonifer et al., 1991; Cook, 1991; Getzenberg et al., 1991; 
Jackson, 1991; Zlatanova and Van Holde, 1992). Certain AT- 
rich DNA sequences, called scaffold attachment regions 
(SARs) or matrix attachment regions, are known to bind spe- 
cifically to components of the nuclear scaffold (Gasser et al., 
1989; Boulikas, 1993) and are therefore thought to form the 
bases of these loop domains. Severa1 lines of evidence have 
led to proposals that SARs can insulate transgenes from sur- 
rounding chromatin. For example, when SARs are included 
on both sides of a transgene, the expression leve1 in stably 
transfected mammalian cell lines may become proportional 
to transgene copy number, indicating that gene activity is in- 
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dependent of position in the chromosome (Gromeld et al., 1987; 
Stief et al., 1989; Bonifer et al., 1990; Phi-Van et al., 1990; 
McKnight et al., 1992). These and other data (reviewed in Elgin, 
1991; Jackson, 1991; Pienta et al., 1991) have led to the idea 
that SARs define chromosomal domains within which higher 
order structure is regulated independently. 

We initially set out to test the hypothesis that flanking a 
reporter gene with SARs should result in higher and less vari- 
able transgene expression in plant cells (Allen et al., 1993). 
Reporter gene constructs with or without yeast SARs (autono- 
mously replicating sequence [ARS-11) were introduced into 
tobacco suspension culture cells by microprojectile bombard- 
ment. Stably transformed cell lines in which the 0-glucuronidase 
gusA reporter gene was flanked by SARs produced >20 times 
more GUS enzyme activity per gene copy than do control 
transformants without SARs. However, the yeast SAR did not 
dramatically reduce variation between different transformants, 
and high levels of expression were not observed in trans- 
formants containing many copies of the transgene (Allen et 
al., 1993). 
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Although the yeast SAR shows specific binding to tobacco 
nuclear scaffolds, its binding activity is quite weak in compar- 
ison with a number of other SARs (S. Michalowski, unpublished 
data). Therefore, we asked whether a stronger SAR would 
cause even greater increases in gene expression andlor ren- 
der expression more independent of genomic position effects. 
We now report results obtained with a SAR (Hall et al., 1991) 
isolated from a tobacco genomic clone containing the root- 
specific gene RB7(Conkling et al., 1990). Comparative studies 
have shown that this SAR binds much more strongly to tobacco 
scaffold preparations than does the yeast SAR used in our 
previous experiments. When the tobacco SAR was used to 
flank the same gusA reporter gene, average expression per 
gene copy was increased by nearly 140-fold in stably trans- 
formed cell lines. This increase is substantially greater than 
that seen with the yeast ARS-1 element (Allen et al., 1993). 
However, expression levei still was not proportional to trans- 
gene copy number. Again, the SAR effect was maximal at 
relatively low transgene copy numbers. Thus, even a very 
strong SAR does not reduce variation among independent 
transformants. We discuss these results in the context of gene 
silencing phenomena known to affect multicopy genes. 

RESULTS 

Scaffold Binding 

Although SARs are highly variable in sequence, several loosely 
defined SAR-related consensus elements or motifs have been 
identified from sequence comparisons in yeast and animal sys- 
tems (Gasser and Laemmli, 1986; Gasser et al., 1989; Mielke 
et al., 1990; Dickinson et al., 1992). Figure 1 shows the distri- 
bution of some of these motifs in a SAR that we previously 
identified 3’to the RB7 gene of tobacco (Hall et al., 1991) as 
well as in the yeast SAR sequence that we used in our previ- 
ous expression studies (Allen et al., 1993). The yeast SAR 
contains several A and T boxes. In addition, there is one ARS 
consensus element, two G exclusion regions or ATC tracts of 
30 bp, and a 20-bp tract containing 90% A+T. However, it is 
striking that the plant SAR contains a much higher density of 
A and T box motifs, AT-rich tracts, and G exclusion regions, 
as well as three elements homologous with the Drosophila 
topoisomerase II consensus sequence. A systematic study of 
randomly cloned plant SARs (S. Michalowski, unpublished 
data) has not revealed a close correlation between any one 
of these motifs and binding activity in an in vitro assay. How- 
ever, binding activity does correlate loosely with the total 
number or overall density of SAR-related motifs. From this anal- 
ysis and the data summarized in Figure 1, we predicted that 
the RB7 SAR binds to scaffold preparations much more strongly 
than does the yeast SAR. 

To test this prediction, end-labeled restrictio 
plasmids containing the two SAR sequences 
tobacco nuclear scaffold preparations- in the presenceof re- 

stricted plant genomic DNA as a nonspecific competitor, as 
described in Methods. After incubation under binding condi- 
tions, bound and unbound DNA fragments were separated by 
centrifugation, and DNA was purified before gel analysis. In 
Figure 28, equal percentages (20%) of the pellet and super- 
natant from each reaction, as well as an equivalent aliquot of 
the unfractionated probe, were run on adjacent lanes of an 
agarose gel and visualized by autoradiography. The same pro- 
cedure was used for the gels shown in Figure 2C, except that 
in this case a 10-fold lower percentage (2%) of the total and 
supernatant fractions was loaded on the gel. 

A low leve1 of binding by the SAR-containing yeast ARS-1 
fragment is discernible in Figures 28 and 2C. In repeated ex- 
periments under the same conditions, we consistently obsetved 
-10% of the probe in the pellet. When the sensitivity of the 
assay was increased by differential loading, as shown in Fig- 
ure 2C, it is clear that the ARS fragment binds, whereas pJKK 
plasmid vector sequences and a fragment containing the yeast 
TRPl gene still do not bind detectably. These results confirm 
the specificity of the association between the yeast SAR and 
our plant scaffold preparations. Similar results can be obtained 
by loading the gel with equal numbers of counts from the pel- 
let and supernatant fractions (Hall et al., 1991), a common 
practice that emphasizes the binding activity of weaker SAR 
elements. 
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Figure 1. Schematic Comparison of Sequence Motifs in the Tobacco 
SAR (RB7) and Yeast SAR (ARS-1). 

The occurrence and distribution of common SAR motifs are compared 
within the 1166-bp tobacco SAR (RB7) and the 838-bp yeast SAR 
(ARS-I), showing A boxes (A) (scored as an eight of 10 or better match 
with the consensus sequence AATAAAYAAA, where Y is pyrimidine), 
T boxes (T) (nine of 10 or better match with the consensus 
TTWTWTTWTT, where W is A or T), Drosophila topoisomerase I1 sites 
(O) (scored as a 13 of 15 or better match with the consensus 
GTNWAYATTNATNNG), ARS consensus sequences (R) (WTTTAT- 
ATTTW), and G exclusion regions (ATC tract of 30 bp) represented 
by horizontal black bars. Local AT-rich regions (>20 bp) are indicated 
by the darkly hatched boxes that represent regions of >95% AT or 
the lightly hatched boxes that represent 90 to 95% AT residues. 
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ing assays gave uniformly negative results, even when the gel
lanes were heavily overloaded with material from the pellet
fraction (data not shown).
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Figure 2. Comparison of Scaffold Binding by the Yeast SAR and the
Tobacco SAR.

(A) Restriction maps for plasmids pB7-6 Sc/Cl and pGA-1 and the ex-
pected fragments. The direction of the arrow indicates the direction
of transcription of the tryptophan synthase gene (TRP1).
(B) and (C) Autoradiography of a gel showing scaffold binding assay
of the tobacco SAR (Rb7) and the yeast SAR (ARS), respectively, with
nuclear scaffold prepared from NT-1 tobacco cells. Plasmid pGA1 (Hall
et al., 1991), which contains the yeast SAR (ARS-1) and TRP1, was
digested with EcoRI and Hindlll, and plasmid pGH7-6Sca/Cla, which
contains the tobacco SAR (RB7), was digested with Spel and Xhol.
Equal fractions (20%) of 32P-labeled restriction fragments (A) from the
scaffold binding assay were loaded into each lane, represented by T,
total probe control; R scaffold-bound fragments; and S, unbound frag-
ments. (C) shows autoradiography of the same samples as given in
(B), except that the total and supernatant fractions are underrepresented
by 10-fold (2%) to allow comparison of the weak binding yeast SAR
(ARS-1) and the strong binding tobacco SAR.

Under the same binding conditions, the tobacco RB7 SAR
consistently showed 80 to 90% binding. We do not know
whether the differences in binding activities exhibited by these
two SARs reflect differences in the number of potential bind-
ing sites, their relative binding affinity, or both. Future
experiments are required to resolve this question.

We also have tested the possibility that elements other than
known SARs might contribute to scaffold binding of the con-
structs used in our expression assays. Binding assays similar
to those described in Figures 2B and 2C were conducted with
restriction digests that separated fragments containing the
cauliflower mosaic virus (CaMV) 35S promoter, the GUS gene,
the nopaline synthase (A/OS) polyadenylation signal, and vector
sequences from the control plasmid pGHNC12. These bind-

Expression Levels in Stable Transformants

In an earlier study (Alien et al., 1993), we demonstrated that
even the weakly binding yeast SAR increased GUS expres-
sion in stably transformed cell lines, although we saw only
minimal effects on variability between transformants. To test
the hypothesis that a stronger SAR might have greater effect
on variability, we transformed the same cell line with constructs
made with the RB7 SAR. Figure 3 shows the constructs used.
As before, we flanked a GUS reporter gene with direct repeats

Selection
Plasmid

Control
Expression
Plasmid

(+)SAR
Expression

">m Plasmid

Figure 3. Schematic Diagrams of Plasmid Constructs.

Ap, p lactamase gene encoding ampicillin resistance; CaMV 35S,
cauliflower mosaic virus 35S promoter; f1 ori, phage f1 origin of repli-
cation; GUS, coding region of the E. coli (3-glucuronidase gene; nosP,
promoter from the NOS gene; nos T, polyadenylation site/terminator
from the WOS gene; NPT II, NPTII gene from Tn5; ocs T, polyadenyla-
tion site/terminator from octopine synthase gene; ORI, ColE1 origin
of replication; Rb7 SAR, tobacco RB7 scaffold attachment region (the
two copies are oriented as direct repeats). The arrowheads (P1 and
P2) indicate the locations of the PCR primers used in estimating the
copy number.
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Table 1. Gene Copy Numbers for GUS and NP TI/ and Expression Levels for the Individual Transgenic Tobacco Lines Derived from 
Cotransformations of the Selection Plasmid with the Control Plasmid 

GUS Activity NPTll 
Cell GUS Gene (pmol/min/mg NP TI/ Gene Protein 

Plasmid Line Copy  NO.^ of protein)b Copy  NO.^ (Pg/Pg)d 
Control without SARs 12-11 1 4.9 2 N De 

12-5 1 12 2 43 
12-46 1 4.9 2 18 
12-48 2 7.7 2 ND 
12-2 2 94 3 83 
12-13 4 4.4 3 35 
12-23 4 1.6 3 38 
12-1 5 2.8 3 ND 
12-40 6 8.8 4 110 
12-36 11 6.6 3 64 
12-25 12 260 8 50 
12-10 29 3.8 4 80 
12-37 33 43 3 70 
12-1 8 63 1.1 34 86 
12-34 73 72 14 76 
12-41 77 190 10 46 

a Samples were analyzed for GUS gene copy number by using the PCR assay, as described in Methods. The mean is 20.2; SE is 6.8; SD is 
27; coefficient of variation (SD/meafl; Sokal and Rohlf, 1969) is 1.3. 

Samples were analyzed for GUS specific activity by fluorometric assay. The NT-1 cell line was cotransformed, and 5-mL suspension cultures 
were started. Cultures were transferred weekly and harvested 56 days after transformation, as described in Methods. The mean is 44.8; SE 
is 19; SD is 76.5; coefficient of variation is 1.7. 
Samples were analyzed for NPTll gene copy number by using the PCR assay, as described in Methods. The mean is 6.2; SE is 2.1; SD is 

8.1; coefficient of variation is 1.3. 
dThe same samples were analyzed for NPTll protein by ELISA, as described in Methods. The mean is 61; SE is 7.1; SD is 26; coefficient of 
variation is 0.4. 
e ND, not determined. 

of the SAR element and used a cotransformation protocol to 
avoid physical linkage between the assayable and selectable 
markers. Transformation was achieved by mixing the appro- 
priate reporter plasmid with a selection plasmid, coprecipitating 
them onto microprojectiles and bombarding plates of tobacco 
suspension culture cells. Kanamycin-resistant microcalli were 
selected, and each callus was used to start an independent 
suspension culture cell lhe, as described in Methods. 
Histochemical staining of segments from the original microcalli 
showed that the staining intensity was much greater in cell 
lines transformed with SAR plasmids (data not shown). After 
3 weeks of growth, with weekly transfers, cells were harvested 
for further analysis. DNA was extracted from each cell tine for 
DNA gel blot analysis and quantitative polymerase chain reac- 
tion (PCR) assays, and portions of the same cell population 
were used to measure extractable GUS activity and neomy- 
cin phosphotransferase (NPTII) protein levels. Transgene copy 
number estimates and expression data are summarized in Ta- 
bles l and 2. 

Control GUS activities averaged 45 pmol of 4-methylumbel- 
liferone (4-MU) min-l mg of protein-l, as compared with range 
of 1 to 54 nmol of a 4-MU min-I mg protein-l commonly ob- 
tained for tobacco tissue transformed with similar constructs 

in Agrobacterium vectors (Jefferson et al., 1987; Hobbs et al., 
1993; Frisch et al., 1995). When Rb7 SARs were included on 
both sides of the reporter gene, GUS activities averaged ~ 6 0 -  
fold greater than those for the control construct lacking SARs. 
This effect on expression is approximately fivefold greater than 
that of the yeast SAR in our earlier experiments (Allen et al., 
1993). 

In cell lines transformed with the construct flanked by SARs, 
the average 35S::GUS gene copy number was reduced by ap- 
proximately twofold compared with cell lines transformed with 
the control construct. This result is similar to that obtained in 
our earlier study using the yeast SAR. The lower GUS copy 
number in SAR transformants may reflect a loss of genes 
through recombination between the directly repeated SAR ele- 
ments during or after the integration process, although we have 
no direct evidence on this point. However, the fact that SAR- 
containing lines have fewer copies of the GUS gene means 
that the average SAR effect on expression per gene copy is 
even greater than the 60-fold increase in overall expression. 
As shown in Tables 1 and 2, lines transformed with the RB7 
SAR construct average nearly 140-fold more GUS enzyme ac- 
tivity per gene copy than do lines transformed with the same 
construct lacking SARs. 
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In sharp contrast to predictions from the “insulator” hypoth- 
esis mentioned in the Introduction, we observed only a modest 
reduction in our earlier experiments (Allen et al., 1993), and 
Tables 1 and 2 show that RB7 SAR had no significant effect 
on the coefficient of variation in the present work. Thus, even 
a strongly binding SAR that greatly increases average gene 
expression still does not decrease intertransformant variabil- 
ity as predicted by the insulator hypothesis. This point is 
considered further in Discussion. 

integration (Paszkowski et al., 1984; Davey et al., 1989; Saul 
and Potrykus, 1990; Christou, 1992). When the plant SAR plas- 
mid was electroporated into tobacco NT-1 protoplasts before 
G U S  assay 20 hr later, we observed an approximately three- 
fold increase in GUS gene expression. The increase was 15 
to 40 pmol min-‘ mg of protein-’, as compareci with those 
transfected with the control plasmid lacking SARs. Because 
this effect is much less than the effect we observed in stably 
transformed lines, we conclude that the SARs are not simply 
acting as classical transcriptional enhancers. 

Transient Expression 
lntegration Patterns 

To distinguish effects that depend on chromosomal integra- 
tion from those involving general transcriptional enhancer 
activity, we also tested our SAR constructs in a transient ex- 
pression system. Such assays are used widely in studies of 
transcriptional enhancers. However, transiently transfected 
DNA is poorly organized into nucleosomes (Weintraub, 1985; 
Archer et al., 1992), and the fact that only a small minority of 
expressing cells go on to become stably transformed suggests 
that most transient expression occurs without chromosomal 

Direct gene transfer procedures can result in complex integra- 
tion patterns (e.g., Paszkowski et al., 1984; Tomes et al., 1990; 
Mittelsten Scheid et al., 1991; Christou, 1992; Koziel et al., 1993; 
Wan and Lemaux, 1994). Therefore, each cell line was com- 
pared by using DNA gel blot analysis after digestion of isolated 
genomic DNA with EcoRl and Hindlll, which cut on either side 
of the 35S::GUS::NOScassette (Figure 3). When probed with 
sequences from the 35s promoter, digests of the parent 

Table 2. Gene Copy Numbers for GUS and NPT/l and Expression Levels for the Individual Transgenic Tobacco Lines Derived from 
Cotransformations with the Selection Plasmid and the SAR Plasmid 

GUS GUS Activity NPTll 
Cell Gene (pmollminlmg NPTll Gene Protein 

Plasmid Line i Copy  NO.^ of protein)b Copy  NO.^ (PSh4Od 

With SARs 11-36 1 4.4 2 2 
11-13 1 88 2 35 
11-8 1 4,500 2 120 
11-12 2 21 3 12 
11-19 3 4,000 3 17 
11-43 3 17,000 4 54 
11-1 5 1,900 3 40 
11-2 7 61 O 4 20 
11-51 7 6,600 8 120 
11-37 8 5,500 5 91 
11-7 9 1,000 3 47 
11-41 10 600 3 25 
11-38 14 1,900 5 66 
11-18 15 2,100 28 120 
1 1-39 16 42 12 270 
1 1-23 20 25 3 50 
1 1-44 31 370 25 33 

a Samples were analyzed for GUS gene copy number by using the PCR assay, as described in Methods. The mean is 9.0; SE is 2.0; SD is 
8.1; coefficient of variation (sD/mean; Sokal and Rohlf, 1969) is 0.9. 

Samples were analyzed for GUS specific activity by fluorometric assay. The NT-1 cell line was cotransformed, and 5-mL suspension cultures 
were started. Cultures were transferred weekly and harvested 56 days after transformation, as described in Methods. Mean is 2,722; SE is 
1,045; SD is 4,233; coefficient of variation is 1.6. 
Samples were analyzed for N P W  gene copy number by using the PCR assay, as described in Methods. Mean is 6.8; SE is 1.9; SD is 7.8; 

coefficient of variation is 1 . I .  
The same samples were analyzed for NPTll protein by ELISA, as described in Methods. Mean is 66; SE is 16; SD is 65; coefficient of varia- 

tion is 1.0. 
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Figure 4. DMA Gel Blot Analysis of Transformed Cell Lines.
High molecular mass nuclear DMA was prepared and analyzed by gel blot hybridization with a 32P-labeled 852-bp Pstl-Xbal 35S promoter frag-
ment, as described in Methods. Maps of the respective transforming plasmids with EcoRI and Hindlll restriction enzyme sites are shown in Figure
3. Genomic DMA (10 ng) digested with Hindlll and EcoRI genomic DMA was fractionated onto a 0.85% agarose gel. The DNA was blotted onto
nylon membranes and probed, as described in Methods. Copy number reconstruction lanes contain 10 ng of nontransformed (control) genomic
NT-1 tobacco DNA spiked with the equivalent of 40, 20, 10, 5, 1, and 0 copies of the 2.8-kb 35S::GUS::NOS terminator (arrow) per 1C DNA equiva-
lent. The remaining lanes contain 10 ng of Hindlll- and EcoRI-digested genomic DNA from the respective cell lines (indicated by the vertical
lines and cell line number above each lane) transformed with (+) SAR plasmid or without (-) SAR control plasmid.

plasmids yielded a single band of 2.8 kb, as shown in the stan-
dard lanes of Figure 4. After integration into genomic DNA,
complex hybridization patterns were observed, indicating ex-
tensive rearrangement during the integration process.
Integration patterns for the control construct were somewhat
more complex, on average, than those for the SAR plasmid.
However, this difference probably reflects the higher average
copy number in control lines (see above). There is no obvious
difference in the complexity of integration patterns for SAR
and control lines with similar copy numbers.

Intact 2.8-kb fragments containing the 35S::GUS gene were
observed in most transformants, suggesting that most cell lines
contained some nonrearranged gene copies. However, ~20
to 30% of the recovered lines lacked the 2.8-kb band indica-
tive of intact 35S::GUS genes. Generally, this band was missing
from lines with low overall copy number and with few, if any,
bands at or above the intensity of a single-copy reconstruc-
tion standard. Expression levels were generally very low, and
it seems likely that most of these lines contain genes with rear-

rangements that reduce or eliminate their activity. One
exception was SAR line 37 (11-37), for which PCR analysis gave
an estimate of eight copies and DNA gel blot analysis showed
several high molecular weight bands of multicopy intensity.
This cell line also had high GUS expression (Tables 1 and 2),
indicating that in this instance, the rearrangement did not af-
fect gene function dramatically.

Chen et al. (1994) reported that transgenes in wheat cell lines
subjected to direct DNA transfer may sometimes contain A/6-
methyladenine. This observation raises the possibility that
transformation of an endophyte, such as a mycoplasma-like
organism, occurred simultaneously with transformation of the
wheat cells. To exclude this possibility, we carried out a meth-
ylation analysis with enzymes sensitive to adenine and cytosine
methylation (data not shown). Dpnl, which requires A^-meth-
yladenine for activity, does not cut transgene DNA but does
completely digest the same sequence in the Escherichia coli
plasmid DNA used for transformation. Dpnll, an isoschizomer
that differs from Dpnl in that it is inhibited by adenine methyl-
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ation, extensively cleaves transgene sequences in all tested 
cell lines but does not cut the plasmid DNA. Thus, the plas- 
mid DNA is modified extensively by adenine methylation, but 
these modifications are eliminated in the transgene DNA, as 
would be expected if it is replicating as part of the plant genome. 
Another GATC-cleaving isoschizomer, Sau3A, completely 
digests plasmid DNA but shows only partia1 activity on trans- 
gene DNA. This enzyme is inhibited by cytosine methylation 
at the C residue in the GATC target sequence. Its failure to 
fully cleave transgene DNA indicates that cytosine methylation 
has occurred at some of the GATC sites in the transgene. Taken 
together, our data indicate that adenine methylation has been 
lost and that a plant-specific pattern of cytosine methylation 
has been established during replication of the transgene in 
our transformed cell lines. 

We also probed gel blots of unrestricted DNA samples 
selected to represent a variety of copy numbers and expres- 
sion levels (data not shown). In each case, all detectable GUS 
sequences migrated with high molecular mass chromosomal 
DNA, ruling out the possibility that they are maintained on ex- 
trachromosomal elements similar in size to the plasmids used 
in transformation. Similar results were obtained for lines with 
low and high overall copy numbers. 

Copy Numbers and Expression Levels 

Plotting GUS expression versus apparent gene copy number 
for individual cell lines produced the pattern shown in Figure 
5. The largest SAR effects were obtained in cell lines with fewer 
transgene sequences, and expression of both SAR and con- 
trol constructs was low in lines with high copy numbers. The 
overall degree of stimulation was much greater for the plant 
SAR, but the relationship to transgene copy number is quite 
similar to the one we observed in our previous experiments 
with a weaker SAR from the yeast ARS-1 element (Allen et 
al., 1993). One potentially interesting difference is that in- 
creased expression of the yeast SAR construct was seen in 
transformants carrying as many as 30 to 40 copies of the trans- 
gene, although a clear effect of the plant SAR was not seen 
in lines carrying >15 copies. However, the significance of this 
difference remains to be determined. 

Three cell lines (11-12,ll-13, and 11-36) containing the SAR 
construct at low copy number also showed low GUS activity 
and therefore are apparent exceptions to the general rule that 
low copy numbers are associated with high expression (Ta- 
bles l and 2). These lines were among those lacking the intact 
2.8-kb 35S::GUS band (Figure 4) and thus probably contain 
only rearranged transgene sequences. lnclusion of these data 
has only a small effect on the overall analysis, however. By 
eliminating data from the SAR and control lines lacking the 
2.8-kb band, we found an average GUS activity of 3300 pmol 
of 4-MU min-l mg of protein-1 for lines containing the SAR 
construct, as compared with 57 pmol of 4-MU min-I mg of 
protein-1 for control lines, which is a 58-fold difference. Cor- 

responding values for the entire data set were 2700 and 45 
pmol of 4-MU min-I mg of protein-', a 61-fold difference. 

lndependent Expression 

If the reporter and selection plasmids were cointegrated in a 
closely interspersed array, SARs on the plasmid containing 
the GUS reporter construct also might have stimulated NPTll 
gene expression. As shown in Tables 1 and 2, however, cotrans- 
formation with the SAR-containing vector had virtually no effect 
(1.1-fold) on average NPTll protein abundance. Figure 6A shows 
a plot of NPTll protein against gene copy number, showing 
that the pattern was largely unaffected by cotransformation 
with the SAR constructs. Figure 6B shows that there is, at best, 
only a weak correlation between NPTll protein and GUS ac- 
tivity in the SAR-containing transformants. Thus, the two 
plasmids introduced by our cotransformation procedure are 
expressed independently to a large extent, and there is no evi- 
dente for an effect of SARs in one plasmid on expression of 
a gene in the other. 
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Figure 5. GUS Expression as a Function of Gene Copy Number in 
Stably Transformed Lines. 

GUS activity and DNA from each transgenic cell line were analyzed 
8 weeks after transformation. GUS specific activity was measured by 
flourometry and is reported as picomoles of 4-MU produced per min- 
ute per milligram of protein. Gene equivalents per haploid genome 
were estimated by quantitative PCR, as described in Methods, by using 
the primers indicated in Figure 3 and relating the resulting signals 
to standard curves prepared from reconstruction standards. SAR trans- 
formants are represented by open squares, and the control lines are 
represented by closed triangles. 
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According to the loop domain model of chromatin organiza- 
tion, SARs should act as boundary elements, limiting the 
spread of condensed chromatin structures and blocking the 
influence of cis-regulatory elements in neighboring chroma- 
tin. If this model is correct and if variation in transgene 
expression is mainly attributable to genomic position effects, 
the presence of flanking SARs should normalize expression 
per gene copy and substantially reduce variability among in- 
dependent transformants. Total gene expression then should 
vary in direct proportion to gene copy number. This prediction 
has been proven to be accurate in severa1 previous experi- 
ments with animal cell systems (Grosveld et al., 1987; Stief 
et al., 1989; Bonifer et al., 1990; Phi-Van et al., 1990; McKnight 
et al., 1992). 

In dramatic contrast to this expectation, even a strong SAR 

GUS speclfíc actívíty (10'3) 

Figure 6. NPTll Expression in the Cotransformed Transgenic Lines. 

(A) NPTll protein in picograms per microgram of total protein was de- 
termined by ELISA, and gene copy number was determined by the 
PCR procedure for the transgenic cell lines used for GUS analysis 
(see Figure 5). SAR transformants are represented by open squares, 
and the control lines are represented by closed triangles. 
(6) The GUS and NPTII expression data from Figure 5 were replotted 
to compare the expression levels for each introduced gene. Double 
SAR transformants are represented by open squares, and the control 
lines are represented by closed triangles. 

tion effects and gene silencing phenomena is not always a 
sharp one. In principle, however, position effects on transgene 
expression reflect preexisting features of the insertion site, such 
as proximity to genomic enhancers and degree of chromatin 
condensation, whereas gene silencing usually results from 
homology-dependent interactions involving the transgene it- 
self (although chromosomal position may influence the severity 
of these interactions). 

For a working hypothesis, we propose that a large portion 
of SAR effects reflects a reduction in the severity of gene silenc- 
ing under conditions in which control transformants are 
severely affected. Homology-dependent gene silencing must 
be considered whenever multiple transgenes (or other homol- 
ogous sequences, such as portions of transgenes) are present, 
as they are in most of our transformants. Although best known 
in fungi and higher plants, silencing of multicopy insertions 
has been reported recently in Drosophila as well (Dorer and 
Henikoff, 1994). 
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The predominance of multicopy insertions in our transfor- 
mants may be one reason that our data on SAR effects differ 
from those reported by laboratories using Agrobacterium vec- 
tors. In four such reports, SARs caused a moderate increase 
in expression, along with a decrease in variation among trans- 
formants (Schoffl et al., 1993; Mlynárová et al., 1994, 1995; 
van der Geest et al., 1994). In a fifth set of experiments (Breyne 
et al., 1992), a slight decrease in average gene expression was 
reported. Most of these experiments involve heterologous SARs 
of animal (Mlynárová et al., 1994, 1995) or plant (Breyne et al., 
1992; Schoffl et al., 1993) origin, whose affinity for host plant 
nuclear scaffolds cannot readily be compared with that of the 
tobacco SAR we tested. However, it is likely that all tested SARs 
bind at least as strongly as the yeast SAR used in our previ- 
ous.experiments (Allen et al., 1993), which still gives a >20-fold 
increase in expression per gene copy. In addition, van der 
Geest et al. (1994) found that the RB7 SAR and the phaseolin 
SARs used in their study had similar binding activities. Thus, 
it is likely that the major difference between our results and 
those of other laboratories is related to our method of transfor- 
mation. In this regard, at least two major variables may be 
important. 

First, in contrast to the relatively simple integration events 
commonly obtained with modern Agrobacterium vectors, most 
of our transformants exhibited complex integration patterns. 
These patterns are consistent with the known tendency for DNA 
introduced by direct transformation to integrate in clusters and 
undergo various kinds of rearrangement. Homology-dependent 
interactions among sequences ata locus are known to increase 
the frequency of silencing (Assaad et al., 1993; Hobbs et al., 
1993); even gene fragments may contribute to this process. 
Thus, the tendency toward gene silencing may be more se- 
vele in our transformants than it normally is in transformants 
made with Agrobacterium. If SARs can reduce the interactions 
that lead to silencing (a hypothesis discussed below), we would 
expect them to have a greater effect in our system than in sys- 
tems in which silencing is inherently less frequent. 

Another major difference between our approach and that 
used in previous studies is our use of an unlinked selectable 
marker. Given the proximity of the selectable marker to the 
reporter gene on the T-DNA in most Agrobacterium vectors, 
drug selection probably eliminates many transformants with 
low T-DNA expression. Noncoordinate expression of genes 
in the same T-DNA has been reported, especially in cases 
when the two genes contain regions of sequence iclentity (An, 
1986; Dean et al., 1988). However, a degree of coordination 
can be observed when nonhomologous genes are used (Dean 
et al., 1988). This tendency provides the basis for a‘lreference 
gene” procedure to normalize variation between transformants 
(Kuhlemeier et al., 1988; OhmeTakagi et al., 1993) as well as 
for a technique in which strong selection for flanking drug re- 
sistance markers is used to eliminate most transformants with 
low levels of reporter gene expression (Bhattacharyya et al., 
1994). Thus, it seems likely that selection for a physically linked 
drug resistance marker, included in virtually all T-DNA trans- 
formation procedures, would decrease the apparent magnitude 

of any SAR effect by differentially eliminating low expressers 
from transformant populations. 

In contrast, our data show that expression of a selectable 
marker and a reporter gene can vary independently when the 
two genes are introduced on separate plasmids. In addition, 
we saw no difference in the average NPTll expression in popu- 
lations of transformants produced by cotransformation with 
GUS plasmids either containing or lacking SARs (Table 2). That 
the SAR effect is not transferred from the GUS plasmid to the 
NPTII plasmid suggests that SARs are somehow functionally 
separated from the NPTll gene, but we can only speculate about 
actual integration patterns. Previous reports have shown that 
cotransformed plasmids frequently integrate near enough to 
one another to show tight genetic linkage (Chee and Slightom, 
1992; Chen et al., 1994; Register et al., 1994; Peng et al., 1995), 
but few such events have been characterized on a molecular 
scale. It may be that asmall amount of intervening DNA, such 
as might be provided by plasmid vector sequences, is all that 
is necessary to prevent the SAR effect from acting on an adja- 
cent plasmid. Alternatively, the two plasmids might be arranged 
in separate clusters within a complex locus rather than in the 
type of regularly alternating pattern that would be required to 
place SARs adjacent to all the NPTII genes. Further analysis 
is required to clarify these possibilities. For our purposes, the 
important point is that the cotransformation technique allows 
us to identify transformants under conditions in which a wide 
range of reporter gene variation can be recovered for analysis. 

Chromatin Structure 

That SARs affect chromatin structure seems likely, given that 
they stimulate expression in stable transformants but not in 
transient expression systems. However, severa1 hypotheses 
can be proposed in which effects on chromatin structure are 
mediated by mechanisms quite different from the conventional 
loop domain hypothesis. One possibility is suggested by the 
fact that SARS in tandemly integrated transgenes would be 
very closely spaced. If we assume that the SARs in our con- 
structs bind to scaffold structures in vivo, the regions between 
binding sites will often be very short, perhaps to0 short to form 
the stably condensed chromatin structures required to repress 
transcription (Butler and Thomas, 1980). According to this 
model, the SAR effects we observe would involve a direct struc- 
tural constraint on chromatin conformation rather than a domain 
boundary or insulator function proposed in many previous 
models (reviewed in Eissenberg and Elgin, 1991; Breyne et 
al., 1994; Spiker and Thompson, 1996; Thompson et al., 1996). 

However, we need not suppose that SARs work only by bind- 
ing to scaffold. l h e  “chromatin-opening” model recently 
presented by Laemmli and colleagues (Kas et al., 1993; Zhao 
et al., 1993; Poljak et al., 1994) postulates that “displacement 
proteins,” such as high-mobility group IIY (HMG UY) proteins, 
interact with SARs to replace histone H1. Thus, when displace- 
ment proteins are abundant, the presence of SARs may tavor 
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a more open chromatin conformation that allows access by 
RNA polymerase. Because HMG IN proteins are known to be 
more abundant in actively proliferating cells (Elton and Reeves, 
1986; Johnson et al., 1990; Giancotti et al., 1993), the 
chromatin-opening model is consistent with the recent obser- 
vation (Thompson et al., 1994) that the effects of SARs on heat 
shock protein hsp70 gene expression in transgenic mice are 
evident mainly in rapidly growing embryonic tissues. If HMG 
IN homologs or other displacement proteins were more abun- 
dant in proliferating plant cells, a similar mechanism might help 
to explain why the SAR effects we observed in rapidly grow- 
ing suspension cultures are greater than those reported for 
expanded leaves (Schoffl et al., 1993; Mlynárová et al., 1994, 
1995; van der Geest et al., 1994) or solid callus cultures (Breyne 
et al., 1992). 

By itself, the chromatin-opening model would not account 
for the decline in expression we observed with high doses of 
transgene DNA. However, the decline can be explained if we 
also assume that SARs reduce the probability of gene silenc- 
ing. Given the existence of homology search mechanisms 
capable of scanning entire genomes (Haber et al., 1991; 
Camerini-Otero and Hsieh, 1993), it is attractive to speculate 
that at least some homology-dependent silencing events in- 
volve transient ectopic pairing interactions, followed by gene 
inactivation via changes in DNA methylation andlor chroma- 
tin condensation (Jorgensen, 1992,1993; Assaad et al., 1993; 
Matzke et al., 1993, 1994; Flavell, 1994). This type of silencing 
would resemble processes in fungi known as repeat-induced 
point mutation and premeiotically induced methylation, which 
detect and modify duplicated DNA sequences (Selker 1990a, 
1990b; Rhounim et al., 1992; Barry et al., 1993; Selker et al., 
1993). Recent work on Drosophila indicates that ectopic trans- 
gene insertions may be affected by a similar mechanism 
and has lead to a model in which pairing between repeats 
leads to condensation and heterochromatinization (Dorer and 
Henikoff, 1994). 

Considering SAR effects in relation to such models, we sug- 
gest that transgenes with SARs may be less vulnerable to 
ectopic pairing or other homology-sensing interactions that lead 
to gene silencing. For example, DNA closely associated with 
a strong SAR might be physically constrained in a way that 
reduces or prevents interactions with homologous sequences 
elsewhere in the genome. As the amount of transgene DNA 
increases, however, we assume there will be an increasing 
chance that some genes or gene fragments will escape from 
these constraints and undergo pairing. If ectopic pairing trig- 
gers a process leading to inactivation of other homologous 
genes, this model might explain the decline in expression we 
observed at high copy number. The model does not predict 
whether the inactivation process will be transcriptional or post- 
transcriptional. However, it does suggest that SARs reduce 
the probability that a silencing condition, rather than direct pro- 
tection against inactivation, will be induced. 

METHODS 

Plasmid Constructs 

The P-glucuronidase (GUS) reporter plasmids were made according 
to the following procedures. Plasmid pRB7-6 (Hall et al., 1991) was 
digested with Clal and Scal, and the resulting 1.1-kb SAR fragment 
was treated with the Klenow fragment of DNA polymerase I to create 
blunt ends. Plasmid pGHNCl was created by ligating the 1.1-kb Clal- 
Scal SAR fragment into the Xbal site of pBluescript II SK+ (Stratagene) 
that had been treated previously with the Klenow fragment to create 
blunt ends. Similarly, plasmid pGHNC4 was created by ligating the 
1.1-kb Clal-Scal SAR fragment from pRB7-6 (Hall et al., 1991) into the 
Xhol site in pBluescript I1 SK+ (Stratagene) that had been treated pre- 
viously with the Klenow fragment to create blunt ends. The 1.1-kb 
Apal-Hindlll scaffold attachment region (SAR) fragment from pGHNC4 
was then inserted into the Apal and Hindlll sites of pGHNCl to give 
pGHNC5. The 2.8-kb Hindlll-EcoRI fragment from pB1221 (Clontech, 
Palo Alto, CA), containing the cauliflower mosaic virus (CaMV) 35s 
promoterlGUS reading framehopaline synthase (NOS) terminator, was 
inserted into the Hindlll and EcoRl sites of pGHNC5 or pBluescript 
II SK+ to yield pGHNCll (with SARs) or pGHNC12 (without SARs), 
respectively. 

The selection plasmid (pGHNC10) was created by ligating the Hindlll- 
EcoRl fragment from pUCNKl (Herrera-Estrella et al., 1988), contain- 
ing the NOS promoterlneomycin phosphotransferase NPTll reading 
frameloctopine synthase (OCS) terminator, into the Hindlll and EcoRl 
sites of pBluescript II SK+. 

Transformation 

The Nicotiana tabacum cell line NT-1 was obtained from G. An 
(Washington State University, Pullman). Suspension cultures were 
grown in a medium containing Murashige and Skoog salts (Gibco 
Laboratories, Grand Island, NY) supplemented with 100 mglL inosi- 
tol, 1 mglL thiamine-HCI, 180 mglL KH2P04, 30 glL sucrose, and 2 
mglL 2,4-D. The pH was adjusted to 5.7 before autoclaving. Cells were 
subcultured once a week by adding 3 mL of inoculum to 100 mL of 
fresh medium in 500-mL Erlenmeyer flasks. The flasks were placed 
on a rotary shaker at 125 rpm and 27% with a light intensity of 47 pmol 
m-2 sec-1. 

Four-day-old cells, in early log phase, were transformed by 
microprojectile bombardment. Aliquots of 50 mL were centrifuged, and 
the pellet was resuspended in fresh culture medium at a concentra- 
tion of 0.1 g/mL. Aliquots of 0.5 mL were spread as monolayers onto 
sterile lens paper that had been placed on culture medium solidified 
with 0.8% agar in 60-mm Petri plates. Plated cells were kept at 23OC 
for 3 hr before bombardment. Microprojectile bombardment was per- 
formed with a particle accelerator (model PDS-1000; Du Pont) by using 
a normal rupture disk value of 1500 psi, with the sample positioned 
5.5 cm from the launch assembly. 

Each batch of cells was cotransformed with a mixture of expression 
and selection plasmids. A GUS gene driven by the CaMV 35s pro- 
moter (Benfey and Chua, 1989) was used to measure expression, and 
an NPTll gene driven by the NOS promoter (Depicker et al., 1982) was 
used to select for cells that had stably integrated exogenous DNA. All 
plasmids were amplified in Escherichia coli DH5a and isolated by using 
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a plasmid maxiprep kit (Qiagen, Inc., Chatsworth, CA). Cotransformation 
mixtures contained a 4:l molar ratio of GUS reporter plasmid to NPTll 
selection plasmid. Therefore, each 500 ng of SAR transformation mix- 
ture consisted of 432 ng of pGHNCll and 68 ng of pGHNC10, whereas 
control mixtures contained 314 ng of pGHNC12 and 68 ng of pGHNC10. 
Each DNA preparation (in 5 pL of Tris-EDTA [TE] buffer) was mixed 
and precipitated with 50 pL of 2.5 M CaCI, and 20 pL of 0.1 M sper- 
midine onto 1.0-pm gold microprojectiles. 

After bombardment, the Petri plates were sealed with parafilm and 
incubated for 24 hr at 27OC under constant light. With lens paper, cells 
were then transferred to fresh plates containing medium supplemented 
with 100 pg/mL kanamycin. lsolated kanamycin-resistant microcalli be- 
gan to appear in -3 weeks, at which time they were transferred to 
fresh plates containing kanamycin medium. After 1 week of growth 
on plates, a suspension culture was startedlor each callus by inoculat- 
ing 1 mL of broth supplemented with 50 pg of kanamycin per mL. Once 
established, the suspension cultures were transferred weekly by using 
3% (vlv) inocula in 5 mL of broth supplemented with 50 pglmL 
kanamycin. 

Gene Copy Number Analysis 

DNA was isolated as described by Allen et al. (1993). Estimates of GUS 
and NPTllgene copy number were obtained for all cell lines by a quan- 
titative polymerase chain reaction (PCR) procedure and confirmed by 
genomic DNA gel blot analysis. Primers located in the 35s promoter 
(5’TCAAGATGCCTCTGCCGACA-3’) and in the translated region of the 
GUS gene (5’-TCACGGGTTGGGGTTTCTAC-3’) were used for GUS copy 
number analysis. Primers located in the NOS promoter (5‘-GGA- 
ACTGACAGAACCGCAAC-3’) and in the translated region of the NPTll 
gene (5’-GGACAGGTCGGTCTTGACAA-3? were used for NPTll gene 
copy analysis. A “hot start” PCR procedure using Ampli Wax beads 
(Perkin-Elmer) was used according to the manufacturer‘s instructions. 
The lower reaction mixture (25 pL) contained 0.8 mM deoxynucleo- 
tide triphosphates, 6 mM MgCI2, 0.4 mM each oligonucleotide primer, 
50 mM KCI, 10 mM Tris-HCI, pH 8.8. The upper reaction mixture (75 
pL) contained 50 mM KCI, 10 mM Tris-HCI, pH 8.8, 2.5 units of Taq 
polymerase, and 100 ng of genomic DNA in 10 pL of TE. Each cycle 
consisted of 2 min at 94OC, 2.5 min at 5OoC, and 3 min at 72OC. Reac- 
tions were terminated after a final extension step of 7 min at 72OC. 

PCR was limited to 18 cycles for both the GUS and NPTll copy num- 
ber analysis to avoid substrate exhaustion, and amplification products 
were visualized by blotting and hybridization with a 3ZP-labeled DNA 
probe. Reconstruction standards were prepared by serially diluting 
DNA from the pGHNCl1 (with RB7 SAR) into wild-type NT-1 genomic 
DNA so as to introduce between one and 150 GUS genes per 1C (5 
pg) equivalent of tobacco DNA (Arumuganathan and Earle, 1991). PCR 
reactions were done simultaneously for the reconstruction standards 
and the samples. Similarly, the NPTll reconstruction standards were 
prepared by serially diluting DNA from the pGHNClO into wild-type 
NT-I genomic DNA so as to introduce between one and 40 NPTllgenes 
per 1C. Hybridization signals were quantified on a radioanalytical scan- 
ner (Ambis, San Diego, CA), and final copy number estimates were 
calculated using linear regression analysis. 

DNA Gel Blot Analysis 

DNA gel blot analysis was performed as described by Murray et al. 
(1992). Agarose gels were stained with 0.5 mglmL ethidium bromide 

and photographed. The top one-third of the gels were treated with 0.25 
N HCI for 10 min. The gels were then incubated twice for 15 min in 
150 mM NaOH, 3 mM EDTA, and twice for 15 min in 150 mM NaP04. 
pH 7.4, and blotted to GeneScreen Plus (Du Pont-New England Nu- 
clear, Wilmington, DE) by the method of Southern, as given in Sambrook 
et al. (1989), by using 25 mM sodium pyrophosphate. The membranes 
were blocked by incubating in 2% sodium lauryl sulfate, 0.5% BSA, 
1 mM EDTA, 1 mM 1,lO-phenanthroline, and hybridized in 100 mM 
NaP04, pH 7.8, 20 mM sodium pyrophosphate, 5 mM EDTA, 1 mM 
l,lO-phenanthroline, 0.1% SDS, 10% dextran sulfate, 500 pg1mL heparin 
sulfate, 50 pglmL yeast RNA, and 50 WglmL herring sperm DNA. Probes 
were prepared with a random prime DNA labeling kit (U.S. Biochemi- 
cal Corp.). Washing conditions included one wash at room temperature 
with 2 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.5% 
SDS for 5 mins, one wash at room temperature with 2 x SSC, O.l0h 
SDS for 15 min, two washes at rmm temperature with 0.1 x SSC, 
0.5% SDS for 15 min, and two washes at 37% with 0.1 x SSC. 05% 
SDS for 30 min. 

NPTll and GUS Assays 

For NPTll protein assays, cells were ground in liquid nitrogen and sus- 
pended in 100 pL of 0.25 M Tris-CI, pH 7.8. The mixture was centrifuged, 
and the supernatant was used for ELISA analysis, performed with an 
NPTll ELISA kit (5 Prime -c 3 Prime, Boulder, CO) according to the 
instructions of the manufacturer. 

For GUS fluorometric analysis, frozen cells were ground in liquid 
nitrogen, as described for the NPTll and DNA extraction. Approximately 
50 mg of the resulting powder was resuspended in 600 pL of GUS 
extraction buffer containing 50 mM NaP04, pH 7.0, 10 mM p-mer- 
captoethanol, 10 mM Na2EDTA, 0.1% sodium lauryl sarcosine (wlv), 
and 0.1% Triton X-100 (wlv); this suspension was then sonicated twice 
for 10 sec. The extract was clarified by treatment with insoluble PVP 
and centrifuged. GUS activity was determined by means of the 
fluorometric assay described by Jefferson (1987), which used methylum- 
belliferone glucuronide as substrate. Total protein was measured using 
the Bio-Rad protein assay kit, and GUS speciRc activity is reported 
as picomoles of 4-methylumbelliferone (4-MU) formed per minute per 
milligram of protein from the initial velocity of the reaction. In an ear- 
lier paper (Allen et al., 1993), GUS specific activity units were 
inadvertently omitted. To determine the specific activity in pmols 
4-MUlminlmg protein, multiply the values given in Allen et al. (1993) 
by a factor of 5.5. 

Transient Expression 

Protoplasts for electroporation were prepared from 4-day-old NT-1 sus- 
pension cultures by a procedure similar to that of Hall et al. (1991). 
Cells from 100 mL of culture were harvested by centrifugation (3009 
for 2 min), washed twice in 100 mL of 0.4 M mannitol, and resuspended 
in an equal volume of protoplasting solution containing 0.4 M mannitol, 
20 mM Mes, pH 5.5, 1% cellulase (Onozuka RS; Kanematsu-Gosho, 
Los Angeles, CA), and 0.1% pectolyase Y23 (Onozuka). They were 
then incubated at 25OC for 30 to 60 min with shaking at 150 rpm. The 
resulting protoplasts were washed twice in protoplast buffer contain- 
ing 0.4 M mannitol by centrifuging at 3009 for 5 min in a Beckman 
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GPR centrifuge equipped with a GH3.7 rotor. A protoplast concentra- 
tion of 4 x 106 per mL was obtained by diluting the mixture with 0.4 
M mannitol. The resulting suspension was then diluted by adding an 
equal volume of 2 x electroporation buffer to a final concentration 
of 2 x 106 protoplasts per mL. The 2 x electroporation buffer con- 
tained 273 mM NaCI, 5.36 mM KCI, 2.94 mM KH2P04, 15.5 mM 
Na2HP04, 0.4 M mannitol, pH 6.5. 

Each electroporation used 80 pg of sheared E. colicarrier DNA and 
20 pg of the plasmid DNA mixture to be tested. One milliliter of pro- 
toplasts was added to the electroporation cuvette (Bethesda Research 
Laboratories), mixed with 100 pL of DNA mixture in TE buffer, and 
left on ice for 5 min. Electroporation was performed in a Bethesda 
Research Laboratory Cell-Porator at 250 V and 1180 pF. Cuvettes were 
placed on ice for 15 min immediately after treatment. Aliquots (400 
pL) of electroporated protoplasts were then transferred to 60-mm Petri 
plates containing 4 mL of culture medium with 0.4 M mannitol. After 
incubation for various time periods, protoplasts were collected by cen- 
trifugation at 3009 for 5 min at 4%. Each pellet was suspended in 600 
pL of GUS extraction buffer, and GUS activity was assayed by the fluoro- 
genic procedure described above. 

Scaffold lsolation and Binding Assays 

Nuclei and nuclear scaffolds from NT-1 cells were isolated as described 
previously (Hall et al., 1991; Hall and Spiker, 1994). Nuclear halos were 
washed twice with digestionlbinding buffer (DIBB; pH 6.5) containing 
70 mM NaCI, 20 mM Tris, pH 8.0, 20 mM KCI, 0.1% digitonin, 1% thio- 
diglycol, 50 mM spermine, 125 mM spermidine with 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF), and 2 pg mL-’ aprotinin (Hall 
et al., 1991; Hall and Spiker, 1994). The halos were washed again in 
the same buffer containing 10 mM MgCI2. The halos were then diluted 
to 4 x 106 mL-’ in DlBB containing 0.5 mM PMSF, 2 pg mL-l aproti- 
nin, 10 mM phenanthroline, and 10 mM MgC12 and digested with 500 
units mL-’ of the various restriction enzymes (New England Biolabs, 
Beverly, MA) at 37OC for 1 hr. Fresh enzymes were then added, and 
incubation was continued for an additional 1 hr. Aliquots (100 pL) con- 
taining scaffolds representing -8 x 105 nuclei were centrifuged at 
26009. the supernatant was removed, and the scaffold pellets were 
resuspended in DlBB containing 0.5 mM PMSF, 2 pg mL-l aprotinin, 
and 10 mM MgCI2. 

For binding assays, 4 fmol of 32P-labeled fragments, previously 
digested with restriction enzymes (New England Biolabs), was added 
to the 100-pL scaffold aliquot and incubated at 37OC for 3 hr with fre- 
quent mixings. The scaffold aliquots were centrifuged at 26009, and 
the pellet (containing scaffold-bound DNA fragments) and the super- 
natant containing nonbinding fragments were separated. The pellet 
fraction was washed in 200 F L  of DIBB with 10 mM MgC12, 
resuspended in 100 pL of TE buffer (representing 1000/0) containing 
0.5% SDS with 0.5 mg mL-l proteinase K, and incubated at room tem- 
perature overnight. Equal fractions (usually 20%) of pellet and 
supernatant fractions were separated on a 1% agarose gel in TAE buffer 
(Sambrook et al., 1989). The gel was treated with 7% trichloroacetic 
acid for 20 min and dried onto filter paper followed by exposure to 
x-ray film. 

ACKNOWLEDGMENTS 

We thank John Mackenzie for helping to print the figures and Lynn 
Dickey, Marie Petracek, Nandini Mendu, and Dolores Sowinski for help- 

ful suggestions on the manuscript. This work was supported by 
research grants to W.F.T. and G.C.A. from the U.S. Department of 
Agriculture Research Grants Office. S.S. was supported by grants from 
the U.S. Department of Agriculture Research Grants Office and the 
National Science Foundation. 

Received February 27, 1996; accepted March 4, 1996. 

REFERENCES 

Allen, G.C., Hall, G.E., Jr., Childs, L.C., Weissinger, A.K., Spiker, 
S., and Thompson, W.F. (1993). Scaffold attachment regions in- 
crease reporter gene expression in stably transformed plant cells. 
Plant Cell 5, 603-613. 

An, G. (1986). Development of plant promoter expression vectors and 
their use for analysis of differential activity of nopaline synthase pro- 
moter in transformed tobacco cells. Plant Physiol. 81, 86-91. 

Archer, T.K., Lefebvre, P., Wolford, R.G., and Hager, G.L. (1992). 
Transcription factor loading on the M M N  promoter: A bimodal mech- 
anism for promoter activation. Science 255, 1573-1576. 

Arumuganathan, K., and Earle, E.D. (1991). Nuclear DNA content 
of some important plant species. Plant MOI. Biol. Rep. 9, 208-219. 

Assaad, EE, Tucker, K.L., and Signer, E.R. (1993). Epigenetic repeat- 
induced gene silencing (RIGS) in Arabidopsis. Plant MOI. Biol. 22, 

Barry, C., Faugeron, G., and Rossignol, J.-L. (1993). Methylation in- 
duced premeiotically in Ascobolus: Coextension with DNA repeat 
lengths and effect on transcript elongation. Proc. Natl. Acad. Sci. 
USA 90, 4557-4561. 

Benfey, P.N., and Chua, N.-H. (1989). Regulated gene expression in 
transgenic plants. Science 244, 174-181. 

Bhattacharyya, M.K., Stermer, B.A., and Dixon, R.A. (1994). Re- 
duced variation in transgene expression from a binary vector with 
selectable markers at the right and left T-DNA borders. Plant J. 6, 

Bonifer, C., Vidal, M., Grosveld, F., and Sippel, A.E. (1990). Tissue 
specific and position independent expression of the complete gene 
domain for chicken lysozyme in transgenic mice. EMBO J. 9, 

Bonifer, C., Hecht, A., Saueressig, H., Winter, D.M., and Sippel, 
A.E. (1991). Dynamic chromatin: The regulatory domain organiza- 
tion of eukaryotic gene loci. J. Cell. Biochem. 47, 99-108. 

Boulikas, T. (1993). Nature of DNAsequences at the attachment regions 
of genes to the nuclear matrix. J. Cell. Biochem. 52, 14-22. 

Breyne, P., Van Montagu, M., Depicker, A., and Gheysen, G. (1992). 
Characterization of a plant scaffold attachment region in a DNA frag- 
ment that normalizes transgene expression in tobacco. Plant Cell 

Breyne, R, Van Montagu, M., and Gheysen, G. (1994). The role of 
scaffold attachment regions in the structural and functional organi- 
zation of plant chromatin. Transgenic Res. 3, 195-202. 

Butler, P.J.G., and Thomas, J.O. (1980). Changes in chromatin fold- 
ing in solution. J. MOI. Biol. 140, 505-529. 

Camerini-Otero, R.D., and Hsieh, P. (1993). Parallel DNA triplexes, 
homologous recombination, and other homology-dependent DNA 
interactions. Cell 73, 217-223. 

1067-1085. 

957-968. 

2843-2848. 

4, 463-471. 



SARs lncrease Gene Expression 91 1 

Chee, P.P., and Slightom, J.L. (1992). Transformation of cucumber 
tissues by microprojectile bombardment: ldentification of plants con- 
taining functional and non-functional transferred genes. Gene 118, 

Chen, D.F., Dale, RJ., Heslop-Harrison, J.S., Snape, J.W., Harwood, 
W., Bean, S., and Mullineaux, P.M. (1994). Stabilityof transgenes 
and presence of N-6 methyladenine DNA in transformed wheat cells. 
Plant J. 5, 429-436. 

Christou, P. (1992). Genetic transformation of crop plants using 
microprojectile bombardment. Plant J. 2, 275-281. 

Conkling, M.A., Cheng, C.-L., Yamamoto, Y.T., and Goodman, H.M. 
(1990). lsolation of transcriptionally regulated root-specific genes 
from tobacco. Plant Physiol. 93, 1203-1211. 

Cook, P.R. (1991). The nucleoskeleton and the topology of replication. 
Cell 66, 627-635. 

Davey, M.R., Reich, E.L., and Mulligan, B.J. (1989). Direct DNAtrans- 
fer to plant cells. Plant MOI. Biol. 13, 273-285. 

Dean, C., Favreau, M., Tamaki, S., Bond-Nutter, D., Dunsmuir, P., 
and Bedbrook, J. (1988). Expression of tandem gene fusions in 
transgenic plants. Nucleic Acids Res. 16, 7601-7617. 

Depicker, A., Stachel, S., Dhaese, P., Zambryski, P., and Goodman, 
H.M. (1982). Nopaline synthase: Transcript mapping and DNA se- 
quence. J. MOI. Appl. Genet. 1, 499-512. 

Dickinson, L.A., Joh, T., Kohwi, Y., and Kohwi-Shigematsu, T. (1992). 
A tissue-specific MARlSAR DNA-binding protein with unusual binding 
site recognition. Cell 70, 631-645. 

Dorer, D.R., and Henikoff, S. (1994). Expansions of transgene repeats 
cause heterochromatin formation and gene silencing in Drosoph- 
ila. Cell 77, 993-1002. 

Eissenberg, J.C., and Elgin, S.C.R. (1991). Boundary functions in the 
control of gene expression. Trends Genet. 7, 335-340. 

Elgin, S.C.R. (1991). On the importance of taking a firm position. New 
Biol. 3, 37-41. 

Elton, T.S., and Reeves, R. (1986). Purification and postsynthetic 
modifications of Friend erythroleukemic cell high mobility group pro- 
tein HMG-I. Anal. Biochem. 157, 53-62. 

Finnegan, J., and McElroy, D. (1994). Transgene inactivation: Plants 
fight back! BiolTechnology 12, 883-888. 

Flavell, R.B. (1994). lnactivation of gene expression in plants as a con- 
sequence of specific sequence duplication. Proc. Natl. Acad. Sci. 

Frisch, D.A., van der Geest, A.H.M., Dias, K., and Hall, T.C. (1995). 
Chromosomal integration is required for spatial regulation of expres- 
sion from the p-phaseolin promoter. Plant J. 7, 503-512. 

Gasser, S.M., and Laemmli, U.K. (1986). The organisation Jf chro- 
matin loops: Characterization of a scaffold attachment site. EMBO 
J. 5, 511-518. 

Gasser, S.M., Amati, B.B., Cardenas, M.E., and Hofmann, J.F.-X. 
(1989). Studies on scaffold attachment sites and their relation to ge- 
nome function. Int. Rev. Cytol. 119, 57-96. 

Getzenberg, R.H., Pienta, K.J., Ward, W.S., and Coffey, D.S. (1991). 
Nuclear structure and the three-dimensional organization of DNA. 
J. Cell. Biochem. 47, 289-299. 

Giancotti, V., Bandiera, A., Ciani, L., Santoro, D., Cranerobinson, 
C., Goodwin, G.H., Boiocchi, M., Dolcetti, R., and Casetta, B. 
(1993). High-mobility-group (HMG) proteins and histone H1 subtypes 
expression in normal and tumor tissues of mouse. Eur. J. Biochem. 

255-260. 

USA 91, 3490-3496. 

213, 825-832. 

Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G. 
(1987). Position-indepzndent, high-leve1 expression of the human 
p-globin gene in transgenic mice. Cell 51, 975-985. 

Haber, J.E., Leung, W.-Y., Borts, R.H., and Lichten, M. (1991). The 
frequency of meiotic recombination in yeast is independent of the 
number and position of homologous donor sequences: lmplications 
for chromosome pairing. Proc. Natl. Acad. Sci. USA 88, 1120-1124. 

Hall, G., Allen, G.C., Loer, D.S., Thompson, W.F., and Spiker, S. 
(1991). Nuclear scaffolds and scaffold attachment regions (SARs) 
in higher plants. Proc. Natl. Acad. Sci. USA 88, 9320-9324. 

Hall, G.E., Jr., and Spiker, S. (1994). lsolation and characterization 
of nuclear scaffolds. In Plant Molecular Biology Manual (Dordrecht, 
The Netherlands: Kluwer Academic Publishers), pp. 1-12. 

Herrera-Estrella, L., Teeri, T.H., and Simpson, J. (1988). Use of 
reporter genes to study gene expression in plant cells. In Plant Mo- 
lecular Biology Manual, S.B. Gelvin, R.A. Schilperoort, and D.P.S. 
Verma, eds (Dordrecht, The Netherlands: Kluwer Academic Pub- 
lishers), pp. 1-22. 

Hobbs, S.L.A.; Kpodar, P., and DeLong, C.M.O. (1990). The effect 
of T-DNA copy number, position and methylation on reporter gene 
expression in tobacco transformants. Plant MOI. Biol. 15, 851-864. 

Hobbs, S.L.A., Warkentin, T.D., and DeLong, C.M.O. (1993). Trans- 
gene copy number can be positively or negatively associated with 
transgene expression. Plant MOI. Biol. 21, 17-26. 

Jackson, D.A. (1991). Structure-function relationships in eukaryotic 
nuclei. Bioessays 13, 1-10, 

Jefferson, R.A. (1987). Assaying chimeric genes in plants: The GUS 
gene fusion system. Plant MOI. Biol. Rep. 5, 387-405. 

Jefferson, R.A., Kavanagh, T.A., and Bevan, M.W. (1987). GUS fu- 
sions: b-Glucuronidase as a sensitive and versatile gene fusion 
marker in higher plants. EMBO J. 6, 3901-3907. 

Johnson, K.R., Disney, J.E., Wyatt, C.R., and Reeves, R. (1990). 
Expression of mRNAs encoding mammalian chromosomal proteins 
HMG-I and HMG-Y during cellular proliferation. Exp. Cell Res. 187, 

Jorgensen, R. (1992). Silencing of plant genes by homologous trans- 
genes. AgBiotech News Info. 4, 265N-273N. 

Jorgensen, R. (1993). The germina1 inheritance of epigenetic infor- 
mation in plants. Philos. Trans. R. SOC. Lond. Ser. B 339, 173-181. 

Kalos, M., and Fournier, R.E.K. (1995). Position-independent trans- 
gene expression mediated by boundary elements from the 
apolipoprotein B chromatin domain. MOI. Cell. Biol. 15, 198-207. 

Kas, E., Poljak, L., Adachi, Y., and Laemmli, U.K. (1993). A model 
for chromatin opening-Stimulation of topoisomerase-ll and restric- 
tion enzyme cleavage of chromatin by distamycin. EMBO J. 12, 

Koziel, M.G., Beland, G.L., Bowman, C., Carozzi, N.B., Crenshaw, 
R., Crossland, L., Dawson, J., Desai, N., Hill, M., Kadwell, S., 
Launis, K., Lewis, K., Maddox, D., McPhenon, K., Meghji, M.R., 
Merlin, E., Rhodes, R., Warren, G.W., Wright, M., and Evola, S. 
(1993). Field performance of elite transgenic maize plants express- 
ing insecticidal protein derived from Bacillus thuringiensis. 
Bio/Technology 11, 194-200. 

Kuhlemeier, C., Fluhr, R., and Chua, N.-H. (1988). Upstream se- 
quences determine the difference in transcript abundance of pea 
rbcS genes. MOI. Gen. Genet. 212, 405-411. 

Matzke, M.A., and Matzke, A.J.M. (1991). Differential inactivation and 
methylation of a transgene in plants by two suppressor loci contain- 
ing homologous sequences. Plant MOI. Biol. 16, 821-830. 

69-76. 

115-126. 



912 The Plant Cell 

Matzke, M.A., and Matzke, A.J.M. (1993). Genomic imprinting in plants: 
Parenta1 effects and trans-inactivation phenomena. Annu. Rev. Plant 
Physiol. Plant MOI. Biol. 44, 53-76. 

Matzke, M.A., and Matzke, A.J.M. (1995). Homology-dependent gene 
silencing in transgenic plants: What does it really tell us? Trends 
Genet. 11, 1-3. 

Matzke, M.A., Primig, M., Trnovsky, J., and Matzke, A.J.M. (1989). 
Reversible methylation and inactivation of marker genes in sequen- 
tially transformed tobacco plants. EMBO J. 8, 643-649. 

Matzke, M.A., Neuhuber, F., and Matzke, A.J.M. (1993). A variety 
of epistatic interactions can occur between partially homologous 
transgene loci brought together by sexual crossing. MOI. Gen. Ge- 
net. 236, 379-386. 

Matzke, M.A., Matzke, A.J.M., and Scheid, O.M. (1994). Inactiva- 
tion of repeated genes- DNA-DNA interaction? In Homologous 
Recombination and Gene Silencing in Plants, J. Paszkowski, ed 
(Dordrecht, The Netherlands: Kluwer Academic Publishers), pp. 

McKnight, R.A., Avi, S., Sankaran, L., Wall, R.J., and Hennighaosen, 
L. (1992). Matrix-attachment regions can impart position-independent 
regulation of a tissue-specific gene in transgenic mice. Proc. Natl. 
Acad. Sci. USA 89, 6943-6947. 

Mielke, C., Kohwl, Y., Kohwi-Shigematsu, T., and Bode, J. (1990). 
Hierarchical binding of DNA fragments derived from scaffold-attached 
regions: Correlation of properties in vitro and function in vivo. Bio- 
chemistry 29, 7475-7485. 

Mittelsten Scheid, O., Paszkowski, J., and Potrykus, I. (1991). Re- 
versible inactivation of a transgene in Arabidopsis thaliana. Moi. Gen. 
Genet. 228, 104-112. 

Mlynhrovb, L., Loonen, A., Heldens, J., Jansen, R.C., Keizer, P., 
Stiekema, W.J., and Nap, J.-P. (1994). Reduced position effect in 

2-45. 

Poljak, L., Seum, C., Mattioni, T., and Laemmli, U.K. (1994). SARs 
stimulate but do not confer position independent gene expression. 
Nucleic Acids Res. 22, 4386-4394. 

Register, J.C., Peterson, D.J., Bell, P.J., Bullock, W.P., Evans, I.J., 
Frame, B., Greenland, A.J., Higgs, N.S., Jepson, I., Jiao, S.P., 
Lewnau, C.J., Sillick, J.M., and Wilson, H.M. (1994). Structure and 
function of selectable and non-selectable transgenes in maize af- 
ter introduction by particle bombardment. Plant Moi. Biol. 25, 

Rhounim, L., Rossignol, J.-L., and Faugeron, G. (1992). Epimuta- 
tion of repeated genes in Ascobolus immersus. EMBO J. 11, 

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual, 2nd ed. (Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory). 

Saul, M.W., and Potrykus, 1. (1990). Direct gene transfer to protoplasts: 
Fate of the transferred genes. Dev. Genet. 11, 176-181. 

Schoffl, F., Schroder, G., Kleim, M., and Rieplng, M. (1993). An SAR 
sequence containing 395 bp DNA fragment mediates enhanced, 
gene-dosage-correlated expression of a chimaeric heat shock gene 
in transgenic tobacco plants. Transgenic Res. 2, 93-100. 

Selker, E.U. (1990a). DNA methylation and chromatin structure: A view 
from below. Trends Biochem. Sci. 15, 103-107. 

Selker, E.U. (1990b). Premeiotic instability of repeated sequences in 
Neurospora crassa. Annu. Rev. Genet. 24, 579-613. 

Selker, E., Fritz, D.Y., and Singer, M.J. (1993). Dense nonsymmetri- 
cal DNA methylation resulting from repeat-induced point mutation 
in Neurospora. Science 262, 1724-1728. 

Sokal, R.R., and Rohlf, F.J. (1969). Biometry: The Principles and Prac- 
tice of Statistics in Biological Research. (San Francisco: W.F. 
Freemank 

951-961. 

4451-4457. 

~~ 

mature transgenic plants conferred by the chicken lysozyme matrix- 
associated region. Plant Cell 6, 417-426. 

Mlynbrová, L., Jansen, R.C., Conner, A.J., Stiekema, W.J., and Nap, 
J.-P. (1995). The MAR-mediated reduction in position effect can be 
uncoupled from copy number-dependent expression in transgenic 
plants. Plant Cell 7, 599-609. 

J'w*' DeMars9 s'J'9 and Cramer' J'H' (1992)' 

Spiker, S., and Thompson, W.F. (1996). Matrix attachment regions 
and transgene expression in plants. Plant Physiol. 110, 15-21. 

Stief, A., Winter, D.M., Stratling, W.H., and Sippel, A.E. (1989). A 
nuclear DNA attachment element mediates elevated and position- 
independent gene activity. Nature 341, 343-345. 

Thompson, EM., Christians, E., Stinnakre, M.G., and Renard, J.P. 
(1994). Scaffold attachment regions stimulate HSP70.1 expression 

MOI. Cell. Biol. 14, 4694-4703. 

Matrix attachment regions and transgene expression. In Genomes 
of Plants and Animals (Proceedings of the 21st Stadler Genetics 
Symposium), I? Gustafson and R.B. Flavell, eds (New York: Plenum 
Publishinq Corp.), pp. 243-270. 

M'G'9 

10, 173-177. 

The effect of sequences with high AU content on mRNA stability 
in tobacco. Proc. Natl. Acad. Sci. USA 90, 11811-11815. 

Paszkowski, J., Shilllto, R.D., Saul, M., Mandák, V., Hohn, T., Hohn, 
B., and Potrykus, 1. (1984). Direct gene transfer to plants. EMBO 

Long-lived Southern blots using RNAprobes. Plant MOI. R ~ P .  mouse preimplantation embryos but not differentiated tissues, 

Ohme-Takagi, M., TaYlor, c.B., Newman7 T*c', and Green, P.J' (Igg3). Thompson, w.F., ~ l l e ~ ,  G.C., Hall, G., J~., and spiker, S. (1996). 

J. 3, 2717-2722. 

Peng, J.Y., Wen, F.J., Lister, R.L., and Hodges, T.K. (1995). In- 
heritance of gusA and neo genes in transgenic rice. Plant MOI. Biol. 
27, 91-104. 

Phi-Van, L., von Kries, J.P., Ostertag, W., andstetling, W.H. (1990). 
The chicken lysozyme 5' matrix attachment region increases tran- 
scription from a heterologous promoter in heterologous cells and 
dampens position effects on the expression of transfected genes. 
MOI. Cell. Biol. 10, 2302-2307. 

Pienta, K.J., Getzenberg, R.H., and Coffey, D.S. (1991). Cell struc- 
ture and DNAorganization. Crit. Rev. Eukaryotic Gene Express. 1, 
355-385. 

- . ,  . .  

Tomes, D.T., Weissinger, A.K., Ross, M., Higglns, R., Drummond, 
B.J., Schaaf, S., Malone-Schoneberg, J., Staebell, M., Flynn, P., 
Anderson, J., and Howard, J. (1990). Transgenic tobacco plants 
and their progeny derived by microprojectile bombardment of tobacco 
leaves. Plant MOI. Biol. 14, 261-268. 

van der Geest, A.H.M., Hall, G.E., Spiker, S., and Hall, T.C. (1994). 
The P-phaseolin gene is flanked by matrix attachment regions. Plant 

van der Krol, A.R., Mur, L.A., Beld, M., MOI, J.N.M., and Stuitje, 
A.R. (1990). Flavonoid genes in petunia: Addition of a limited num- 
ber of gene copies may lead to a suppression of gene expression. 
Plant Cell 2, 291-299. 

J. 6, 413-423. 



SARs lncrease Gene Expression 913 

Vaucheret, H. (1993). ldentification of a general silencer for 19s and 
35s promoters in a transgenic tobacco plant-90 bp of homology 
in the promoter sequence are sufficient for trans-inactivation. c. R. 
Acad. Sci. 01 316, 1471-1483. 

Wan, Y., and Lemaux, P.G. (1994). Generation of large numbers of 
independently transformed fertile barley plants. Plant Physiol. 104, 
37-48, 

Weintiaub, H. (1985). Assembly and propagation of repressed and 
derepressed chromosomal states. Cell 42, 705-71 1. 

Zhao, K.,  as, E., ~onzalez,  E., and Laemmli, U.K. (1993). $AR- 
dependent mobilization of histone H1 by HMG-I/Y in vitro-HMG- 
I/Y is enriched in H1-depleted chromatin. EMBO J. 12, 3237-3247. 

Zlatanova, J., and Van Holde, K. (1992). Histone H1 and transcription- 
Still an enigma. J. Cell Sci. 103, 889-895. 




