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Summary 

DNA fragments containing the silencers that flank the 
mating type genes at HMLa are shown to bind specifi- 
cally to the nuclear scaffold of yeast. The scaffold pro- 
teins are solubilized with urea and then renatured to 
form a soluble extract which allows reconstitution of 
sequence-specific DNA loops. At the silent mating 
type locus HMLa, loops are formed by either si- 
lencer-silencer (E-l) interaction or silencer-promoter 
interactions (E-P and I-P). The nuclear protein RAP-1 
fractionates efficiently with the nuclear scaffold, and 
binds to the E, I, and promoter regions. Affinity purifi- 
cation of RAP-1 and oligonucleotide competition 
show that RAP-1 is necessary for reconstitution of 
loops in vitro. These results are consistent with a 
model in which silencers define a chromatin loop 
within which occur modifications that maintain the 
promoter in an inactive state. 

In the yeast Saccharomyces cerevisiae mating type is de- 
termined by the allele, either a or a, found at the MAT lo- 
cus. This information is also present, but not expressed, 
at two other loci on the same chromosome, HML and 
HMR. These silent loci are flanked by cis-acting se- 
quences labeled E or I, that were defined as elements ei- 
ther essential or important for repression of the locus 
when it was plasmid-borne (Abraham et al., 1984a, 1984b; 
Feldman et al., 1984). Further analysis of the HMR-E re- 
gion showed that it efficiently represses both mating type 
and certain non-mating type promoters in the HMR chro- 
mosomal locus, and functions over distances up to 2600 
bp, independently of its orientation (Brand et al., 1985). By 
analogy with enhancers, HMR-E was termed a “silencer” 
(Brand et al., 1985). 

Deletion studies of the HMR-E silencer have identified 
two protein binding sites and the 11 bp consensus for au- 
tonomous replication of plasmids (ARS, Brand et al., 1987; 
Shore et al., 1987; Buchman et al., 1988). The gene of one 
of the silencer binding proteins was cloned and character- 
ized as RAP-1 (repressor-activator binding protein; Shore 
and Nasmyth, 1987; also called TUF, Huet et al., 1985; and 
GRF-1, Buchman et al., 1988). The other protein appears 

to be identical to an ARS binding factor, ABF-1 (Shore et 
al., 1987; Buchman et al., 1988). No protein has yet been 
identified that binds the ARS consensus. While neither of 
the characterized protein binding sites alone is sufficient 
to silence transcription, the RAP-1 site in conjunction with 
either the ABF-1 binding site or the ARS consensus, was 
necessary for repression of either the mating type genes 
or another yeast gene at the HMR mating type locus 
(Brand et al., 1987). 

In addition to these factors, the four SIR proteins 
(SIRl-4) have been identified genetically as being re- 
quired in trans for complete repression of HML and HMR 
(Rine and Herskowitz, 1987). Recent observations also 
implicate histones in the repression mechanism, since de- 
letion of the conserved N-terminus of histone H4 results 
in derepression of the silent loci (Kayne et al., 1988), as 
does an imbalance in histone expression or mutations in 
N-terminal acetyl transferase when present in conjunction 
with deletion of the RAP-1 binding site (A. Brand, J. 
Mullen, J. Park, J. Szostack, and R. Sternglanz, personal 
communication). 

In view of the spatial organization of the silent mating 
type loci (two diverging genes at each, see Figure 1) each 
locus can be considered as a set of coordinately regulated 
genes in a defined chromatin domain bounded by the cis- 
acting silencer sequences. Since eukaryotic chromatin is 
proposed to be organized in loops, one might expect that 
each of these mating type loci forms a chromatin loop 
whose properties allow the proper regulation of genes 
within it. Recently our laboratory has developed a method 
for studying higher-order chromatin structures in yeast, 
based on the method of Mirkovitch et al. (1984). This pro- 
cedure identifies fragments that have an affinity for the 
scaffold, which is a subset of non-histone proteins that re- 
mains after heat (37%) and/or Cu*+ stabilization and his- 
tone extraction. The scaffold-bound restriction fragments 
are presumed to contain sites at which DNA is constrained 
into loops in vivo as well as in vitro. 

Our analysis of the yeast genome has shown that puta- 
tive origins of DNA replication, or ARS elements are scaf- 
fold bound (Amati and Gasser, 1988). Here we present 
results showing that both the E and I regulatory domains 
of HML are tightly bound to the yeast nuclear scaffold. To 
identify the proteins involved in this association we have 
solubilized the scaffold in urea, renatured the scaffold pro- 
teins and identified the relevant proteins by affinity purifi- 
cation and gel retardation assays. RAP-l is recovered 
quantitatively in our stabilized scaffolds and the urea ex- 
tract, and binds to HMR-E, HML-E, and HML-I fragments. 
We also demonstrate for the first t ime that a specific eu- 
karyotic looped domain can be reconstituted by mixing a 
large DNA fragment containing the HML locus with either 
the soluble scaffold extract or a purified fraction. RAP-1 
apparently mediates this loop formation, since the RAP- 
l-depleted extract is unable to form loops and an oligo- 
merit fragment containing the RAP-1 binding site effi- 
ciently competes for loop formation. 
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Figure 1. Mapping of Scaffold-Attached Regions (SARs) at the Mating Type Locus, HMLa 

(A) shows the organization of both the active (MAT) and silent mating type loci HMR and HML on chromosome III of S. cerevisiae. Four transacting 
factors, SIRl-4. are necessary for repression of HML and HMR. An enlargement of the HMLa locus shows restriction sites important for the mapping 
experiments, and the fragments of genomic DNA that are bound (solid bars) or released (open bars) from the scaffold. The sizes of fragments (in 
bp) are given only when the corresponding autoradiogram is shown in (6). The speckled bar indicates a weak scaffold interaction of a 650 bp Alul 
fragment at HML-I. Below the map bars (I-III) indicate the probes used in Southern hybridizations of scaffold-attached and released DNA, shown 
in (8). The following abbreviations are used: A, AU; 8, BamHI; D, Dral; RI, EcoRI; H3, Hindlll; Nd, Ndel; Ps, Pstl, Pv, Pvull. X, Xbal. Xh, Xhol. 
Boxes E, W, X, 2, and I refer to regions defined by Abraham et al. (1964a) and Feldman et al. (1964). and P indicates the intergenic region between 
a7 and a2 genes. 
(B) shows some of the autoradiograms of various digestions of nuclear scaffolds from which the SAR mapping summary was drawn. P indicates 
scaffold-bound DNA; S indicates DNA recovered in the supernatant; and T indicates total DNA. The pellet and supernatant DNA loaded always 
correspond to equal fractions of any given digestion. The numbers I-III indicate the probe used (A). The 630 bp fragment in I results from a partial 
Alul digestion and contains the 540 bp attached fragment; the asterisk indicates cross-hybridizing bands from MATa or HMRa loci. In II the 1900 
bp fragment extends from the Dral site in the a7 gene to a site beyond the region shown. All mapping was done in MATa cells, hence probes I and 
II identify fragments from HMR and MAT loci, as well as HML. 
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Results 

The Silent Mating Type Locus HMLa Is Flanked 
by Scaffold-Attached Regions 
We have mapped sites of interaction with the yeast nu- 
clear scaffold at the silent mating type loci. Figure 1A 
depicts the chromosomal organization of the mating type 
loci and a summary of our mapping of scaffold attachment 
regions (SARs) at HML. All coding sequences-in this 
case for a7 and a2-are not scaffold-bound and are there- 
fore recovered in the supernatant following restriction 
digestion, as are the conserved noncoding parts of the 
mating type loci, termed W, X, and Z. Flanking these se- 
quences are the HML-E and HML-I control regions, both 
of which bind specifically to the nuclear scaffold. At HML- 
E (Figure lB, I) fragments of 395 bp and 540 bp (and a par- 
tial digestion product of 830 bp that includes the 540 bp 
band) are scaffold-attached. At HML-I, probing with a 
Pvull-Hindlll fragment reveals an attached fragment of 
420 bp (Figure lB, Ill). These attached fragments contain 
either HML-E or HML-I sequences, respectively, while 
regions more distal to either E or I are not bound (data not 
shown). Mapping scaffold attachment at the alla2 pro- 
moter shows that a 474 bp Dral fragment is also as- 
sociated with the scaffold (Figure 16, II). 

The finding that the E and I regulatory sequences are 
scaffold-bound is consistant with earlier findings: both the 
E and I fragments have been shown to have ARS activity 
(Abraham et al., 1984a, 1984b; Feldman et al., 1984; 
Brand et al., 1987) and all ARS elements tested have been 
found to be scaffold associated (Amati and Gasser,  1988). 
A 291 bp Alul fragment containing the HMR-E silencer is 
tightly scaffold bound, as is a large Dral fragment that 
spans HMR-I. Detailed mapping of these loci will be pub- 
lished elsewhere. To characterize further the observed si- 
lencer-scaffold interaction, we have solubilized the nu- 
clear scaffold with urea and renatured the proteins. The 
resulting scaffold extract has been used for factor purifica- 
tion and reconstitution of DNA loops. 

In Vitro Reconstitution of DNA Loops at HMLa 
To examine our hypothesis that the interaction of scaffold 
protein(s) with SAR DNA mediates the formation of a DNA 
loop, we have taken a 5.6 kb fragment that contains the en- 
tire silent mating type locus, HMLa, and incubated it 
briefly with the soluble scaffold extract. We have assayed 
for in vitro loop formation both by measuring the enhance- 
ment of religation of the ends of the fragment (Shore et al., 
1981) and by quantitative electron microscopy. The rate of 
religation of the HMLa fragment in scaffold extract is 
roughly twice that of the fragment in religation buffer 
alone (not shown). This is not a nonspecific effect due sim- 
ply to the presence of scaffold proteins during religation, 
since the rate of religation of Hindlll-cleaved pBR322, 
which is approximately the same size, is the same in both 
their presence and absence. The enhanced rate of religa- 
tion of the HML fragment suggests that this large fragment 
of DNA is either bent or held in a looped configuration, 
such that the free sticky ends are closer together, enhanc- 
ing the efficiency of religation (Shore et al., 1981; Kotlarz 

et al., 1986). The two-fold stimulation is similar to that ob- 
served with the loops formed by interaction between the 
orb and 8 sequence on the bacterial plasmid R6K (Muk- 
herjee et al., 1988). 

Examination of the extract/DNA mixture by electron mi- 
croscopy shows formation of DNA loops at a high fre- 
quency, which is totally dependent on the addition of the 
scaffold extract (see Figures 2a, 2e, and Table 1). In Na+- 
free buffers up to 60% of the DNA strands on the EM grid 
form loops, whereas in our standard binding buffer (70 
mM NaCV20 mM KCI) 20% to 30% of the strands form 
loops (Table 1). Not only the frequency of loop formation, 
but the specificity of the interaction is sensitive to various 
factors in the incubation mixture, including monovalent 
and divalent cations, detergent concentrations, and the 
relative protein:DNA concentration. Unless otherwise in- 
dicated all results described below have been obtained 
using our standard SAR mapping binding buffer (see Ex- 
perimental Procedures) and between 50 and 70 ng of 
added protein per 30 ng DNA. 

We have measured the contour lengths, sizes of loops 
and sites of DNA-protein interaction in loops formed dur- 
ing the incubation of the 5.6 kb HMLa fragment with the 
scaffold extract. We include in our measurements all DNA 
molecules in which the DNA crosses itself once, whether 
or not the DNA appears to have fallen upon itself by 
chance. If we look at simply the sizes of loops regardless 
of their points of initiation, we see that the distribution is 
nonrandom (Figure 4) and highly reproducible. Three 
peaks of loop size are observed, which correspond in size 
to those one would expect from an interaction of HML-E 
with HML-I, and either HML-E or HML-I with the alla2 pro- 
moter (see line drawings Figure 3). In order to interpret 
these loops in relation to sequence elements on the linear 
fragment, we determined the distances from the DNA 
ends to the points of protein-DNA interaction. We found 
that within an error of &150 bp three interactions pre- 
dominate at the HMLa locus: silencer-silencer or E to I 
(Figure 2a), and silencer-promoter, which is either E to P 
(Figure 2b) or I to P (not shown). The distribution of loops 
among these groups is given in Table 2. The background 
of random or nonspecific loops in experiments using the 
intact HMLa is around 20%. The fourth most abundant 
class of loop originates just downstream of the a2 tran- 
script (region W) and extends to HML-I (Table 2). 

To confirm our interpretation of which end of the DNA 
molecule is proximal to any given loop, we digested the 5.6 
kb HMLa fragment with different endonucleases prior to 
loop reconstitution. Digestion of HML with Pvull, which 
cleaves once within the I domain and removes the charac- 
terized RAP-l binding site, reduced the number of loops 
overall to 73% (Table 1). The number of uninterpretable or 
random loops increased to over 50% of this, yet the E-l 
loops (in this case to the proximal end of I immediately ad- 
jacent to the cleavage site) were still predominant amo ng 
interpretable loops (Table 2). If the HMLa fragment was 
digested with EcoRl and Xhol to disrupt the E silencer, 
loop formation was reduced to the background level (1% 
to 2010, Table 1). even though the P-l loop could conceiv- 
ably form. Similarly, if a fragment from HMLa containing 
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Figure 2. Visualization of DNA Loops by EM 

Examples of DNA loops reconstituted in the presence of scaffold extract: (a) and the three below it display interactions between E and I (b), and 
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Table 1. Analysis of Conditions Allowing Loop Reconstitution 

Loops Formed 
DNA Additions per 100 Strands 

HML (Hindlll) no protein <2% 
ScE 25 r 6% 
PNS (60 ng) 2 * 1% 
BSA (60 ng) 2% 
ScE + pD6 (TEFZ) <2% 
ScE + pUC13 22% 

t/ML (Pvull cut) ScE 7 -c 3% 
(EcoRI-Xhol cut) ScE <2% 
(Ndel cut) ScE 2 A 2% 

HML (AE = pDM21) ScE 6% 
HML ScE + ssDNA 3% 
HML ScE + poly d(AT) 20% 
MAT (Hindlll) ScE <2% 
HMR (Hrndlll) ScE 9% 
HMR (AE = ~77-268) ScE <l% 

HML (Hindlll) 70 ng ScE 20% 
144 ng FT 3% 
RAP-1 ,I 11 ? 3% 
RAP-1 ,,, 16 ? 4% 
RAP-l,, + FT 13% 

DNA loop reconstitution was done as described in Experimental Proce- 
dures HML DNA was a 5.6 kb Hindlll fragment; MAT and HMR are 
corresponding Hindlll fragments from the cloned MATa and HMRa loci. 
Where indicated in parentheses, the Hindlll fragment was cleaved with 
another enzyme(s) prior to the spreading assay. HMLAE indicates a 
Hindlll fragment from pDM21, which contains an 850 bp deletion ex- 
tending into the E silencer of HML. HMRAE is an HMRa Hindlll frag- 
ment containing the 77-268 linker mutation from Abraham et al. (1984a) 
rn pJA82.6. All DNAs were used at the same concentration (approxi- 
mately 2 Kg/ml). 

pD6 indrcates the addition of 10 ng of the TEF2 bmding site in linea- 
rized pUC13; ssDNA and poly d(AT) indicate the additions of either 
heat denatured E. coli DNA or commmercial ly available poly d(AT) 
molecules to the binding reaction, as described in Experimental Proce- 
dures. Unless otherwise indicated, each reaction contained 60 ng of 
scaffold extract (ScE) protein. Other abbreviations include: PNS, post- 
nuclear supernatant; BSA, bovine serum albumin, fraction V; FT, flow- 
through from the TEF2-affinity column; RAP-l,, and RAP-1111 cor- 
respond to the affinity-purified RAP-1 fractions 4,, and 4,rr shown in 
Figure 8. For each percentage given, the number of loops per 200 
strands of DNA was usually counted. In cases where standard devia- 
tion is given, between three and seven separate experiments were 
analyzed. 

a deletion of the distal part of the E silencer (from Xbal to 
EcoRI, pDM21) was used in the loop reconstitution assay, 
again loop formation was reduced (Table 1). Digestion with 
Ndel, which cleaves near the RAP-l binding site in the 
alla2 promoter (see map, Table 2) allowed only 2.2% of 
the DNA strands to form loops, consistent with our in- 
terpretation that the majority of the loops formed reflect in- 
teractions between E and I, E and P and less frequently 
P and I. They also are consistent with the loop-forming fac- 
tor(s) having a nucleation site or preference for the E re- 
gion, since its removal reduced the occurrence of P-l 
loops. 

E-I 

4 

- 
0 

Figure 3. Sizes of Loops Observed by EM 
The diagram shows the size distrrbution of DNA loops at HMLu. The 
three major peaks corncide with the classes of loops rnentioned in the 
text. The line drawings above show a representative loop for the inter- 
action Indicated. For this evaluation 150 loops spread under identical 
conditions have been measured. 

A number of control experiments in which we counted 
the frequency with which loops occur, suggest that the 
loops formed by the scaffold extract/DNA interactions are 
statistically significant (Table 1). In some controls we also 
measured DNA loops to characterize the sites of interac- 
tion. In the absence of scaffold extract less than 2% DNA 
loops formed in the HMLa fragment, and the sites of inter- 
actions were randomly distributed along the DNA. If BSA 
or proteins from the post-nuclear supernatant (PNS) were 
added to the DNA in the same proportion as scaffold pro- 
teins (60 1,~ per 30 ng DNA), there was also little or no 
detectable loop formation. Interestingly, if lo-fold this 
amount of PNS were used, DNA loops did form. As men- 
tioned below, this probably reflects the presence of nu- 
clear proteins in the post-nuclear supernatant due to nu- 
clear lysis during homogenization. Ten-fold the amount of 
BSA showed only a background level of loops. 

The percentage of loops formed in the presence of scaf- 
fold extract increased in an exponential fashion as protein 
concentration was increased (data not shown). Such a de- 
pendence on concentration is characteristic of a bi- or 
multi-component interaction, as would be required in the 
interaction of two or more proteins and two sites on the 
DNA strand. If either pBR322 or the MATa locus was used 
in the in vitro reconstitution assay, loops were not formed 
at a frequency above background. Poly d(AT) did not com- 

those below interactions between E and P (c) shows DNA in the presence of post nuclear supernatant, (d) scaffold extract alone, and (e) a spread 
with DNA alone. The bar in the right corner represents a length of 100 nm. The tracings at the bottom left correspond to the adjacent micrographs 
and show positions of the E, I, and promoter (P) regions of HMLa. 
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pete for HMLa loop formation in the scaffold extract, 
whereas an excess of single-stranded E. coli DNA re- 
duced the frequency to around 3%. We have found that 
single-stranded DNA also competes for the bandshift of 
the HMR-E fragment (see below). 

Table 2. Silencer-Silencer and Silencer-Promoter Loops Are 
Formed by Interactions with Scaffold Proteins and Purified RAP-l 

Type of Loop Formed 

Non- 
DNA Protein E-l E-P P-l W-l specific 

HML ScE 26% 26% 16% 10% 20% 

HML (Pvull) ScE 20% * 16% 2% * 6% * 52% 

HML RAP-l ,, 25% 33% 7% 9% 25% 
RAP-l ,,, 35% 10% 5% +80/o 23% 
RAP-IT,,,, 31% 25% 6% 15% 24% 

In each experiment described here, between 50 and 100 DNA loops 
were photographed and measured to determine which points along 
the linear DNA molecule interact, forming the base of the loop. The 
percentages reflect the distribution of loops formed; the efficiency of 
overall loop formation for each case is either given in the text or in 
Table 1. The regions used to define domain E and I come from Abra- 
ham et al. (1964b), and are indicated in the map in Figure IA. A loop 
was considered to be of a given class if its point of departure fell within 
150 bp of the E, I, or P domains drawn here. This error reflects the 
average deviation in measurement of a 5.6 kb linear fragment. The 
asterisk indicates that the I region in these samples extended only from 
the Pvull cut to the Z domain. Abbreviations and conditions are the 
same as described in Table 1. RAP-lr,,,, indicates the combined 
results from both the RAP-1 fractions 4,, and 411, (Figure 6). Nonspecific 
indicates all loops that did not fall in interpretable classes. 

Figure 4. SDS-PAGE of Purified Nuclei and 
Nuclear Scaffold and lmmunodetection of RAP-l 

Nuclei and scaffolds were isolated as de- 
scribed in Experimental Procedures. Isolated 
scaffolds were dissolved in Laemmli sample 
buffer after digestion with DNAase I. The su- 
pernatant from the LIS extraction was precipi- 
tated with a final concentration of 2 M  NaCI, 
washed with a mixture containing 70% ace- 
tone, 20% ethanol, 10 mM Tris-Cl (pH 7.4) and 
0.1% bromophenol blue, and dissolved in sam- 
ple buffer. 

The left panel shows a Coomassie blue- 
stained 7%-15% linear gradient acrylamide 
gel. The first lane contains proteins from 1.3 
ODsM) units of nuclei (N) and subsequent lanes 
contain corresponding amounts of scaffold pel- 
let (Se), scaffold supernatant (Ss), and soluble 
scaffold extract (Sex). PNS indicates 160 Kg 
of protein from the postnuclear supernatant of 
a nuclear isolation. The right panel shows an 
immunoblot of the same samples, although 
each lane now contains equal amounts of pro- 
tein rather than equivalent amounts, in order to 
show specific enrichment or depletion. The 
Western blot was probed with mouse anti-RAP-l 
antiserum and ‘s51-secondary antibody. Reac- 
tion of the antiserum in the region between 
60-50 kd (indicated ’ ) is most probably due to 
a reaction with human keratin (Ochs, 1963). 
This reaction was also observed in lanes run 
with molecular weight markers or only sample 
buffer. 

RAP-1 Is Enriched in the Nuclear Scaffold Fraction 
Since two factors had been shown to bind the HMR-E and 
HML-E fragments (RAP-1 and ABF-1; Shore et al., 1987; 
Buchman et al., 1988) we were interested to determine 
whether either of these proteins was present in the scaf- 
fold extract. Figure 4 shows a Coomassie blue-stained 
gel comparing the protein composition of purified yeast 
nuclei (N), nuclear scaffolds (Sp), proteins released dur- 
ing histone extraction &), the solubilized scaffold ex- 
tract after renaturation of the proteins (SEX), and the post 
nuclear supernatant (PNS) from our nuclear isolation pro- 
tocol. To estimate the specific enrichment of RAP-1 in the 
various cellular fractions equal amounts of protein from 
each sample in the Coomassie blue-stained gel were 
loaded for a Western blot, which was probed with anti- 
RAP-1 antiserum (a gift from D. Shore). We find the 116 kd 
RAP-1 protein and its 90 kd proteolytic product present in 
the nuclear fraction and highly enriched in both the nu- 
clear scaffold and the scaffold extract (Sp and Sax, Fig- 
ure 5). Less than 5% of the nuclear RAP-1 is recovered in 
the proteins extracted with LIS (Ss), and very little is 
found in the post nuclear supernatant (PNS). If lo-fold this 
amount of PNS protein is loaded, RAP-1 is detectable in 
the PNS, which may reflect nuclear lysis during sphero- 
plast homogenization or possibly a cytosolic form of the 
factor. 

RAP-1 Binding Site Mediates the HMR-E Bandshift 
in Presence of Scaffold Extract 
To determine which scaffold protein(s) binds the silencer, 
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Figure 5. Specific Binding of a Scaffold Protein to the HMR-E Box 

(A) shows bandshift experiments performed with internal deletion mutants of HMR (pAA = 358-352, pAB = 256-274, pAE = 331-324; Brand et 
al., 1987). Only deletion of the E box (AE) abolishes binding of the factor. Binding was also abolished by a 50-fold molar excess of unlabeled RAP-1 
binding site, TEF2 (see Experimental Procedures). The end-labeled TEF2 oligonucleotide itself was bound by apparently the same factor, ninth lane. 
(6) shows the internal deletions within the silencer of the HMR locus (open boxes AA, AE, AB). The arrows at the bottom designate the three regions 
involved in silencer activity as determined by deletion and sequence substitution in HMR (Brand et al., 1987). (C) is a sequence comparison of RAP-1 
binding sites at HMR-E and TEF2. The box indicates the AE deletion. The UASrpg consensus sequence for TUF, which is Identical to RAP-l, is 
displayed below 

we made use of a gel retardation assay. After incubation 
with the soluble scaffold extract, a 152 bp Ahalll-Alul frag- 
ment containing the HMR-E SAR/silencer has retarded 
migration in polyacryamide gels. The observed band shift 
is efficiently competed by an excess of the HMR-E frag- 
ment, while up to lOO-fold molar excess of an unrelated 
DNA fragment does not compete (not shown). 

To identify which site(s) in the silencer fragment binds 
scaffold protein, we tested the same silencer fragment 
from HMR-E containing either a 6 bp deletion in the ARS 
consensus (A A), a 7 bp deletion in the RAP-1 binding site 
(A E), or an 11 bp deletion in the binding site of ABF-1 (A 
B, Brand et al., 1987). While deletion of the ARS and ABF-1 
(ARS binding factor 1) consensus sequences had no ef- 
fect on the band shift observed with scaffold extract, the 
binding was completely eliminated by the RAP-1 binding 
site deletion (Figure 5A). 

It is unlikely that our band shift reflects another scaffold 

protein that recognizes the RAP-1 site, since an oligonu- 
cleotide containing one copy of the highest affinity binding 
site of RAP-1 from the TEF2 locus (Figure 5C; Huet et al., 
1985) competes for the HMR-E binding. At a similar con- 
centration of protein our soluble scaffold extract is able to 
efficiently bind the TfF2 oligomer (Figure 5A). Since the 
TEF2 oligonucleotide has only partial homology to the E 
site in HMR-E, it provides independent evidence that the 
observed binding of scaffold extract to the HMR-E silencer 
is mediated by RAP-l. The identity of the TEF2-binding 
protein (TUF) and RAP-1 has previously been established 
by antibody cross-reactivity (Shore and Nasmyth, 1987; A. 
Sentenac, personal communication). 

The observation that deletion of the RAP-l site, but not 
the ABF-1 site, alters the band shift using HMR-E, and the 
fact that the ABF-1 binding site at the ARS7 locus is not 
scaffold-bound (Amati and Gasser,  1988), suggest that 
ABF-1 is not part of the nuclear scaffold as we isolate it. 
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Figure 6. Detection of Scaffold-Protein Binding at HML-E. HML-I, and HMLa7 and a2 Promoters by DNA Retardation Assay 
Binding was performed as described in Experimental Procedures, High affinity RAP-I binding sites were identified at /-/ML-E and at the UAS of the 
HMLa promoter, second and eighth lanes (Buchman et al., 1988: Shore et al., 1987). Two weaker binding sites seem to be present at I/ML-I and 
at the right of the Ndel site in the HMLa promoter, fifth and twelvelh lanes. Binding activity could be competed by a 50-fold molar excess of the 
TEF2 oligonucleotide (indicated by +). Only in the case for the HMLa UAS binding was not completely abolished even by a lOO-fold molar excess 
of the TEF2 oligonucleotide (indicated by ++). The Ndel and Dral sites used to deduce the HML promoter fragments are shown in Figure 1A. 

RAP-1 Also Binds at Two Sites in the a Promoter 
and at HAM-I 
There have been previous reports that RAP-l binds at 
/-/ML-E and the alla2 promoter, as well as HMR-E (Shore 
et al., 1987; Buchman et al., 1988a, 198813). We have 
screened both of the HML silencers and two fragments 
from the alla2 promoter for band shift with the scaffold ex- 
tract and for specific competition by the TEF2 oligomer. 
We observe binding at HML-E and the a2-proximal pro- 
moter region as previously identified by band shift and 
footprint assays (Figure 6). In addition we find interactions 
at HML-I and in the al-proximal side of the promoter frag- 
ment (the 279 bp Ndel-Dral fragment, Figure 6). These 
are of markedly lower affinity and are probably detectable 
in our assay only because RAP-l is considerably enriched 
in the scaffold extract. While the binding sites at the E and 
I loci are implicated in repression of these silent loci, the 
role of the RAP-1 interaction at the promoter is unknown. 

RAP-1 Binding Is Necessary for HMLa 
Loop Reconstitution 
The Western blot and band shift analyses suggested that 
RAP-1 might mediate the loop formation observed at 
HMLa. In direct support of this we found that addition of 
a two-fold molar excess of the TEF2 binding site to the loop 
reformation assay, inhibits essentially all specific loop for- 
mation (Figure 7A; Table 1). Addition of pUC alone did not 
block loop formation (Table 1). 

To determine whether RAP-l is sufficient for the refor- 
mation of the loops we have passed the scaffold extract 
over a TfFP oligo-containing affinity column and tested 
both the eluted factor and the flow-through (unbound) frac- 
tion for gel retardation of the HMR-E fragment, and for 

loop reconstitution. The purification of the factor from the 
scaffold extract is shown in Figure 8; the bandshifting fac- 
tor is essentially eliminated from the flowthrough (FT and 
FT’) and elutes with a peak in fraction 4 (Figure 8A). SDS 
gel electrophoresis and blotting with anti-RAP-l confirm 
that RAP-l-reactive bands at 90 and 116 kd are depleted 
from the flowthrough (FT) and recovered in fraction 4 (Fig- 
ure 8C). In some purifications of RAP-l only the 90 kd, and 
not the 116 kd form was recovered (see lanes 4, vs. 4,,, 
Figure 8C). In the purification II shown in Figure 8B, frac- 
tion 4 contains at least four polypeptides in addition to the 
two forms of RAP-l. 

We tested the partially purified RAP-l fraction, the flow- 
through of the column and the two fractions recombined 
in the loop-forming assay: in each case the RAP-l-de- 
pleted extract was unable to form loops in vitro, while the 
purified RAP-l fraction could. Again the loops formed 
were specific, representing three major classes of interac- 
tion: E to I, 25%; E to P, 33%; and I to P, 7%. Significantly 
less purified protein was used in the reconstitution assay 
(usually between 5-20 ng), yet a titration of the purified 
fraction again showed an exponential increase in loop for- 
mation similar to that seen with the total extract. 

Four major polypeptides of 30 kd, 48 kd, 53 kd, and 57 
kd consistently copurified with RAP-l when scaffold ex- 
tract was passed over the affinity column (fraction 411, 
Figure 8B). We were unable to determine whether these 
were immunologically related to RAP-l, as a result of a 
smear at 55 kd on the anti-RAP-l Western blot (as in Fig- 
ure 4). To rule out that these proteins were responsible for 
the observed reconstitution of the HML loop, we purified 
RAP-l directly from a total cell extract, following the proce- 
dure of Shore and Nasmyth (1987). Intact cells were lysed 
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Figure 7. RAP-l Is Necessary for Reconstitution of DNA Loops at the 
HMLa Locus 
Reconstitution of loops was done either in the presence of total scaf- 
fold extract (A) or purified RAP-l (B). In (A) an excess of the TEF2 bind- 
rng site, which inhibrted loop formation, was added. (6) showns exam- 
ples of E-l loops from incubation with RAP-l fraction 4,,, (see Figure 
6) The arrow designates a region where two DNA strands lie adjacent 
to one another for an extended distance. The bar represents 100 nm. 

by shear at low temperatures, eliminating most proteoly- 
sis, and RAP-l was purified over a Tff2 affinity column. 
Again bandshift assays were used to follow RAP-1 activity, 
and the cleanest fraction, again fraction 4 (4,,,,) contained 
primarily a protein of 116 kd with a much weaker band 
at approximately 150 kd (Figure 88). This larger, 150 kd 
protein has been previously reported by Sentenac and 
co-workers (Huet and Sentenac, 1987) and may be a 
modified form of RAP-l. This RAP-l fraction 4rll was also 
sufficient to form loops from the HML locus in vitro (Fig- 
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Frgure 6. Affinity Purification of RAP-1 

This ftgure shows the results of RAP-1 punficahons from scaffold ex- 
tract (index I or II) or from a whole cell extract (index Ill). DNA-bound 
protein from 40 ODpeo units of starting nuclei was eluted from the 
TEF2 affinity column in 300 ~1 aliquots (numbers 2--7). These were 
tested for binding activity to HMR-E by band shift assay (3 ~1, A) or 
loaded on a SDS gel followed by silver staining (30 ul. 6). The far right 
lane in (6) shows the silver-stained pattern of RAP-1 purified from 
whole cell extract. Asterisks indicate the 116 kd and 90 kd proteins that 
are recognized by the anti-RAP-l antibody. Note that the major compo- 
nent in lane 4,,, IS the 116 kd protein. (C) presents a Western blot with 
anti-RAP-l done on two dtfferent purifications from scaffold extract; in 
preparation I (4,) the 116 kd protein appears to be proteolysed to 90 
kd. Abbrevrations used are: IN, scaffold extract; FT, flowthrough from 
the affintty collumn; FT’, flowthrough containing no competitor DNA, 
as used for electron microscopy; M. molecular weight markers. 

ure 7B), with the same three classes of interactions pre- 
dominating: E to I, E to P, and I to P (Table 2). We do not 
know whether the drop in the frequency of E-P loops ob- 
served with this RAP-1 fraction is significant. 

Since a purified RAP-l protein is able to reconstitute the 
observed DNA loops, it appears likely that RAP-l interacts 
with itself. In these loops we frequently observe regions 
in which two DNA strands lie adjacent to each other for 
several hundred base pairs, as if they were wrapped 
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around each other (indicated by the arrow in Figure 76). 
Whether this reflects the binding of protein or a topological 
modification in the region is under study. 

Four other candidates for proteins involved in loop for- 
mation at the silent mating type loci are the SIRl-4 gene 
products, which are required for proper repression of HML 
and HMR. We have prepared scaffold and scaffold ex- 
tracts from strains in which the genes for SIR3 and SIR4 
were disrupted, and found no significant difference in the 
bandshifts nor in the loop-forming capacity of these ex- 
tracts (data not shown). This negative result, plus the fact 
that a quite pure RAP-1 fraction (4rrr) allows formation of 
sequence specific loops, makes it unlikely that the SIR 
proteins play a major structural role in the observed recon- 
stitution of loops. They might, however, be involved in 
modification of RAP-l or histones. 

Discussion 

The work presented here establishes several important 
points. First, we are able to reconstitute a eukaryotic DNA 
loop from purified DNA and polypeptide components. Al- 
though protein-mediated looping of DNA has been ob- 
served over short distances (Mukherjee et al., 1988; 
Griffith et al., 1986; Theveny et al., 1987), here we recon- 
stitute DNA loops corresponding to a coordinately regu- 
lated domain of a eukaryotic genome. Second, the sites 
of interaction at the base of the HMLa loop coincide with 
silencer elements that repress the expression of genes 
within this domain, suggesting that the loop may be of 
functional importance in vivo. Third, the DNA sequences 
at the base of this loop correspond to fragments that are 
specfically bound to a nuclear substructure called the 
scaffold, which is isolated by differential extraction of 
nuclei (Mirkovitch et al., 1984). This confirms that scaffold 
attachment sites can indeed be bases of DNA loops. Fi- 
nally, we recover greater than 90% of the nuclear factor 
called RAP-1 (Shore and Nasmyth, 1987; also called TUF 
for translational upstream factor, Huet et al., 1985; or GRF- 
1 for general regulatory factor, Buchman et al., 1988) in the 
scaffold fraction. RAP-1 is necessary and probably suffi- 
cient to reconstitute DNA loops from the HMLa locus. 
These observations have implications not only with re- 
spect to the mode of silencer action, but also for the bio- 
logical significance of the nuclear scaffold. 

Nuclear scaffolds or matrices are operationally defined 
structures resulting from sequential extraction of isolated 
nuclei with either detergents, chaotropes or high salt to re- 
move histones and a large number of other nonhistone 
proteins (for reviews, see Nelson et al., 1986; Gasser et 
al., 1989). When the scaffold is derived from interphase 
nuclei it has a complex protein pattern, which in higher eu- 
karyotes is known to contain the nuclear lamina and pore 
complexes, as well as a complex, ill-defined internal net- 
work of what appears to be fibrous material (see, for exam- 
ple, Capco et al., 1982; Jackson and Cook, 1988). It is 
striking that the scaffold binds DNA at specific sites and 
retains histone-depleted DNA in a restrained halo, in loops 
approximately the size expected from other studies that 
have defined chromatin domains (reviewed by Paulson, 

1988; Gasser et al., 1989). One of the best examples of 
this is the chicken lysozyme gene, whose scaffold-defined 
DNA loop coincides exactly with the 19 kb region of 
DNAase I sensitivity that surrounds this gene (Phi-van 
and Stratling, 1988; Stratling et al., 1986). 

In yeast a nuclear scaffold can be isolated, analogous 
to that isolated from higher eukaryotic nuclei, which binds 
DNA specifically (Amati and Gasser,  1988). The scaffold- 
bound DNA fragments (SARs) appear to coincide with 
functionally important sequences: with ARS and CEN ele- 
ments in yeast (Amati and Gasser,  1988) near enhancers 
in Drosophila and mouse cells (Gasser and Laemmli, 
1986; Cockeril l and Garrard, 1986; Cockeril l et al., 1987) 
and near the origin of replication at the amplified Dhfr lo- 
cus (Dijkwel and Hamlin, 1988). In most cases SAR func- 
tion is unknown, although they generally flank clusters of 
coordinately regulated genes (e.g., the histone locus in 
Drosophila) or a single gene that is highly expressed at 
certain periods of differentiation (Ftz, Adh, and Sgs-4 in 
Drosophila, or lysozyme in chick). The assay used in 
these mapping studies is unable to identify which proteins 
bind the SARs, nor does it distinguish whether or not two 
adjacent attached fragments actually interact with each 
other to form a loop. 

The development of the soluble scaffold extract de- 
scribed here allows us now to purify the scaffold proteins 
that bind DNA fragments and to begin reconstitution of the 
nuclear scaffold, starting with a single loop. We find that 
the silent mating type locus, HML, can form a loop in vitro 
by interaction of the two flanking regulatory regions E and 
I. The bases of the loop formed in vitro coincide with SARs 
mapped in the scaffold-binding assay. Although these are 
both in vitro assays, the domain they define correlates well 
with transcriptionally inactive DNA and with regions in 
which SIR-dependent changes in nuclease sensitivity are 
found in unextracted nuclei (Nasmyth, 1982a). Taken to- 
gether these results suggest that there may well be inter- 
action between the E silencer and the I region in vivo, 
forming a domain within which histone modification and/ 
or possibly topological changes in chromatin structure 
could be confined. Such changes in this region could in 
turn restrict the binding of essential transcription factors 
and so repress transcription (Nasmyth, 198213). In support 
of a role for chromatin structure is the observation that de- 
letion of the N-terminus of histone H4, which has several 
potential acetylation sites, results in derepression of the 
silent mating type loci (Kayne et al., 1988). Moreover, ardl 
and nat’l mutations, which affect an N-terminal acetylase 
activity, also derepress the HML locus (R. Sternglanz, per- 
sonal communication). 

Interestingly, the E-l interaction is not the only interac- 
tion observed in vitro: at almost equal efficiency one sees 
loops that are consistent with si lencer-promoter binding 
(both E to P and P to I). This result suggests that the 
silencing function could result in part through direct inter- 
action of silencer and promoter, much as has been pro- 
posed in numerous models for transcription enhancing 
elements (e.g., Ptashne, 1986, 1988). In this case the inter- 
action might exclude the binding of an essential transcrip- 
tion factor or polymerase II. 
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It is clear that there may be two kinds of DNA loops in 
the nucleus: those created by the interaction of enhancer- 
binding factors with other proteins at a more or less distant 
promoter (Ptashne, 1986, 1988; Theveny et al., 1987) and 
those that may be defining large chromatin domains. One 
would expect that the latter are not dependent on the bind- 
ing of transcription factors nor on active transcription, and 
thus present landmark attachment points in the nucleus. 
Such are the characteristics of the scaffold-attached 
regions characterized in Drosophila to date, and of the 
ARS-related SARs in yeast. It remains to be seen if there 
are instances other than the yeast si lencers and the poly- 
oma enhancer (Brand et al., 1987; DeVilliers et al., 1984; 
reviewed by DePamphilis, 1988), in which silencers and 
enhancers coincide with origins of replication. Perhaps 
these are cases in which chromatin loops and transcrip- 
tion regulating loops will coincide. 

We have identified RAP-l as a component of the yeast 
scaffold, and show that it is necessary to reconstitute the 
HMLa loop. This factor appears to be an abundant nuclear 
protein with multiple binding sites in the yeast genome, 
such as the UAS elements of ribosomal protein genes 
(Vignais et al., 1987), of elongation fractor EF-la (Huet et 
al., 1985), the HML and HMR silencers (Shore and Nas- 
myth, 1987; Buchman et al., 1988a), as well as telomeres, 
the a2 promoter, and promoters of glycolytic enzymes 
(Chambers et al., 1988; Buchman et al., 1988a, 1988b). It 
is not clear from our present study whether all RAPl- 
binding sites (and thus many UAS sequences) are sites of 
attachment to the nuclear scaffold. The alla2 promoter 
appears to bind the scaffold only if intact, and even then 
it binds with lower affinity than, for example, the HML-I re- 
gion. In the bandshift experiments, however, the converse 
is true, 2- to 3-fold more TEF2 oligonucleotide is required 
to disrupt the promoter-RAP-l complex. Thus there is no 
direct correlation between a fragment’s affinity for RAP-l 
and its scaffold association, suggesting that other pro- 
teins help mediate the scaffold-silencer interaction in 
conjunction with RAP-l, even though they may not be es- 
sential for the loop reconstitution assay. 

Four major polypeptides repeatedly copurify with RAP-1 
when it is purified from the nuclear scaffold extract. We 
ale unable to rule out that they are simply proteolytic prod- 
ucts of RAP-l, although their relative abundance with re- 
spect to the 116 kd band makes that seem unlikely. It is 
possible that they are either related to RAP-1 or are pro- 
teins that interact with the non-DNA binding domain of 
RAP-l. 

The ability to reconstitute a DNA loop from the soluble 
scaffold extract and purified DNA is not limited to the HML 
locus, nor to DNA with RAP-l binding sites. We have also 
reconstituted DNA loops in vitro using the scaffold extract 
and a 6.5 kb fragment that covers copy 1 of the histone H3 
and H4 genes (T. L. and J. H., unpublished data; Smith 
and Andresson, 1983). Measurement of the loops shows 
a specific interaction between the ARS 3’of the histone H4 
gene, and a site 3’of the histone H3 gene, which are sites 
to which RAP-1 does not bind. Thus the observed looping 
phenomenon is not unique to HMLa nor to RAP-l interac- 
tions. In this respect it is of interest to mention that loop 

reconstitution at the HMRa locus is strikingly less efficient 
(see Table 1, 9% vs. 25% with HMLa). We suspect that 
these loops are nonetheless significant, since far fewer 
are formed if the E-silencer is deleted from the fragment 
(HMRAE, Table 1). The differences we observed in our as- 
say may reflect physiological differences in control of the 
two loci. In genetic support of this difference, the mutation 
ardl (Whitway et al., 1987), appears to preferentially 
derepress HML. It is not known on a mechanistic basis 
how HML and HMR silencing might differ, however. 

Some authors propose a fi lamentous network that 
spans the nucleus from pore to pore, organizing chroma- 
tin and traffic within the nucleus (e.g., Capco et al., 1982; 
Jackson and Cook, 1988), much like the nuclear lamina 
that is supposed to organize the periphery of the nucleus. 
Since RAP-1 seems to fold the HML locus into a loop, one 
might propose that RAP-1 has a binding site for a such a 
fi lamentous network. Although preliminary characteriza- 
tion of the scaffold proteins that copurify with RAP-1 sug- 
gests that they do not form fibers, this possibility is under 
continued study. 

Experimental Procedures 

Strains and Plasmids 
Yeast strains were 62-5~ (MATa, led. his3, lys2, pep4-3), BJ 2166 
(MATa, leu2, trpl, ura3-52, ga12. prbl-7722, pep4-3, prcI-407) and two 
derivatives of the latter: a sir3::LEU2 and a sir4::LEU2 disruption, 
YDSlO and YDS27, respectively (gifts from David Shore). Growth 
medium was YPD. 

The origin of DNA fragments used in this study IS as follows. Sub- 
clones of HML were constructed from pV03-Barn26 (a pBR322-derived 
plasmid with a 2.2 kb LEU2 fragment in the Sal1 site and a 6.6 kb 
genomic BamHl fragment containing HMLa; a gift from J. Broach): a 
0.26 kb EcoRI-Hhal fragment representing HML-E, a 0.4 kb Hindlll- 
Pvull fragment representing HML-I, a 195 bp Ndel-Dral and a 279 bp 
Ndel-Dral fragment from the intergenic region. HMR-E was a 152 bp 
EcoRI-Hindlll fragment from pAA which contains the 134 bp Ahalll- 
Alul fragment of the HMR-E silencer (Brand et al., 1967). The same re- 
striction fragments with internal deletions within the silencer define 
regions A, B, or E were also used for gel retardation assays. They were 
derived from the plasmids: pAA = deletion 356-352, pAB = deletion 
256-274, and pAE = deletion 331-324, respectively (Brand et al., 
1987). End-labeling was performed with [a-32P]dATP and Klenow 
polymerase (Maniatis et al., 1962). DNAs for the circularization assays 
were pBR322 linearized with Hindlll and the Hindlll fragment from 
plasmid pV03-Bam26. Both were treated with calf intestine phospha- 
tase and end-labeled with [p3*P]ATP 

Synthetic oligonucleotide for affinity chromatography was the TEf2 
binding sequence: SGATCCTGTTGCACCCACACATTTATAG B’(Buch- 
man et al., 1988; Huet et al., 1985). For band-shift experiments, the 
EcoRI-Hindlll fragment of pD6 (containing the TEF2 sequence in the 
Smal site of pUC13) was used (Shore and Nasmyth, 1987). Other plas- 
mids used were pMATa (Feldman et al.,1984), pDM21 which contains 
the genomic BamHI-Hindll l fragment of HMLa with adeletion in HML- 
E from the Xbal site to 8 bp 3’of the EcoRl site (a gift from J. Broach), 
and the 77-268 linkermutation of pJA82.6 (called pHMRAE; Abraham 
et al., 1984a). 

DNA Binding Assay 
Binding buffer was 20 mM Tris-Cl (pH 6.0), 10 mM MgC12, 50 mM KCI. 
50 mM NaCI, 0.2 mM OTT, 5 mM spermidine, 10% glycerol and 0.1% 
NP40. Binding reactions (30 pl total volume) always contained 500- 
2000 ng poly d(lC), I-5 ng end-labeled DNA and 0.2-1.5 pg protein. 
Reactions were carried out for 10 min at room temperature and loaded 
on a 5% polyacrylamide gel. Electrophoresis was done at 180 V for 1.5 
hr at room temperature in 0.5x TBE (Maniatis et al., 1962). 
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Preparation of Soluble Scaffold Extract 
Isolation of yeast nuclei, scaffolds and the mapping of scaffold- 
attached fragments was done according to Amati and Gasser (1988). 
For preparation of the soluble scaffold extract scaffolds were isolated 
from 40 OD2so of nuclei and were subsequently dissolved in 1 ml ice- 
cold 7 M  urea, 0.2 M  (NH&S04, 10 mM EDTA, 200 mM P-mercapto- 
ethanol, 20 mM Tris-Cl (pH 8.0) and 0.1% NP-40. After centrifugation 
at 200,000 x g for 3 hr at 4% the extract was dialysed overnight 
against 50 mM (NH&S04, 1 mM EDTA, 20 mM Tris-Cl (pH 8.0) 10 mM 
2-mercaptoethanol, 50 mM KCI, and 0.1% NP-40. Glycerol was added 
to 10% final concentration and the extract was stored at -80°C. 

Circularization Assay 
DNA concentrations were kept at 0.1 W/ml to favor monomolecular 
reaction products. A typical 50 ul reaction mix contained 5 ng of linear 
DNA, 50 mM Tris-Cl (pH 7.4) 10 mM MgCIz, 40 mM KCI, 15 mM DTT, 
1 mM ATR and 0.6 ug of scaffold extract. Controls contained no protein 
but the extraction buffer. Protein binding was allowed for 15 min at 
room temperature followed by chilling on ice for another 10 min. Then 
0.5 U of T4 ligase was added, and the reaction mix was incubated at 
18C for various amounts of time. Reactions were terminated by an 
equal volume of phenol and analyzed in 1% agarose gels in the pres- 
ence of ethidium bromide (1 mglml). Gels were dried, autoradi- 
ographed, and analyzed by densitometric scanning. 

Purification of RAP-1 
Protein was purified from either solubilized scaffold extract or from 
whole cell extract. Preparation of whole cell extract was essentially ac- 
cording to Shore et al. (1987). The dialyzed cell extract from cells recov- 
ered from 151 YPD (5 x IO’ cells/ml) was adjusted to 10 ml and was 
loaded on a 320 ml Sephadax G200 column and eluted with buffer A50 
(20 mM Tris-Cl [pH 8.0],50 mM OTT, 0.5 mM EDTA, 10% glycerol). Peak 
fractions of RAP-l binding activity, assayed by band shift essay, eluted 
near the void volume. These were pooled and applied to DNA affinity 
chromatography. Affinity chromatography was according to Kadonaga 
and Tijan (1986). Pooled fractions from the Sephadex column or scaf- 
fold extract from 150-250 ODz6c of nuclei were loaded on a l-2 ml 
specific DNA column containing 20 ug of multimerized TEF2 oligonu- 
cleotide. As competitor DNA, 100 pg of poly d(lC) was present in the 
applied samples. Protein was eluted with buffer A600 (buffer A50 con- 
taining 600 mM (NH&SO4 and analyzed by gel retardation essay and 
SDS-PAGE followed by silver staining (Morrissey, 1981). RAP-1 was 
purified roughly 1800-fold from the total cell extract. 

Gel Electrophoresis and Western Blots 
Analysis of proteins by gel electrophoresis and Western blotting was 
done according to Gasser et al. (1986). Anti-RAP-l antiserum from 
mouse was a gift from David Shore (Shore and Nasmyth, 1987). 

Quantitative Electron Microscopy 
For visualizing DNA loops between 60 and 150 ng of protein (either 
scaffold extract, postnuclear supernatant, or BSA) were added to 30 
ng of purified Hindlll fragment from pV03-Barn26 in 15 ul of scaffold 
binding buffer (20 mM Tris-Cl [pH 7.41, 10 mM MgClz, 70 mM NaCI, 20 
mM KCI, 0.05 mM spermine, 0.125 mM spermidine. 1% thiodiglycol, 0.5 
mM PMSF). After 15 min on ice, 5 ug of cytochrome c was added and 
the mixture was gently layered over 150 mM ammonium acetate as de- 
scribed by Paulson and Laemmli (1979) and visualized by rotary 
shadowing on copper EM grids as described by Fowler and Erikson 
(1979). In the case in which purified RAP-l was used in the binding 
reaction, between l-20 ng of protein was used per reaction. It was im- 
portant not to exceed a final concentration of 0.02% NP-40 (or any 
other nonionic detergent) as this caused the DNA itself to collapse into 
nonspecific aggregates. Binding studies were also done with the 4.9 
kb Hindlll fragment of HMRa from pJA82.6 (Abraham et al., 1984a), 
and the 6.0 kb Hindlll fragment from the MATa locus from pMATa (Feld- 
man et al., 1984). Competit ion was tested by addition of 10 ng of the 
TEF2 sequence in digested pUC13, 30 ng of single strand denatured 
E.coli DNA, or 30 ng of poly d(AT). Binding was also done in Na+-free 
Tris-acetate-Mg’+ buffer as described by Mukherjee et al. (1988). This 
gave the highest percentage loop formation (600/o-70%). but the num- 
ber of nonspecific loops (those with endpoints found randomly alo ng 
the DNA molecule) was enhanced. Contour measurements of the DNA 

strands was done on a Hewlett-Packard 9864A Digitizer integration 
system. 

Acknowledgments 

We would like to thank J. Broach, M. Hall, K. Nasmyth, and D. Shore 
for plasmids and strains; D. Shore for anti-RAP-l antiserum; P Wel- 
lauer for assistance with the digitizer: B. Amati, B. Hirt, E. Nigg, V. 
Simanis, and E. T. Young for comments on the manuscript, and B. Hirt 
for his generous support. This work was funded by grants from the 
Swiss National Science Foundation and Swiss Cancer League to S. M. 
G. A: Brand was supported by a Helen Hay Whitney Post Doctoral Fel- 
lowship. 

The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

Received December 21, 1988; revised March 21, 1989. 

References 

Amati, B. B., and Gasser, S. M. (1986) Chromosomal ARS and CEN 
elements bind specifically to the yeast nuclear scaffold. Cell 54, 
967-978. 

Abraham, J., Nasmyth, K. A., Strathern, J. N., Klar, A. J. S., and Hicks, 
J. B. (1984a). Regulation of mating type information in yeast. Negative 
control requiring sequences both 5’ and 3’ to the regulated region. J. 
Mol. Biol. 176, 307-331. 

Abraham, J., Feldman, J., Nasmyth, K. A., Strathern, J. N., Klar, 
A. J. S., Broach, J. R., and Hicks, J. B. (1984b). Sites required for posi- 
tion effect regulation of mating type information in yeast. Cold Spring 
Harbor Symp. Quant. Biol. 47. 989-997. 

Bode, J., and Maass, K. (1988). Chromatin domain surrounding the hu- 
man interferon-beta gene as defined by scaffold-attached regions. Bio- 
chemistry 27, 4706-4711. 

Brand, A. H., Micklem, G., and Nasmyth, K. (1987). A yeast silencer 
contains sequences that can promote autonomous plasmid replication 
and transcriptional activation. Cell 57, 709-719. 

Brand, A. H., Breeden, L., Abraham, J., and Nasmyth, K. (1985). Char- 
acterization of a “silencer” in yeast: a DNA sequence with properties 
opposite to those of a transcriptional enhancer. Cell 41, 41-48. 

Buchman, A. R., Kimmerly, W. J., Rine, J., and Kornberg, R. D. 
(1988a). Two DNA-binding factors recognize specific sequences at 
silencers, upstream activating sequences, autonomously replicating 
sequences, and telomeres in Saccharomyces cerevisiae. Mol. Cell. 
Biol. 8, 210-225. 

Buchman, A. R., Lue, N. F., and Kornberg, R. D. (1988b). Connections 
between transcriptional activators, silencers, and telomeres as re- 
vealed by functional analysisof a yeast DNA-binding protein. Mol. Cell. 
Biol. 8, 5086-5099. 

Capco, D. G., Wan, K. M., and Penman, S. (1982). The nuclear matrix: 
three dimensional architecture and protein composition. Cell 29, 
847-858. 

Chambers, A., Stanway, C., Kingsman, A. J., Kingsman, S. M. (1988). 
The UAS of the yeast PGK gene is composed of multiple functional ele- 
ments. Nucl. Acids Res. 16, 8245-8260. 
Cockerill, P N., and Garrard. W. T. (1986). Chromosomal loop an- 
chorage of the kappa immunoglobulin gene occurs next to the en- 
hancer in a region containing topoisomerase II sites. Cell 44, 273-282. 
Cockerill, P N., Yuen, M. H., and Garrard, W. T. (1987). The enhancer 
of the immunoglobulin heavy chain locus is flanked by presumptive 
chromosomal loop anchorage elements. J. Biol. Chem. 262, 5394- 
5397. 
DePamphil is, M. L. (1988). Transcriptional elements as components of 
eukaryotic origins of DNA replication. Cell 52, 635-638. 

DeVilliers, J., Schaffner, W., Tyndall, C., Lupton, S., and Kamen, Ft. 
(1984). Polyoma virus DNA replication requires an enhancer. Nature 
312, 242-246. 
Dijkwel, P A., and Hamlin, J. L. (1988). Matrix attachment regions are 



RAP-1 Necessary for DNA Loop Formation at HML 
737 

posrtioned near replication initiation sites, genes and an interamplicon 
junction in the amplified dihydrofolate reductase domain of CHO cells. 
Mol. Cell Biol. 8, 5398-5409. 

Feldman, J., Hicks, J. B., and Broach, J. R. (1984). Identification of 
sites required for repression of a silent mating type locus in yeast. J. 
Mol. Biol. 778, 815-834. 

Fowler, W., and Erickson, H. (1979). Trinodular structure of fibrinogen 
confirmation by both shadowing and negative stain electron micros- 
copy. J. Mol. Biol. 34, 241-249. 

Gasser, S. M., and Laemmli, U. K. (1986). Cohabitation of scaffold 
binding regions with upstream/enhancer elements of three develop- 
mentally regulated genes of D. melanogaster. Cell 46, 521-530. 

Gasser, S. M., Laroche, T., Falquet, J.. Boy de la Tour, E., and Laemmli, 
U. K. (1986). Metaphase chromosome structure: involvement of topo- 
rsomerase II. J. Mol. Biol. 188, 613-629. 

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. In IRC Reviews on Cytology, Volume 118, K. Jeon, ed. 
(New York: Academic Press), in press. 

Griffith, J., Hochschild, A., and Ptashne, M. (1986). DNA loops induced 
by cooperative binding of ), repressor. Nature 322, 750-752. 

Huet, J., and Sentenac, A. (1987). TUF, the yeast DNA-binding factor 
specific for UASrpg upstream activating sequences: identification of 
the protein and its DNA-binding domain. Proc. Natl. Acad. Sci. USA 84, 
3646-3652. 

Huet, J., Cottrelle, F!, Cool, M., Vrgnais, M. L., Thiele, D., Marck, C., 
Buhler, J.-M., Sentenac, A., and Fromageot, P. (1985). A general up- 
stream binding factor for genes of the yeast translational apparatus. 
EM60 J. 4, 3539-3547. 

Jackson, D., and Cook, P. (1988). Visualization of a fi lamentous 
nucleoskeleton with a 23nm axial repeat. EMBO J. 7, 3667-3677. 
Kadonaga, J. T., and Tjian, R. (1986). Affinity purification of sequence 
specific binding proteins. Proc. Natl. Acad. Sci. USA 83, 5889-5893. 

Kayne, P. S., Ung-Jin, K., Han, M., Mullen, J. R., Fuminori, Y. and 
Grunstein, M. (1988). Extremely conserved histone H4 terminus is dis- 
pensable for growth but essenttal for repressing the silent mating loci 
m  yeast. Cell 55, 27-39. 

Kimmerly, W. J., and Rine, J. (1987). Replication and segregation of 
plasmids containing c&acting regulatory sites of silent mating-type 
genes in Saccharomyces cerevisiae are controlled by the S/R genes. 
Mol Cell. Biol. 7, 4225-4237. 

Kotlarz, D., Fritsch, A., and But, H. (1986). Variations of intramolecular 
ligatron rates allow detection of protein induced bends in DNA. EMBO 
J 5. 799-803. 

Maniatrs, T., Fritsch, E. F.. and Sambrook, J. (1982). Molecular Clon- 
rng: A Laboratory Manual (Cold Spring Harbor, New York: Cold Spring 
Harbor Laboratory). 
Mrrkovrtch. J., Mirault, M.-E., and Laemmli, U. K. (1984). Organization 
of the hrgher-order chromatin loop: specific DNA attachment sates on 
nuclear scaffold. Cell 39, 223-232. 

Morrrssey, J. H. (1981). Silver starn for proteins rn polyacrylamide gels: 
a modified procedure with enhanced uniform sensitivity. Anal. Bio- 
them. 717, 307-310. 

Mukherjee, S., Erickson, H., and Bastra, D. (1988). Enhancer-ongin in- 
teraction in plasmrd R6K involves a DNA loop mediated by initiator pro- 
tern. Cell 52. 375-383. 

Nasmyth. K. A. (1982a). The regulation of yeast mating type chromatrn 
structure by SIR: an action at a distance affecting both transcriptron 
and transpositton. Cell 30, 567-578. 
Nasmyth, K. A. (1982b). Molecular genetics of yeast mating type. 
Annu Rev. Genetics 76, 439-500. 
Nelson, W. G., Pienta. K. J., Barrack, E. R., and Coffey, D. S. (1986). 
The role of the nuclear matrix rn the organtzation and function of DNA. 
Annu. Rev. Biophys. Chem. 15, 457-475. 

Ochs, D. (1983). Protein contaminants of sodium dodecyl sulfate- 
polyacrylamide gels. Anal. Brochem. 735. 470-474 
Paulson, J. R. (1988). Scaffolding and radial loops: the structural orga- 
nization of metaphase chromosomes. In Chromosome and Chromatin 

Structure, K. W. Adolph, ed.. (Boca Raton, FL: CRC Press), pp. 3-37. 

Paulson, J. R.. and Laemmli. U. K. (1977). The structure of histone- 
depleted metaphase chromosomes. Cell 12, 817-828. 

Phi-van, L., and Stratling, W. (1988). The matrix attachment regions of 
the chicken lysozyme gene co-map with the boundaries of the chroma- 
tin domain. EMBO J. 7; 655-664. 

Ptashne, M. (1986). Gene regulation by proteins acting nearby and at 
a distance. Nature 322, 897-701. 

Ptashne, M. (1988). How eukaryotic transcriptional activators work. Na- 
ture 335, 683-689. 

Rine, J., and Herskowitz, I. (1987). Four genes responsible for a posi- 
tion effect on expression from HML and HMR in S. cerevisiae. Genetics 
116, 9-22. 

Shore, D., and Nasmyth, K. (1987). Purification and clomng of a DNA 
btnding protein from yeast that binds to both silencer and activator ele- 
ments. Cell 51, 721-732. 

Shore, D., Stil lman, D. J., Brand, A. H., and Nasmyth, K. A. (1987). 
Identification of silencer binding proteins from yeast: possible roles in 
SIR control and DNA replication. EMBO J. 6, 461-467. 

Shore, D.. Langowski, J., and Baldwin, R. L. (1981). DNA flexibility 
studied by covalent closure of short fragments Into circles. Proc. Natl. 
Acad. Sci. USA 78, 4833-4837. 

Smith, M. M., and And&son, 0. S. (1983). DNA sequences of yeast 
H3 and H4 histone genes from two non-allelic gene sets encode identi- 
cal H3 and H4 proteins. J. Mol. Biol 169, 663-690. 

Stratling, W. H., Dolle, A., and Sippel, A. E. (1986). Chromatin struc- 
ture of the chicken lyzosome gene domain. Biochemistry 25, 495-502. 

Theveny, B., Bailly, A., Rauch. C., Rauch, M., Delain, D., and Milgrom, 
E. (1987). Association of DNA-bound progesterone receptors. Nature 
329, 79-81. 

Vignais, M. L., Woudt, L.-l?, Wassenaar, G., Mager, W. H., Sentenac. 
A., and Planta, R. J. (1987). Specific binding of TUF factor to upstream 
activating sequences of ribosomal protern genes. EMBO J. 6, 1451- 
1457 

WhIteway, M., Freedman, A., van Arsdell, S., Szostak, J. W., and 
Thorner, J. (1987). The yeast ARDI gene product is requcred for repres- 
Slon of cryptic mating type information at the HML locus Mol. Cell Biol. 
7, 3713-3722. 


