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Abstract 

UME6 is a protein of 836 amino  acids  from Saccharomyces  cerevisiae that  acts  as a repressor  and  activator of 
several early meiotic  genes. UME6  contains, near the  C-terminus,  the  amino acid  sequence "7 'c -x~-c-x6-c-x6-  
C-X,-C-X,-C-,  in  which the  spacings of the six Cys residues are  identical  to  those  found in 39 N-terminal  Cys- 
rich DNA  binding  subdomains  of  fungal  transcription  factors.  This  sequence  has been shown in GAL4  and  other 
proteins  to  form a zinc binuclear. cluster. In spite  of  the  different  location,  the  C-rich  sequence,  cloned  and  over- 
produced  within  the last 1 1  1 amino  acid residues  of UME6,  UME6(11 I ) ,  forms a binuclear  cluster  and  exhibits 
a Zn-dependent  binding to  the  URSl  DNA  sequence.  The  latter,  TAGCCGCCGA, is required  for  the  repression 
or activation  of meiosis-specific  genes by UME6.  UME6(111)  contains 1.8 k 0.4 mol  Zn/mol  protein  and  the  Zn 
can  be exchanged for  Cd to yield a protein  containing 1.9 k 0.1 mol  Cd/mol  protein.  At 5 "C,  1'3Cd2UME6(l 11) 
shows  two  Il3Cd  NMR  signals,  with  chemical  shifts of 699  and  689  ppm,  similar  to  those  observed  for 
"3CdzGAL4(149). The  magnitude of  these  chemical  shifts suggests that each 'I3Cd nucleus is coordinated  to  four 
-S- ligands,  compatible  with a II3Cdz  cluster  structure in which two  thiolates  form  bridging  ligands.  The  entire 
UME6 gene has  been  cloned  and  overexpressed  and  binds  more tightly to  the  URSl  sequence  than  the zinc bi- 
nuclear  cluster domain  alone.  DNase 1 footprints of UME6 on URS1-containing DNA show that  the  protein  pro- 
tects the  phosphodiesters  of  the  5'-CCGCCG-3' region  within the URSl sequence. 
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UME6  (CAR80KARGRI) is a  transcriptional  regulator  of early 
meiotic gene expression in Saccharomyces  cerevisiae (Strich 
et al., 1989) that  contains  near its C-terminus  the  sequence 
-77'CWI774CRLRKKK78'CTEERPH788CFN791CERLKLD798C-, 
a sequence 61% homologous  to  that of the  sequence  forming 
a zinc binuclear  cluster in the yeast transcriptional  activator 
GAL4 (Strich  et al., 1994). UME6 is one of six genes discovered 
during screening for yeast mutants  that express  early meiotic 
genes during vegetative growth (Strich et al., 1989). Increases 
in mRNA  from  the  early  meiotic genes SPO11,  SP013,  and 
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SP016 observed in cells mutant for UME6 suggested that  the 
gene product  normally  functions  as a  negative regulator (Strich 
et al., 1989). The  UME6 gene has been shown  to be allelic with 
the  CAR80  gene, which codes  for  the  repressor of the  arginase 
gene  (Park  et  al., 1992). Subsequent  sequencing of both genes 
showed  them to be  identical (Strich et  al., 1994). 

Repression of the  arginase gene has been shown to require the 
presence of the  DNA  sequence,  5'-TAGCCGCCGA-3',  up- 
stream of the  promoter.  This  sequence,  known  as  URSl,  has 
been shown by deletion  and site-directed mutagenesis to  be  the 
site  of action  for UME6ICARSO (Park et al., 1992). The  URSl 
sequence  has been found  to be required  for  the  repression  and 
meiotic  activation  of a number of genes  expressed early in mei- 
osis including SP013 (Buckingham  et  al., 1990) and  IME2 
(Bowdish & Mitchell, 1993), as well as a number of other genes 
whose regulation is associated  with  carbon  and  nitrogen  star- 
vation  (Sumrada & Cooper, 1987). The  product of the  1ME2 
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gene is a key positive regulator  of  early  meiotic  genes,  and  de- 
letion of  IME2  results in sporulation-deficient cells (Smith & 
Mitchell, 1989). This critical  gene has a URSl sequence  located 
at  positions -552 to -543 and is repressed by UME6 (Bowdish 
& Mitchell, 1993). In  addition  to  functioning  as a repressor, 
UME6  also  appears  to  be necessary for  activation  of  IME2  un- 
der  meiotic  conditions:  transcription  of  IME2 is activated by 
IMEl,  a protein expressed only in a / a  diploid cells under  con- 
ditions  of  nitrogen  starvation (Mitchell et al., 1990; for a review, 
see Mitchell [1994]). However, this activation  does  not  occur in 
the  absence of UME6  (Bowdish & Mitchell, 1993), suggesting 
that  UME6  could  contribute  to  activation  of  IME2  through  di- 
rect or indirect  interactions with IMEl. 

Thirty-nine  different  fungal  transcription  factors  contain 
N-terminal  DNA-binding  domains exhibiting  a  Cys-rich amino 
acid  sequence in  which the  Cys residues occupy  the  spacing 
C-X2-C-X6-C-X5_8-C-X2-C-X6-8-C, the  same  spacing observed 
in UME6.  The  transcription  factor,  GAL4,  the  prototype  for 
this group, binds to  the UAS, DNA sequence  located  upstream 
of several  genes coding  for  the  enzymes involved in galactose 
metabolism in S. cerevisiae (Bram & Kornberg, 1985; Giniger 
et  al., 1985; for a review of galactose  metabolic  regulation, see 
Johnston [1987]). The  N-terminal62 residues of  GAL4  contain- 
ing the Cys-rich sequence,  cloned  and overexpressed in Esche- 
richia coli, bind two  Zn  or  Cd  ions, which are required for  DNA 
binding (Pan & Coleman, 1989). "3Cd-'H heteronuclear  NMR 
experiments  show  that  the six conserved cysteines form  the li- 
gands for a Cd2Cys6  binuclear  cluster in which two of the cys- 
teine S-  bridge  the  two  metal  ions  (Pan & Coleman, 1990a, 
1990b; Gadhavi et al., 1991; Gardner et al., 1991). The  crystal 
structures of the  N-terminal 65-residue fragment  of  Cd2GAL4 
complexed with the UAS, DNA  and  the  structure of the  DNA- 
binding  domain of another  zinc  cluster  protein,  Zn,PPRI, 
complexed with DNA have  been  solved (Marmorstein et al., 
1992; Marmorstein & Harrison, 1994). NMR  solution structures 
of Cd2GAL4(65)  (Baleja et al., 1992), Zn2GAL4(43)  (Kraulis 
et al., 1992), Zn2GAL4(62)  (Shirakawa  et  al., 1993), and a 
third  member  of  the class, LAC9(61)  (Gardner et al., 1995), all 
confirm  the  general  fold  of  the zinc binuclear  cluster  domain. 

In  this  paper, we describe  the  cloning  and  overproduction of 
the complete UME6  protein, UME6(838),  as well as a C-terminal 
I 1  I-residue  fragment,  UME6(11 I ) ,  containing  the Cys-rich se- 
quence  homologous to  that forming binuclear zinc clusters in the 
transcription  factors. We show  that  the  C-terminal  subdomain 
binds  two  Zn or Cd  ions  and  the  '13Cd-NMR  spectrum  of  the 
"3Cd-substituted derivative is consistent with the  formation of 
a Cd  binuclear  cluster. We also  show  that  UME6(111)  and 
UME6(838) specifically bind  the  URSl sequences from  the 
SPO13  and  IME2genes. UME6(11 ])does  soin  azinc-dependent 
manner. 

Results 

Metal content and 'I3Cd-NMR of UME6(1 I I )  

Cloned,  purified UME6(111) contains 1.8 0.4 mol  of  Zn/mol 
protein  as  determined by atomic  absorption  spectroscopy.  The 
"3Cd-derivative prepared by metal ion exchange contains 1.9 f 
0.1 mol  of  Cd/mol  protein.  At 35 "C,  the  'I3Cd  NMR  spectrum 
of II3Cd2UME6(1 11) shows a single 'I3Cd  resonance 695 pprn 
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downfield of the signal for  "3Cd(C104)2 (Fig. 1A). An  estimate 
of  the  amount  of  'I3Cd represented by this  signal  was made by 
integration of the  area  under  the  'I3Cd NMR signal and  compar- 
ison to a similar integration  of  the  resonance  for a "3Cd(C104)2 
standard  of  known  concentration,  compensating  for  the  differ- 
ence in  relaxation  times. The 695-ppm resonance represents ap- 
proximately  one  'I3Cd  nucleus/mol  of  protein. 

At 5 "C, a second 'I3Cd resonance appears  at 687 ppm with an 
area  only slightly less than  that  of  the  original signal (Fig.  IB). 
Thus,  the NMR  signal from  one of the  two  bound '13Cd ions 
in the  protein is broadened  beyond  detection by a  chemical ex- 
change process at  temperatures  above 5 "C. The  'I3Cd reso- 
nance  observed  at 35 "C for  'I3Cd2UME6(  I1 1) is broader, 
u I 1 2  = 163 Hz,  than  the  resonances  of  'I3Cd2LAC9(61)  at 
35 "C, ul12 = 109 Hz  and 122 Hz  for  the downfield and upfield 
signals, respectively (Fig. 2C). On  the  other  hand,  the  'I3Cd 
resonances of the  larger  LAC9(144) a t  705 and 692 pprn  have 
uI,* values of 178 and 222 Hz, respectively, at 25 "C (Pan et al., 
1990). The line  width of the  'I3Cd  resonance  at 695 ppm in 
UME6( 1 1 1) is consistent with a protein  of a size intermediate 
between that of LAC9(61)  and LAC9(144), and  therefore  does 
not seem to be significantly modulated by the exchange  process 
that  broadens  the  other II3Cd resonance (see Discussion). 
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Fig. 1. Cadmium-] 13 NMR spectra of 0.1 rnM UME6(111) in 10 mM 
KP,, pH 7.5, 300 mM NaCl at (A) 35 "C and (B) 5 "C. Spectrum A re- 
quired  750,ooO scans, whereas  the line broadening  at  the  lower  temperature 
of spectrum B required 4,960,000 scans. C: Spectrum of Cd2LAC9(61) 
at 35 "C plotted to the same scale for comparison. 
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Fig. 2. A: CD spectrum of UME6(111)  plotted  as  mean  residue  ellip- 
ticity  (solid  line). C D  spectrum of GAL4(62*) is included for  compari- 
son  (dashed  line). B: CD  spectra of UME6(838)  (thin  solid  line), 
UME6(111)  (thick  solid  line),  and  the  difference  spectrum  between 
UME6(838) and  UME6(1Il)  (dotted line) representing  the  contribution 
of the  N-terminal 727 residues,  plotted as  molar  ellipticity.  Error  bars 
indicate  the  magnitude of the  noise level within  the  spectra.  Conditions 
were I pM  for  UME6(838)  and 100 pM  for  UME6(11 I),  both  in I O  mM 
KPi,  300  mM NaC1, pH 7.5, 25 "C. 

Conformation  of UME6(111) and UME6(838) 
as inferred from  CD 

The UV CD  spectrum  of  Zn2UME6(111) (heavy  line, Fig.  2A) 
is similar  in shape  and  magnitude  of  mean  residue ellipticity to 
that observed for  the 62-residue N-terminal  fragment of GAL4, 
Zn2GAL4(62*)  (Pan & Coleman [1990a], dashed line in Fig. 2A). 
In  GAL4(62)  and  LAC9(61),  the zinc  binuclear  cluster involves 
approximately 40 residues, or two-thirds of the fragment. An es- 
timate  of the a-helical  secondary structure present in  UME6(11 I ) ,  
calculated by the  method  of  Greenfield  and  Fasman (1969), 
yields approximately 17% helix. This value is consistent with the 
approximately 12 residues of helix found  within  the cluster  re- 
gion  of GAL4(62) (Baleja et al., 1992; Kraulis et al., 1992; Mar- 
morstein et al., 1992; Shirakawa et al., 1993). 

The  molar ellipticity of  UME6(838)  in 0.1% Tween20 is com- 
pared  to  that of UME6( 1 11) in Figure 2B. The  contribution  to 
the  molar ellipticity  of the whole protein by the  C-terminal 11 1 
residues, assuming its structure  remains  the  same in the  context 
of  the  whole  protein,  represents  about  40%  of  the  total signal 
(thick line, Fig. 2B). The ellipticity associated  with  the  peptide 
bond  chromophores  of  UME6(838),  other  than  those of the 
C-terminal 11 1 residues, is thus  rather  small,  with a mean resi- 

due ellipticity of  only 3,000 deg cm2  dmol"  at 208 nm  (dotted 
line, Fig. 2B). The overall  profile  of the difference CD  spectrum 
is similar to  that  determined  for  proteins  having  only coil con- 
formation  (Saxena & Wetlaufer, 1971). 

Analysis of the hydrophilicity of UME6(836) 

UME6  has  an  unusual  amino acid composition  compared  to  the 
average  globular  protein in that  the  ratio of hydrophilic  to hy- 
drophobic residues is 2.02, more  than twice the  ratio of  0.91 
found in the  average  globular  protein.  GAL4(881), in compar- 
ison,  has a more  normal  ratio of 1.24. The  hydrophobicity of 
UME6(836) can be analyzed  using the  computer  program  SEQ- 
SEE  (Wishart et al., 1994). The  output of this program is a run- 
ning average  of  the  hydrophobicity over a moving, 12-residue, 
nonweighted  averaging "window" calculated using the Kyte- 
Doolittle  hydrophobicity scale. This scale assigns a value of f 4 . 5  
to polyisoleucine and -4.5 to  polyarginine  (Kyte & Doolittle, 
1982). Using an  averaging  window of this size, stretches  of res- 
idues  where the  average  hydrophobicity is between 1 and 2 cor- 
relate  with  regions of from five to seven sequential highly 
hydrophobic residues.  Analysis of  proteins with known  tertiary 
structures  show  that when the  average  hydrophobicity  over a 
window of this size is between 1 and  2,  the residues are  gener- 
ally found  to be part of the  hydrophobic  core. 

In  Figure  3,  the  hydrophobicity  plots of UME6(836)  and 
GAL4(881)  are  compared.  The  peaks in the  plot  for  GAL4  are 
numerous  and  hydrophobic  enough  that they are likely to  rep- 
resent regions of the  polypeptide involved in the  formation of 
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Fig. 3. Hydrophobicity  plots  of (A) UME6  and (B) GAL4.  Positive val- 
ues  indicate  greater  hydrophobicity,  as  calculated  from  the  Kyte- 
Doolittle  hydrophobicity  scale (see text).  A value of 4.5 corresponds  to 
polyisoleucine,  whereas  a  value of -4.5  corresponds  to  polyarginine. 
An unweighted  12-residue  window  was  used to  calculate  a  running  av- 
erage  and  smooth  the  data.  Locations  of  the  binuclear  cluster  DNA- 
binding  domains  are  indicated by crossbars below each  line. 
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a hydrophobic  core  (Fig. 3B), thus  GAL4(881) is predicted to 
have  a  defined  tertiary structure in solution. In contrast,  the plot 
for  UME6(836)  shows  that  the  most  hydrophobic regions of 
UME6(836) are  far less hydrophobic  than  the corresponding re- 
gions of GAL4 or other  proteins  known to fold (Fig.  3A). 
UME6  appears  to lack sufficient  stretches  of  hydrophobic res- 
idues to  form a significant  hydrophobic  core, suggesting that a 
significant amount of UME6 may be disordered in solution. The 
same  conclusion is reached by a more  empirical analysis  based 
on  the  average  hydrophobicity:  the  hydrophobicity  averaged 
over all  836  residues of  UME6 is - 1.06, whereas  GAL4  has  an 
average  hydrophobicity  of -0.30, close to  the  average value of 
-0.26 for  globular proteins. No protein with an average  hydro- 
phobicity lower than -0.7 is known to fold (D.  Wishart, pers. 
comm.).  Thus,  on  the  empirical basis of its low average  hydro- 
phobicity  alone, extensive folding of the  UME6(836)  polypep- 
tide in aqueous  solution is unlikely, compatible with the  CD 
spectrum  (thin  line, Fig. 2B). 

One  factor  not included in a  Kyte-Doolittle hydrophobicity 
analysis is the possibility of electrostatic  barriers to protein  fold- 
ing.  Although  UME6  contains a comparable  percentage  of 
charged  amino  acid residues to  GAL4 (22-19%.  respectively), 
the net charge  from  the 45 aspartate,  40  glutamate, 47 lysine, 
and 36 arginine residues found in GAL4(88I) is -2, whereas 
UME6(836)  contains  48  Asp, 3 I Glu, 62 Lys, and  46 Arg resi- 
dues,  for a net charge of +29. In UME6,  this  charge is spread 
out  over a protein  containing 45 fewer  residues than  GAL4, 
leading to a significantly increased charge  density.  Although it  
is not possible to say  exactly what  effect  this  additional  charge 
might  have  on  the  folding  of  UME6,  the resulting electrostatic 
repulsion could result in the  UME6 polypeptide taking  up  an ex- 
tended  conformation in solution. 

Gel  retardation of URSI-containing DNA 
by UME6( I  1 I) and UME6(838) 

A gel retardation  titration of the 22-bp  oligonucleotide contain- 
ing the base sequence of the  URSl  from  the  SPO13  gene with 
UMM(I 1 1 )  is shown in Figure 4. The protein  concentration was 

varied from 0.01 to  50 pM. In the  range of protein  concentra- 
tion from 0.01 to 10 pM, a single major complex is formed  that 
retains most  of the  DNA when the  protein reaches  a concentra- 
tion of I O  pM. At 50  pM  UME6(1II) nonspecific  binding or 
formation  of  protein  oligomers  occurs  and  the  retarded  band 
becomes  slow moving  and  heterogeneous. Because the N- and 
C-terminal regions of UME6( 1 1 I), rich in K and R residues, are 
susceptible to E.  coli proteases,  there is a minor faster-moving 
band that represents the complex with a smaller proteolytic frag- 
ment of UME6( 1 I I ) .  

The gel retardation  data were f i t  to the  binding  equation 
fl, = P”/(P” + K:), in which fh is the  fraction of DNA bound, 
P i s  the  protein  concentration, K,/ is the  dissociation  constant, 
and n is the cooperativity parameter.  The  above  data yield a K,/ 
of 0.62 2 0.08 pM and a  cooperativity parameter of I (Table I ) .  
The  titration  shown in Figure  4 is in the  absence  of  competitor 
DNA, but the  addition of a I O 4  molar excess of nonspecific 
DNA  has relatively  little  effect on  the  binding curve. 

A gel retardation of the  same  URSl  fragment with 500 nM 
Zn2UME6(111) and 500 nM apoUME6(111) is shown in Figure 5. 
Both of these  samples contained a IO4 molar excess of nonspe- 
cific DNA.  The  UME6(I 11)  sample used in this  experiment  has 
much  more of the  smaller  proteolytic  product  present,  thus 
the faster moving complex formed with the  proteolytic  fragment 
is more  prominent  than  the slower  moving  complexes formed 
with more intact UME6( I 1  1 )  fragments.  Formation of all com- 
plexes is abolished by removal of the zinc from  the protein with 
EDTA. 

A  plasmid containing  the  DNA  sequence of the  URSl site 
from  upstream  of  the  IME2 gene was constructed for use in  gel 
retardation  experiments  as well. Cleavage of this  plasmid with 
Xho I results in three  DNA  fragments,  the  URSI-containing 
fragment  (I69  bp), a fragment  (93  bp)  containing  no sequences 
related to URSl  (“nonspecific”),  and a third  fragment, (“vec- 
tor,” 2.9 kb), which contains  two sequences,  each of which dif- 
fer from  URSl by only  two bases.  A gel retardation  titration 
showed  that  UME6(11 I )  binds with specificity to the  URSI- 
containing  fragment  and with some specificity to  the  “vector” 
fragment containing  the  two  “pseudo-URS1”sites.  The Kd val- 

pM UMEG(111) 0 0.01 0.05 0.10 0.50 1.0 5.0 10 50 

UME6-DNA m p k x  

SPO13 URSl o l i  

Fig. 4. Gel retardation titration of a  syn- 
thetic 22-bp  DNA fragment containing the 
SPO13 U R S l  sequence  with  increasing 
amounts of UME6(1 I I ) .  All binding reac- 
tions were incubated 5 min in 2OmM Napi, 
115 m M  NaCI, I O  pM ZnC12. I mg/mL 
BSA, 20% glycerol before loading on  a 4% 
polyacrylamide TB  gel. 
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Fig. 5. Zinc-dependent  binding of UME6(11 I )  to the  SPO13  URSI. 
Lane I ,  1 nM SPO13  DNA  only;  lane 2, SPO13  DNA + 5 0 0  nM 
Zn2UME6 ( I  1 1 ) ;  lane  3,  SPO13  DNA + 5 0 0  nM ApoUME6(I11). 
Binding  reactions took place in 20 mM Nap,, 25 mM NaCl, 10 pM 
ZnCL,  20%  glycerol,  and  a I O 4  excess of unlabeled salmon  sperm  DNA 
competitor. 

ues for  UME6(111)  bound to all three  of these fragments  are 
given in Table 1 .  

When  the full-length protein,  UME6(838), is bound  to even 
the  22-bp  duplex  DNA, most of  the  complexes  formed  remain 
in the well, although complexes corresponding  to  proteolytic 
fragments of UME6(838)  can  be  observed  entering  the gel at 
10 nM UME6(838)  (Fig. 6).  A gel retardation  titration  of  the 
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DNA  fragments  containing  the  URSl sequence from  the  IME2 
gene (169 bp)  and  the  fragment  containing  only  unrelated se- 
quences (93 bp) is shown in Figure 6.  Although 50% of the 
URSl  fragment is retained  at 6  nM  UME6(838), by 50 nM pro- 
tein both  fragments  are  completely  retained in the well. How- 
ever, the  addition  of 500 mM  NaCl dissociates the  protein  from 
the  nonspecific  fragment,  whereas  the  URSI-containing  frag- 
ment is still largely retained at  the high salt concentration (right 
lane, Fig. 6). 

DNase I footprinting of UME6(838) and UME6(1 I I )  

The  footprints of the C-terminal fragment, UME6(11 I ) ,  and the 
full-length protein, UME6(838), on the URSl sequence from the 
SPO13 gene were determined by DNase I digestion. A  densitom- 
eter  tracing  of  the  footprint  of  UME6(838)  on  both  strands of 
the 22-bp DNA  containing  the  URSl sequence from  the SP013 
gene is shown in Figure 7. Footprints  of UME6(111) on this 
URSl sequence and of both UME6(111) and UME6(838) on the 
URSl sequence from  the IME2  genegive similar results (Fig. 8A). 
A  projection  of the diester  protections observed on B-form DNA 
is shown in Figure 8B. The  URSl sequence covers the 10 bp  from 
the  AT  at  the  top  of  Figure  8B  to  the first AT  after  the GC-rich 
center  of  the sequence. The  protection  against DNase I cleav- 
age  provided by the  bound  UME6 is asymmetrical  and  concen- 
trated in the  region of the  two  CCG  triplets  of  the  URSl 
sequence  (Fig. 8B). Within  the 5‘-CCGCCG-3’ strand,  the 
diester  bonds 3’ to all three  nucleotide residues of  the first trip- 
let are  strongly  protected  (Fig.  7A).  There is moderate  protec- 
tion  of  the  bond 3’ to  the first C of  the second triplet, whereas 
the bond 3‘ to the middle C of  the second triplet again is strongly 
protected  (Fig.  7A). 

On  the  opposite  strand, 5’-CGGCGG-3’, the  bonds 3’ to the 
first  C and  the  middle G of the first  triplet are  moderately  pro- 
tected, whereas the  bond 3’ to the  middle G of  the second  trip- 
let is also  moderately  protected  (Fig. 7B). On  this  strand,  there 
is, in addition, a very strong  protection of the  bond 3’ to  the C 
immediately 3‘ to the second CGG triplet. This  GC base pair is 
still considered  part of the  URSl sequence but is not so strongly 
conserved among  the  many  URSl  sequences  as  the  two  CCG 
triplets. There  are  also several diester bonds  at  the fringes of the 

Table 1. Dissociation constants  and Hili coefficients 
for UME6 binding to  DNAa 

~ _____ ~~ . ~. ~ - -” . 

UME6(11 I )  UME6(11 I )  UME6(838)  UME6(838) 
” 

Kd (nM) Hill coefficient Kd (nM) Hill coefficient 
~ 

SPO13  URSl 620 f 80 0.62 1 2 k 2  1.3 
IME2  URSl 110 * 20 1.1  5.9 * 0.6 I .5 
“Vector” 2.9 kb 210 f 20 0.99 -1.5 N.D. 
Nonspecific -2,OOO N.D. N.D. N.D. 

- 

~- ~~ ~ 

. ~~~ -~ ”” .. ~ - .~ ~ ~ ” 

a Values were determined by computer  quasi-Newton  fitting of data  points  to  the  equa- 
tion:f,, = f”/(f” + K ; ) ,  wheref,, is the  fraction of DNA  bound, P i s  the  protein  concen- 
tration, n is the Hill coefficient,  and Kd is the  dissociation  constant  for  the  binding  reaction. 
Error values are  standard  deviations  as  determined by the curve-fitting program. In cases where 
the  computer  did  not  converge  on  a  solution  due  to  insufficient  data  points,  the K d  was es- 
timated  and is indicated by the - symbol.  The  row  marked  “Vector” 2.9 kb  contains values 
for  UME6  binding to the  pBLUESCRIPT  vector  fragment of p12U1, which contains  two se- 
quences  that  are  two-base  deviations  from  a  canonical  URSl site. N.D. means not determined, 
because  the  computer  could  not  assign  a  value  to n based on  the  distribution of data  points. 
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mM NaCl I15 500 

nM  UME6(838) 0 0.10 0.50 1.0 5.0 10 50 100 50 
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well " 0  

Fig. 6. Gel  retardation  titration of a  169-bp Xho I fragment containing the IME2 URSl sequence  and  a 93-bp fragment  with 
no homology to URSl.  All incubations were  for 5 min  at 20 "C in 20 mM Napi, I15 mM NaCI. 10 pM  ZnC12, 1 mg/mL BSA, 
20% glycerol, except  lane 9, in which  the  NaCl  concentration  was  raised to 500  mM. Gels  were 4% polyacrylamide run  in 90 mM 
Tris-borate, pH 9.0. 

URSl site that are slightly  protected  from  nuclease  digestion  by 
UME6  binding. 

Discussion 

The chemical shifts of the two "'Cd NMR signals of 
Il3Cd2UME6(1 1 I )  at 5 "C (699 and 689 ppm) are within the 
range  of  chemical shifts found for "'Cd ions  coordinated to four 
-S- ligands, based on the correlation of  chemical shift with 
type and number of donor atoms derived from 'I3Cd-substi- 
tuted  protein  sites of known donor composition  (Coleman, 1993). 
Similar "'Cd  NMR resonances are observed for the transcrip- 
tion factors "'CdzGAL4(149)  (707  and  669  ppm) at 35 "C (Pan 
& Coleman, 1990a,  1990b), and "'Cd2LAC9(144)  (706 and 
691 ppm) at 25 "C  (Pan et al., 1990). "'Cd-IH heteronuclear 
NMR techniques applied to both GAL4(62*) and LAC9(61) 
have  shown that each "'Cd ion in these proteins has four cys- 
teinyl -S- ligands,  two  of which are bridging  ligands coordinated 
to both Cd  ions (Gardner et al., 1991; Gardner & Coleman, 
1994). This  ligand  arrangement  has  been  confirmed by the crystal 
structure of the Cd2GAL4(65) complex  with the UASG  DNA 
(Marmorstein et al., 1992) and the co-complex of Zn2PPR1 
with  DNA  (Marmorstein &Harrison, 1994). Therefore, the best 
explanation for the chemical shifts of the Il3Cd NMR signals 
of  "'Cd2UME6( 11 1)  is that the six cysteinyl  residues coordi- 
nate the two Cd ions by forming a binuclear  metal  cluster in 
which two of the 4- ligands  bridge the two metal  ions. 

Not only is the spacing of the six cysteinyl residues in 
UME6(111)  identical to that found in the zinc-cluster protein 

GAL4,  but the UME6  sequence  conserves the prolyl  residue lo- 
cated two residues  N-terminal to the fourth Cys  residue  in  all 
the zinc-cluster transcription factors. This residue  is in the cis 
conformation in the GAL4, PPRl, and LAC9 structures (Mar- 
morstein et al., 1992; Marmorstein & Harrison, 1994; Gardner 
et al., 1995). The cis configuration appears to be  necessary for 
the formation of a loop of  six  residues that places the two 
-C-X2-C-X6-C- sequences in position to form the opposite 
halves  of the binuclear  metal cluster. The sequence of  UME6 
also contains the basic  region  between the second and third 
cysteine  ligands, which  in the two crystal structures forms a 
short helix responsible for the sequence-specific contacts with 
the DNA. The CD spectrum of  UME6(111)  indicates  sufficient 
helical structure to account for this recognition helix as well 
as the helix that forms the second  half  of the binuclear  clus- 
ter. The Cys-rich  sequence  of  UME6 therefore contains all the 
structural elements  required to form the zinc  binuclear  cluster 
motif. 

Although  exchange  broadening  of ll3Cd resonances  has  been 
described for several  '13Cd-substituted  Zn proteins (Coleman, 
1993), the room temperature exchange broadening of the sig- 
nal from one of the two "'Cd ions in UME6(111)  is the first 
-S4 site where  exchange broadening is sufficient to render the 
resonance  undetectable at room  temperature.  The  exchange  pro- 
cess  must  be a conformational flux  of the protein transmitted 
to the "'Cd environment rather than metal  ion dissociation, 
because the stoichiometry  of the complex  remains 2 Cd/mol of 
protein after  a 24-h dialysis at 25 "C. If  a dissociated  metal  ion 
species  were the second  species  in a chemical  exchange  with the 



Fig. 7. Footprinting of UME6(838) on the SP013  URSl. Densitomet- 
ric traces of DNase I cleavage ladders for (A) 22-mer and (B) 30-mer 
strands of the SP013  URSl duplex in the absence (solid lines) and pres- 
ence (dotted lines) of 0.1 pM UME6(838) protein. Position of the URSl 
sequence in each strand is indicated by a gray box below the trace. 

protein-bound  'I3Cd,  then its population  would  have  to  be  at 
least 10% of  the  total  in  order  to  significantly  broaden  the sig- 
nal  of  the  bound  'I3Cd  (Coleman  et al., 1979). Such an equi- 
librium  would  be expected to  result  in significant  dissociation 
of  the  metal  ion  on even a short dialysis. However, a partial re- 
arrangement  of  the ligands.  e.g.. exchange  of a water  molecule 
for  one  of  the  sulfur  ligands, is a possible source  of a second 
conformation  of  the  'I3Cd  site  giving  rise  to  the  upfield 
resonance. 

In  addition to   the intrinsic  frequency  of  the  conformational 
flux,  dependent  on  temperature,  the  other  variable  that  deter- 
mines  intermediate  chemical  exchange  on  the  NMR  time  scale 
is the  frequency  difference, Au, in Hz between the  resonances 
of  the  two  exchanging species. Thus,  the  temperature,  the in- 
herent  chemical  shift  difference between the "'Cd resonances 
characterizing  the  two  conformations,  and  the field strength  are 
the  three variables that  determine  the intermediate  exchange  con- 
dition.  Changes in  field strength,  although  not  changing  the  the 
chemcial  shift  difference, do  change  the Au. The  effects  on 
'13Cd NMR  signals  of  changes in these  three  variables  for  the 
resonances  of  two species in  chemical  exchange  are  modeled in 
Coleman  et at. (1979). The  striking  exchange  modulation  at 
35 "C appears  to  differentiate  the  metal  cluster  of  UME6  from 
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those  of  GAL4  and  LAC9.  However,  as  noted  above  the  con- 
ditions  of frequency and  temperature  at which a conformational 
modulation will be  observed  to  broaden  the  NMR signal from 
a "'Cd complex  depend  on precise  chemical shift  differences 
between the  two  or  more  Il3Cd  resonances involved (Coleman 
et at., 1979). The chemical shift  difference and hence Au can vary 
significantly even for  otherwise closely  related  '13Cd  sites. 

If the  Il3Cd  spectrum  of  "3Cd,GAL4(62) is obtained  at 
44 MHz,  an  exchange  modulation  of  the upfield "'Cd signal is 
observed (Pan & Coleman, 1990a). Likewise, if the  temperature 
of  acquisition  for  the  Il3Cd  NMR  spectrum  of  Il3Cd2LAC9(61) 
is 5 "C,  an  exchange  modulation  of  the upfield 'I3Cd signal  is 
observed  (K.H.  Gardner & J.E.  Coleman, in prep.).  For  both 
GAL4(62)  and  LAC9(61),  heteronuclear  correlation  methods 
have shown  that  the upfield 'I3Cd  NMR signals, subject to  ex- 
change  modulation,  arise  from  the "'Cd ion coordinated  to  the 
more  N-terminal  position in the  cluster, i.e., primarily  to  Cys 
residues  11,  14,  and 21 in GAL4  and  Cys residues  95,  98, and 
105 in LAC9  (Gardner  et al., 1992; Gardner & Coleman, 1994). 
This is the  metal  ion  most closely associated with the  short he- 
lix contributing  the base-specific contacts to  the  DNA  (Marmor- 
stein et  al., 1992). It is also  the  metal  ion most easily exchanged 
in GAL4(62) (Pan & Coleman, 1990a). Thus, the exchange mod- 
ulation  of  the  upfield  Il3Cd  resonance  of  UME6  appears  to 
identify  this signal as  coming  from  the  'I3Cd ion coordinated 
to the  more  N-terminal  Cys residues associated with the  DNA- 
recognition helix. 

The 12-14 residues  expected to  be in  a helical conformation 
in a binuclear  zinc cluster  account  for most of  the C D  spectrum 
observed  for  UME6(11 I). Thus, it is possible that  the positively 
charged regions of  the  polypeptide  flanking  the cluster  have lit- 
tle organized  secondary  structure.  The  unusually high charge 
density  and  unusually low hydrophobicity  of  UME6(836) pre- 
dict  that it is disordered in solution.  This is consistent with the 
lack of secondary  structure implied by the C D  spectrum  of  the 
full-length protein. It is therefore likely that, with the exception 
of the  binuclear  cluster  domain,  there is little or no additional 
secondary  structure in the  UME6  gene  product.  The  hydropho- 
bicity analysis of UME6(836)  (Fig. 3A) suggests that  there is lit- 
tle  hydrophobic  core  for  UME6(836)  to  fold  upon.  This is in 
contrast  to  GAL4,  another  zinc  cluster-containing  protein, 
which contains  significant  organized  secondary  structure  out- 
side  the  cluster  subdomain  and which contains  clusters  of hy- 
drophobic  residues  (Fig.  38).  GAL4  and  most  other yeast 
transcription factors containing the binuclear zinc cluster in their 
N-terminal  domains have  a leucine-rich sequence following the 
cluster  that  forms a dimerization  domain.  The resulting  coiled- 
coil contributes  prominently  to  the  CD  of  the  fragments  of 
GAL4  larger  than  65  residues  (Pan & Coleman, 1989). No re- 
gion  of  sequence like that  of  the  dimerization  domain  of  the 
transcription  factors is found  anywhere in the  polypeptide  of 
UME6. Neither does  the C D  spectrum  of full-length protein in- 
dicate a dimerization helix. In  fact, search of  the  amino acid se- 
quence  of  UME6  and  the  sequences  of a number  of yeast 
zinc-cluster transcription  factors  for regions of  homology be- 
tween UME6  and  the  transcription  factors  using  the  computer 
program  SEQSEE'  found little or  no homology  outside  of  the 
sequence  surrounding  the  binuclear cluster. 

If folded  structures d o  exist in UME6,  they  may  be small do- 
mains  connected by flexible  linkers in a "beads-on-a-string" ar- 
rangement.  Such a structure  could  allow  regulatory  regions  of 



UME6 contains a zinc binuclear  cluster 

Fig. 8. Summary  of UME6 footprinting 
data. A: Schematic  representation of 
DNase I protection. Bases protected  more 
than 50% are indicated  with  large  arrows 
and bases  protected less than 50% are in- 
dicated with small  arrows. URSl sequence 
within  each  DNA  fragment is boxed. B: 
Consensus  footprint  mapped  to  B-form 
DNA. Backbone positions protected strongly 
in both  footprints  are  drawn  as large arrows 
and  backbone  positions  protected  strongly 
in one  or weakly in both  footprints  are 
drawn  as  small  arrows. Black arrows  point 
to protected  phosphodiester  bonds  on  the 
black strand,  and  gray  arrows  point  to  pro- 
tected  phosphodiester  bonds  on  the  gray 
strand. Bases  within  the URSl site are  
labeled. 

UME6  to  act  on  the  transcriptional  complex  at  distances  con- 
siderably further  from  the  URSl binding  site than possible with 
a compact  globular  protein.  It is  possible that  UME6  interacts 
in vivo with several other  proteins  of  the  transcription complex, 
e.g., IMEl, which could  control  much  of  the  folding  of UME6. 
IMEl,  the  transcriptional  activator  has been reported to  require 
UME6  for  activation  of  the  IME2  gene  (Bowdish & Mitchell, 
1993) and is one  of  the few proteins  that we have  found  to  have 
a hydrophobicity  as  low  as  that  of  UME6. If IMEl  and  UME6 
associate  directly or indirectly  through a third  protein,  forma- 
tion  of a common  hydrophobic  core might be a simple  means 
of  forming a heterodimer.  IMEl  has a net  charge  of -17 and 
if it associates  with  UME6 it is possible that  neutralization  of 
some  of  the  29  net  positive  charges  of  UME6  would  allow  ad- 
ditional  domains  of  both  polypeptides  to  fold. 

Several  observations  associated  with  the  regulation  of  gene 
expression by UME6  could  be  explained by a flexible overall 
structure. URSl sites have been found  both upstream and down- 
stream  of  promoters  for genes  regulated by UME6. A long flex- 
ible “tether”  for  UME6 could  allow  regulatory regions of  UME6 
to  contact  the  transcription  complex  without  requiring a rigid 
positioning  of  the  URSl  binding site. UME6  regulation is  in- 

dependent  of  the  orientation  of  the  URSl  DNA  sequence rela- 
tive to  the  promoter being  regulated (Buckingham et al., 1990). 
In the  case of many  transcription  factors, this orientation inde- 
pendence derives from  the  formation  of  symmetrical  dimers  of 
the  proteins  on  palindromic  DNA  sequences.  URSl is not pal- 
indromic  and  there is no evidence from  the gel retardation  stud- 
ies or  the  footprints  that  UME6(111) or UME6(838)  form 
dimers  on  the  DNA.  The  shorter  N-terminal  fragments  of 
GAL4, GAL4(62), and GAL4(63),  containing  only the binuclear 
cluster, d o  not dimerize  significantly in solution. Although they 
recognize  the  UASc  DNA  specifically,  they  show relatively 
weak binding, Kd = 65  pM,  and  the  binding  steps  for  the indi- 
vidual  monomers  can  be  detected by gel retardation  titrations 
(Rodgers & Coleman, 1994). Although GAL4(62) and GAL4(65) 
dimerize on  the  DNA  (Marmorstein et al., 1992). the larger frag- 
ment,  GAL4(149),  dimerizes in solution  and  the Kd drops  to 
13 nM  (Carey  et al., 1989; Rodgers  &Coleman, 1994). The  en- 
tropic advantage associated with dimer formation in  solution ac- 
counts  for a large  part  of  the  increase  in  affinity  for  the 
palindromic UASG  site. 

UME6(111)  has a considerably  higher  affinity  for  the  URSl 
sequence than  the  short  fragments  of  GAL4 have for  the UASG 
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sequence, yet both  the  footprint  and  the  cooperativity  param- 
eter of 1  in the gel retardation  titrations suggest that UME6(111) 
binds  the  DNA  as a monomer.  In  contrast,  detailed gel retar- 
dation  titrations with N-terminal  fragments of GAL4 > 100 res- 
idues  show  cooperativity parameters of  2 (Rodgers & Coleman, 
1994). The high  positive charge  density  surrounding  the  cluster 
of  UME6(111) (IO Lys and  Arg  residues  in  the  N-terminus  and 
15 Lys and  Arg  residues  in  the  C-terminus)  may  enhance  the 
DNA  binding  of  the 11 I-residue  UME6  fragment relative to 
the binding  of  GAL4(62*) through nonspecific  interactions with 
the  phosphodiester  backbone.  These basic flanking  regions do 
not  bind  DNA in the  absence of  a folded  binuclear cluster do- 
main, because removal of the  metal  from  the  cluster by dialy- 
sis destroys UME6(111) binding to  the  URSl (Fig. 5) .  The  major 
DNA-binding  structure in UME6  must  therefore  be  the bi- 
nuclear  cluster.  The similarities of the  footprints suggest that 
both  UME6(838)  and  UME6(111) recognize the  DNA with es- 
sentially the  same  DNA-binding  surface.  The 50-fold  higher af- 
finity of UME6(838)  for  the  URSl  DNA  must  therefore  arise 
from  subtle changes  in the  DNA-binding interactions, which re- 
main  dominated by the  contribution of the binuclear cluster. 

The  footprints of UME6(111)  and  UME6(838) suggest that 
UME6  contacts  the  DNA  primarily  at  the  5'-CCGCCG-3' se- 
quence.  The  binding  of zinc binuclear  cluster-containing  pro- 
teins  to  GC-rich  sequences, specifically CCG or CGG  triplets, 
has been a  characteristic of transcription  factors containing  this 
zinc-binding  motif  (de Rijcke et al., 1992; Dhawale & Lane, 1993 
and references therein),  although in this case the  binding site is 
a direct  repeat of the  CCG  sequence  without a spacer,  an  ar- 
rangement  not  encountered previously. The  pattern of DNase I 
protection, primarily on  one  strand of the  double helix, is com- 
patible with the  binding of a single zinc  cluster domain with 
one helix entering  the  major  groove.  The occlusion of the  DNA 
backbone of one  strand  more  than  the  other is also  observed in 
the space-filling representation of the  GAL4(65)-UASG  DNA 
structure  (Marmorstein et al., 1992). The cluster of  UME6  dif- 
fers  from  those of the  transcriptional  activators  of  the  GAL4 
class in that it is flanked by highly positively charged  peptide se- 
quences.  These  may  contact  the  phosphodiester  backbone  and 
be  responsible for some of the  protection of the  DNA  outside 
of the  CCG  triplets in the  UME6(838)  footprint. 

Prior  to  the discovery  of a zinc binuclear  cluster  motif  in 
UME6,  this  zinc-binding  motif was confined to  the  N-terminal 
sequences  of 39 yeast transcription  factors, a fairly homologous 
group of proteins.  The  finding of the zinc binuclear  cluster in 
the  C-terminus  of  another class of  protein  that  bears little ho- 
mology to  the earlier transcriptional  activators suggests that, like 
several of the IO or more zinc-binding motifs now known in var- 
ious  proteins involved  in  gene expression,  the zinc  cluster mo- 
tif may  have been inserted in a variety of  DNA-binding proteins 
of widely varying  structure  and  function. 

Materials and methods 

Cloning of UME6(I I I) 
A fragment of the  UME6 gene starting with the  triplet  for 
Ala727  and extending downstream of the  translational  stop signal 
was amplified by PCR  from  the plasmid  pPL5915 (Strich et al., 
1994). The  upstream primer  changes the  codon for Lys72d to  an 
ATG  and  also  introduces  an Nde 1 site just  upstream of this 

ATG.  The  downstream primer anneals to  the  DNA 384-403 bp 
downstream of the  stop  codon. Because there is a second Nde I 
site 264 bp  downstream of the  TAA,  digestion  of  the  amplified 
fragment with Nde I yields a 601-bp Nde I fragment.  The  latter 
was  ligated into  the Nde I site  of  pAR3039  (Rosenberg et al., 
1987) to  form  pUME6(11 I ) .  pUME6(111) was electroporated 
into E. coli BL21(DE3) (Studier & Moffatt, 1986) with a Bio- 
Rad  Gene  Pulser  using  the  conditions of Dower et al. (1988). 
The  transformed cells were grown in LB  media, 37 "C, to an 
ODdOOnm of 0.7,  and  induced with 0.3  g/L  IPTG  (Boehringer- 
Mannheim).  Maximal  induction is attained  after 4 h. 

The  amino  acid  sequence  of  UME6( 1 11) is MAKS730KAKQ 
SSKKRP740NNTTSKSKAN750NSQESNNATS760STSQGTRS 
RT770GCWICRLRKK780KCTEERPHCF790NCERLKLDCH 
800YDAFKPDFVS810DPKKKQMKLE820ElKKKTKEAKS30R 
RAMKKK. 

Purification of UME6(111) 

Seven grams of cells induced  for  UME6( 1 11) were resuspended 
in 35 mL of 20 mM  Tris-HCI,  pH  7.5, 300 mM  NaCI, 10 mM 
BME, 1 mM ZnCI,, sonicated twice for 5 min,  and  centrifuged 
at 27,000 x g for 20 min.  The  supernatant was diluted  fivefold 
in buffer A (20 mM  Tris-HCI,  pH  7.5, 75 mM  NaCI, 1 mM 
BME, 500 pM ZnSO,) and  loaded  onto a Trisacryl-SP  cation- 
exchange column  (IBF Biotechnics, Columbia,  Maryland).  The 
column was  washed  with three  volumes  of  buffer A and  eluted 
with a gradient of 75-2,000 mM  NaCl  in  buffer  A.  Fractions 
containing  UME6( 1 1  1) were pooled, diluted IO-fold with buffer 
A,  and  loaded  onto  an ssDNA-cellulose column.  The  column 
was washed with three  volumes of buffer A and  eluted with  a 
gradient of 75-1,000  mM  NaCI.  The  fractions  containing 
UME6(111) were diluted  twofold with buffer A and loaded onto 
an  Affi-Gel Blue column  (Bio-Rad).  The  column was washed 
with three  volumes of buffer A and  eluted with a gradient of 
500-2,000 mM  NaCI.  Fractions  containing  pure  UME6(111) 
were pooled  and  concentrated by ultrafiltration  on  an  Amicon 
YM-3 membrane. The UME6(111) was over 95% pure as judged 
by SDS-acrylamide gel electrophoresis using silver staining of 
the gel. 

Preparation of Apo UME6(111) 

Protein,  diluted  to 20 pM in 10 mM  K-acetate, pH 5.0, 10 mM 
EDTA, 500 mM NaC1, 1 mM  BME, was  dialyzed (2,000 MW 
cutoff dialysis tubing),  against 6  L of  the  same  buffer  for 48  h 
at 4 "C with one change of buffer.  The protein was then dialyzed 
against lOmMTris,pH7.5,500mMNaCI, ImMBMEfor24h,  
and  concentrated  to 1 mM using an Amicon  stirred cell with  a 
YM-3 membrane. 

Preparation of 'I3Cd2 UME6(111) 

Zn2UME6(1 11) in 50mM Tris-HCI, pH  8.0,500mM NaCI, 1  mM 
BME, was treated  under  nitrogen with  a threefold  molar excess 
of '13CdC12 (prepared  from  95.3  atom% excess Il3Cd  metal; 
Prochem/U.S. Services, Summit, New Jersey) for 36 h at 25 "C. 
Excess I13Cd was removed by dialysis against 20 mM  Tris-HCI, 
pH 8.0, 500 mM  NaCI, 1 mM  BME,  at 4 "C  for  36  h, followed 
by dialysis against 20 mM K-phosphate, pH 5.75, 500mM NaC1, 
for 36 h and  concentration  to 0.5 mL by ultrafiltration.  Protein 
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concentrations were determined from  the OD280nm of UME6(111) 
dilutions in 6 M guanidinium-HCI,  20  mM  K-phosphate,  em- 
ploying an extinction coefficient of 7,690 M" cm-' calculated 
from  the  extinction  coefficients  for  tyrosine  and  tryptophan 
(Edelhoch, 1967). Zn and  Cd contents were determined by flame 
atomic  absorption using an  Instrumentation  Laboratories (Lex- 
ington,  Massachusetts) IL157 spectrometer. 

Il3Cd NMR spectroscopy 

'13Cd NMR spectroscopy was performed with a  Bruker  AM500 
NMR  spectrometer (110.93 MHz  for  'I3Cd) employing a 5-mm 
inverse  probe.  The  UME6(111)  concentration was  0.1 mM in 
20  mM  K-phosphate, 500 mM  NaCI,  at 35 "C  and 5 "C. Spec- 
tra were processed  using Felix 2.10 (Biosym  Technologies,  San 
Diego,  California). A 30-Hz line broadening was applied  dur- 
ing processing to  reduce noise. The chemical shift  reference is 
0.7 M "3Cd(C104)2  at 25 "C. 

Cloning of UME6(838) 

The  plasmid  pPL5905 (Strich  et al., 1994), containing  the  en- 
tire  coding  sequence  of  UME6,  was digested  with Nhe I and 
Hind I l l  (New  England  Biolabs, Beverly, Massachusetts).  The 
resulting  2.8-kb  fragment  containing  the  sequence  for  the 
C-terminal 765 amino  acids was  gel-purified  using  Geneclean 
(BiolOl, Vista, California).  The plasmid  pAR3039 (Rosenberg 
et al., 1987) was also digested  with Nhe I and Hind 111, and  the 
4.  I-kb  fragment  containing  the  phage  T7  promoter was also gel 
purified.  The  purified  fragments were  ligated together using 
phage T4 ligase and electroporated into E. coli strain BL21(DE3) 
(Studier & Moffatt, 1986). Colonies were  screened for  appro- 
priate  restriction sites and  sequenced with Sequenase  2.0  (U.S. 
Biochemical, Cleveland, Ohio).  Correct  constructs, pUME6(766), 
result  in the  expression  of  the  protein  sequence:  Met-Ala72.. . 
L Y S ' ~ ~ .   P C R  primers were  used to  amplify  the  N-terminus of 
the  UME6 gene from  pPL5905.  The  upstream  primer,  ACCTT 
AACTCGCTAGCCTAGACAA,  inserts  an Nhe I site at  the 
N-terminus  of  the  gene,  whereas  the  downstream  primer, 
ACTTTCAAACTCGGCGAACCAGAC, anneals 93-1 16 bp 
downstream  of  the Nhe I site  of  UME6  without  altering  the 
gene  sequence. The resulting  348-bp PCR  product was digested 
by Nhe I to  yield a 210-bp  fragment  that was  ligated into  the 
Nhe I site in pUME6(766).  Plasmids with the  correct  sequence 
can be cut by BssH 11, and such  plasmids were sequenced to con- 
firm  insertion  of  the  fragment  and  determine its orientation. 
Correct  constructs result in expression of a protein with the 
sequence:  Met-Ala-Ser-Leu2. . . and  are  referred  to  as 
pUME6(838). 

Overexpression and purification of UME6(838) 

BL21(DE3) cells containing  the  plasmid  pUME6(838) were 
grown  at 37 "C  in  1.5  L  of LB  medium  to  an OD600nm of 0.5- 
0.7 and  induced with 0.15 g/L  IPTG.  Immediately  after  induc- 
tion,  the  growth  temperature was switched to  20 "C and cells 
were grown  for  an  additional 4 h.  Cells were harvested  and  im- 
mediately  resuspended in 25 mL  of  sonication  buffer (20 mM 
Tris.HCI,  pH  7.5,300  mM  NaCI, 10 mM  BME, 1 mM ZnCI,, 
0.1 Vo Tween-20,O. 17 mg/mL  PMSF [Sigma]) and  sonicated  for 
3 X 3 min, followed by centrifugation  at 27,000 x g for 10 min. 

Polyethylenimine, 1.5 mL  of 9v0, p H  8.0 (Sigma), was added 
to  the  supernatant with stirring on ice to  precipitate negatively 
charged  proteins and nucleic acids.  Additional PMSF was added, 
again to 0.17 mg/mL,  and the  mixture was centrifuged at 27,000 X 

g for 10 min.  The  supernatant was diluted  fourfold with buffer 
B, which is the  same  as  buffer  A,  but  contains 0.1 Vo Tween-20 
(Sigma) and 0.17 mg/mL  PMSF,  and  loaded  onto a 60-mL 
Trisacryl-SP  column.  The  column was  washed  with three vol- 
umes of  buffer B and  bound  proteins were eluted with 1 0 0  mL 
of  buffer B + 1 M NaCI.  Eluted  protein was diluted  fourfold 
with column  buffer  and  loaded  onto  an ssDNA-cellulose  col- 
umn, washed  with three  volumes  of  buffer B + 250 mM  NaCl, 
and  eluted with a 250 mM  to 1 M NaCl  gradient in buffer B. 
Fractions  containing UME6(838) were identified by staining of 
SDS-PAGE gels of  column  fractions with Coomassie brilliant 
blue R-250 and used without  further  purification. 

CD 

CD was performed on an AVIV (Lakewood, New Jersey)  62DS 
CD spectrometer  at 25 "C using  a cell with a 0.2-cm pathlength. 
Data  points were collected  every 0.5 nm, with  signal averaging 
for 2.0 s/point  at a bandwidth  of 1 nm.  Each  scan was  repeated 
five times,  averaged,  and  smoothed with a 3-point  running av- 
erage  function  to  reduce noise. 

Construction of pI2U1,  a plasmid containing 
the  URSI sequence from  the IME2 gene 

An oligonucleotide with the sequence CGCTCTAGATCCTTT 
TCTCGCGTTGTCCAATAATTTATGTTACGGCGGCTATT 
TGAGC  and a  primer TCGAGCTCAAATAGCCGCGCTAAC 
complementary  to  the 3' end were synthesized by the Yale Pa- 
thology  Department  DNA synthesis  facility, New Haven,  Con- 
necticut. This  sequence  contains a URSl site and  the associated 
T4C box  (Bowdish & Mitchell, 1993) from  just  upstream of the 
IME2  promoter. Both oligonucleotides were phosphorylated with 
T4 polynucleotide  kinase (Sambrook et al., 1989), annealed,  and 
incubated  overnight  at 16 "C  in  the presence of  T4  DNA ligase 
and 2 mM ATP. The resulting dimer was Klenow  filled, gel pu- 
rified,  and digested with 20 units  each of Xba I and Xho 1. This 
Xba  I/Xho I fragment was ligated into  the vector pBEND5 
(Zweib & Adhya, 1994) digested  with Xba I and Sal I .  Sal I di- 
gestion was used to  destroy recircularized  plasmid and  the mix- 
ture was electroporated  into E. coli strain  JMlOl.  One  colony 
containing the correct EcoR I/Hind 111 fragment was sequenced 
with Sequenase  2.0  (U.S. Biochemicals) and  shown  to have the 
correct  IME2  URSl  fragment  insertion. 

Preparation of DNA  fragments  for gel retardation 

A  duplex  containing the  SP013  URSl sequence was synthesized 
(Yale  Pathology  Department  DNA Synthesis  Facility)  with the 
following sequence: 

5"AATTCCTTTTTGTCGGCGGCTATTTCTGCA-3' 

3'-GGAAAAACAGCCGCCGATAAAG-5' 

The  shorter  strand was 32P-labeled  at  the 5'-end as  described 
above, a twofold excess of the unlabeled  complementary strand 
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was added,  and  the  strands were annealed by heating to  95 "C 
and slowly cooling to  room  temperature.  The  DNA  fragment 
containing  the  IME2  URSl sequence  was prepared by digesting 
0.3  pmol  of  plasmid  pl2U1  for 2  h with Xho I. The resulting 
fragments were either  separated  on a 1070 agarose gel  using the 
MERmaid gel purification kit (BiolOl) or used as a mixture  of 
fragments  without  purification.  Fragments were 32P-labeled 
using standard  procedures  (Sambrook  et  al., 1989) and  purified 
using Sephadex  G-50  spun  columns. 

Gel  retardation of URSl-containing and nonspecific 
DNA by UME6(11 I )  and UME6(838) 

UME6  protein was diluted  in 10 mM  NaPO,,  pH  7.5, 10 pM 
ZnCI,, and 1 pg/pL acetylated  BSA. The salt concentration  in 
each  reaction  tube  was  adjusted  to a final  concentration of 
1 I5  mM  NaCI.  Binding  reactions were carried  out in the  same 
buffer used for  dilutions  but  containing  20% glycerol and 1  nM 
"P-labeled URS1-containing  DNA.  The labeled  nucleic acid 
was mixed with diluted  UME6  and  incubated  at 20 "C for 5 min 
before  loading  onto  an  8%  polyacrylamide gel in TB  buffer 
(90 mM Tris-borate, pH 9.0) and  electrophoresing  for 45 min 
at 300 V. Gels were dried and exposed to  Kodak  XAR film over- 
night at  room  temperature. Band intensities were quantitated ei- 
ther by re-exposing the gel to a Fuji Bas-I11 phosphorimage  plate 
and  reading  the  plate  with a Fuji Bas1000 phosphorimager, or 
quantitated directly from  the  autoradiogram using an LKB Ul- 
troscan  XL laser densitometer. 

DNase I footprinting 

An  aliquot of UME6(838)  containing 1 pmol of protein was 
added  to 20 fmol of 32P-labeled URSl  DNA duplex in 10 pL of 
10 mM  NaPO,,  pH  7.5, 10 pM  ZnCI,, 1 pg/pL acetylated 
BSA,  and 3 nM  unlabeled calf thymus  competitor  DNA.  The 
sample  was  incubated  at 20 "C for 5 min,  and 1 pL of a solu- 
tion  containing 100 mM MgCI, and 50 mM CaCI, and 1 pL of 
DNase I (0.005 U/pL) was  added.  After 1 min, 10 pL of stop 
solution  (1%  SDS, 200 mM  NaCI, 20 mM  EDTA,  83% glyc- 
erol), 2 pL of 10 M NaOAc,  and 2 pL of 20 pg/pL "carrier" 
tRNA were added.  DNA was precipitated by addition  of 60 pL 
of 95% EtOH  and redissolved  in 20 pL of  formamide  loading 
buffer.  Equal  amounts of radioactivity were loaded  in  control 
and  footprint lanes and  electrophoresed  at 65 W for 2-3 h on 
20%  polyacrylamide/7 M urea  sequencing gels. The gel was 
dried  and exposed to a Fuji BAS-I11 phosphorimaging  plate  for 
1-4 h,  and  the  band  intensities were quantitated on a Fuji 
BASIOOO phosphorimager.  Phosphorimager  data were con- 
verted to density  cross-section format using the Macintosh pro- 
gram  NIH  Image  and  displayed  using  SigmaPlot  (Jandel 
Scientific). 
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