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In order to compare the structures of the DNA-binding sites on variants of tho
lae repressor, we have studied the influence of these variants on the dimethyl-
sulfate methylation of the lae operator. Since a bound protein changes the
availability of specific purines in the operator to this chemical attack, comparisons
of the methylation patterns will show similarities or differences in the protein-
DNA contacts. We compared lac repressor, induced lac repressor (repressor bound
to the gratuitous inducer isopropyl-g-p-thiogalactoside), mutant repressors
having increased operator affinities (X86, 112 and the X86-112 double mutant)
and repressor peptides (long headpiece, residues 1 to 59 and short headpiece,
residues 1 to 51). All of these repressors and repressor peptides exhibit the same
general pattern of protection and enhancement in the operator; however, the
short headpicee pattern differs most from that of the repressor while the induced
repressor and the long headpiece show intermediate patterns that are strikingly
similar to each other, The mutant repressors do not show an isopropyl-g-p-thio-

[ ualactoside effect but otherwise are almost indistinguishable from wild-type re-
pressor. These results demonstrate that all molecules bind to the operator using
hasically the same protein-DNA contacts ; they imply that (1) most and possibly all
repressor contacts to operator lie within amino acids 1 to 51, (2) inducer weakens
many contacts rather than totally disrupting one or even a few and (3) the tight-
binding mutants do not make additional contacts to the DNA.

These results are consistent with a model in which the amino-terminal portions
of two repressor monomers make the DNA contacts. We show that one can under-
stand the affinity of binding as related to the accuracy of the register of the two
amino-terminal portions along the DNA. Furthermore, the action of inducer
and the behaviour of the tight binding mutants can be accomodated within a
two-state model in which the strongly or weakly binding states correspond to
structures in which the amino-terminal regions are rigidly or loosely held with
respect to each other.

1. Introduction

Dimethylsulfate methylates the purines in double-stranded DNA at the N-7 of
i aanines and at the N-3 of adenines (for a review, see Singer, 1975). DNA-binding
proteins which recognize specific nucleotide sequences can perturb the methylation
reaction at purines which lie within these sequences (Gilbert et al., 1976); the effect
o at each purine is highly characteristic and the pattern of enhancement or inhibition
t Present address: Department of Geneties, Box 8031, Washington University School of Medi-

rine, St Louis, Mo, 63110, U.S.A.
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710 R. T. OGATA AND W, GILBERT

of methylation. across the recognition sequence. refleets the pattern of amino acid.ﬁ.‘
nucleotide contacts hetween the protein and DNAL Thus purine methylation has beege
used to characterize the DNA sequences which hind to Jae repressor (Gilbert et of
1976). A repressor (Humayan ef al., 1977). cro protein (Johnson of al.. 1978), RNA~
polymerase (Johnsrud, 1978) and CAP protein (Majors. 1977). Conversely, the Same:
method can probe the DNA-binding site of the protein. Sinee the methylation™
reaction monitors the environments of purines in the recognition sequence, st ructural -
changes in the DNA-binding site of the protein can appear as changes in the re

activities of those purines. Here we attempt to define the size and structure of the

operator-binding site of lac repressor by comparing the effects on the methylation of

the lae operator of repressor variants. including induced repressor, mutant repressors,

and repressor peptides which retain the operator-hinding activity.
Which parts of the lac repressor constitute the operator binding site! Several hmx
of evidence stress the importance of the amino-terminal region in operator bindiﬂéz
(for reviews see Miiller-Hill, 1975; Bourgeois & Pfahl, 1976 Miller & Reznikoff, 1973)??
Geisler & Weber (1977) and Miiller-Hill ef «l. (1976) showed that the amino-termini&
region has a strong, non-specific affinity for DNA. We recently reported that a smng-
piece of the repressor, long “headpicce” (residues 1 to 59) (Geisler & Weber, 1977)&
affects methylation specifically in the operator and that the pattern of protection a.nd?;’
enhancement exhibited by long headpiece is almost identical to that found with intact*
repressor. We concluded from these results that the long headpiece binds speciﬁea.]]‘y"‘%'
to the operator, that the mechanism of binding closely resembles that of intact:
repressor, and that amino acids 1 to 59 form a structural domain which makes up"’j“
most and possibly all of the repressor’s operator-binding site. In the present study,”
we define further the operator-binding region of repressor by studying the effect on
methylation of an even smaller repressor fragment, short headpiece (residues 1 to 51),

2. Materials and Methods

(a) Operator fragments
The 535-base-pair long restriction fragment containing the lae operator was isolated -
from a cloned 203-base-pair long fragment (F. Fuller, unpublished results) containing the .
entire lac control region and 5’-end-labeled with 32P as described previously (Ogata &
Gilbert, 1977). Partially (~502,) BrdUrd-substituted operator was prepared from cella:
grown in BrdUrd.containing medium (Ogata & Gilbert, 1977). Normal thymidine-"
containing operator was prepared by growing the strain in YT medium supplemented -
with 10 gg thymidine/ml and isolating the plasmid on an ethidium bromide/cesium

chloride gradient as described by Tanaka & Weisblum (1975). e

(b) Repressors
Wild-type and X86 repressors were prepared as described by Platt et al. (1973). 112
repressor was prepared as described by Schmitz et al. (1978) and the double X86-112
mutant repressor was a gift from A, Schmitz.

(e) Headpieces

Long and short headpicces were prepared as described earlier (Geisler & Weber, 1977;
Ogata & Gilbert, 1978), substituting Sephacryl 8200 for Sephadex G150: intact repressor
was cleaved with trypsin and the resulting headpieces purified by passage through Sephacryl
8200 and Sephadex G25. Digestion for 45 min yielded long headpiece (contaminated ~20%
with short headpiece) and digestion for 3 h yielded almost pure short headpiece (Ogata &
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Gilbert. 1978) 112 long headpiece showed o shghtly greater sensitivity to trypsin than
wildtype and thus for 112 Tong headpieee the digestion was shortened to 30 min. Head-

piees concentrations were measured Hpn-('lru||||ntmnt‘lrw:llil\' (Jovin et al.. 1977) with an

catimnated eorrection (Wetlanfer, 1962) for the additional tyrosine in the 112 mutant.

() Methylation, cleavage and electrophoresis

Methvlation of DNA with dimethylsulfate was carried out as described (Gilbert et al.,

“6: Ouata & (Hlbert, 1978) at room temperature and on ice for 4 to 5 min and 60 to
o min. respeetively. These reaction times resulted in methylation of fewer than | purine/
DN A strand. Cleavage of methylated DNA with heat and alkali, electrophoresis on 20%
aerviamide/T Mourea gels and autoradiography were earried out essentially as desceribed
by Giilbert el al. (1976) and Maxam & Gilbert (1977). Gels measured 38 e >0 15 em X
8 mm and had 0-5-em sample wells. A standard reaction contained | pmol of labeled
operator fragment, 1 pg sonicated ealf thymus DNA and 20 pg hovine serum albumin in

|04} |[Ll.

(¢) Measurement of protection and enhancement

The level of methylation at cach purine is proportional to the intensity of the band in
e autoradiogram which eorresponds to cleavage at that base. Autoradiograms were
weanned with an Ortec model 4310 densitometer to measure the intensity of each band.
The level of protection or enhancement at each purine is expressed as the ratio C/ P,
where € is the intensity of the corresponding band in the control lane (no added protein)
and I? is the intensity of that band in the presence of repressor or headpiece.

(f) Headpiece-operator affinities
Dissociation constants for headpiece—operator interactions were estimated by measuring
the level of protection at guanine 5 and guanine 17 in the sequence as a function of head-
picee concentration. Because the total amount of methylation is quite low, the ratio of
methylation in the absence and presence of protein, C/ P, for a particular purine, is approxi-
mately equal to the ratio of methylation rates at that purine in the absence (M,) and
presence (M ) of protein: C/P =~ M,/M. These rates are given by
My(i) = kL A 1]
and
M) = k2 + kP, _ (2)
where &, and k| are the rate constants for methylation of purine i (in this case G3 or G17)
at free and protein-bound operator sites, I”} and P} are the concentrations of purine 7 in
free and protein-bound sites and P! is the total concentration of purine i. We compare
methylation in the presence and absence of protein in 2 separate reactions, both con-
taining the same concentration of operator; therefore, P = P+ P Rearranging these
Lterms and substituting /€ for M/M,, we obtain

1 1

= 1 K THP)), 3
—rC 11— r\(i)( + Kyup/[HP]) (3)
where Kyp is the headpiece-operator dissociation constant and (1) = k{/k,. We plotted
/(1 — P/C) against 1/[HP] and approximated the data with a straight line. A typical
plot is illustrated in Fig. 1.

3. Results
(a) The method

These studies probe contacts between protein and DNA by comparing the extent
of methylation with dimethylsulfate in the presence and the absence of protein. The
methylation of an individual purine makes the DNA sensitive to scission at the

g
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Fic. 1. Plot deseribing the decrease in methylation at guanine 5 as a function of long headpiece
(LH) concentration. P/C is defined in the text. (G, 2, @) Results of 3 separate experiments at
room temperature and with BrdUrd-substituted operator. The intercept (int) of the line drawn’
through the points gives A ((35), the ratio of the methylation rates at G5 in the presence and
ahsence of headpiece (A == 1 — 1/int) and the slope (sl) gives the dissociation constant for the
headpiece—operator interaction (K = sl(1 — A)). 5

$

modified base. We methylate a double-stranded operator-containing DNA fragment -
labeled at just one 5" end, cleave at the methylated bases with heat and alkali, and_
separate the products on a denaturing polyacrylamide gel. Autoradiography reveals

the set of bands illustrated in Figure 2. Because only one 5’ end was labeled, each . -

band corresponds to a single-stranded fragment extending from that 5’ end to a
purine in the sequence. Since the length of each fragment determines its mobility, the
position of each band is correlated with a specific purine in the sequence. The intensity
of a band is proportional to the amount of cleavage at its corresponding purine and -
thus reflects the level of methylation at that base. The low overall level of methylation
(less than one purine per DNA strand) ensures a close relationship between the rate
of methylation and the amount of cleavage. :
Figure 2 illustrates the low level of methylation (the bulk of the radioactivity
remains in uncut strands) and also the variable reactivity of purines to dimethyl&'f
sulfate even in the absence of DNA-binding protein. In general, the N-7 of guaninér-‘--
which lies in the major groove of double-helical DNA, reacts about five times faster;
than the N-3 of adenine, which lies in the minor groove. There is also some neighbor--

dependent variability (guanines between thymines and adenines between cytosines: -

appear to be especially reactive). The accuracy of the present results varies somewhat-
for each purine, decreasing as resolution and reactivity decrease.

(b) Comparison of repressor, induced repressor and repressor headpieces
Figure 2 illustrates the effect of luc repressor and induced lac repressor (repressor
bound to the gratuitous inducer isopropyl--p-thiogalactoside) on methylation_
in the 55-base-pair operator-containing restriction fragment. IPTG weakens the_
repressor-operator affinity about 1000-fold (Riggs et al., 1970 Barkley et al., 1975).%
We probe the effect of IPTG by working at concentrations above the dissociation
constant of the induced repressor from the operator, where the ternary complex is

T Abbreviations used: 1PT(, isopropyl-g-p-thiogalactoside.
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0°¢ Room temp o°c Room temp
R C RI R c RI R of RI R C RI

—=f— G25

S, 2, Auwtoradiogram: of an acrylamide gel showing the effects of 80 nM-repressor (R) and
Sos-repressor with 2 my-1PTG (R1) on methylation of the operator-containing restriction
frigment (10 nm) at room temperature and 0°C. C is a control sample methylated in the absence
ot repressor. The nueleotide sequence of the fragment is given at the top of Fig. 4. The 5" end ut
the Hpall eutting site is labeled with 32P in the left half of the Figure and the 5’ end at the
Aul site is labeled in the right half, Each band represents cleavage at the purine listed on either
side of the Figure. Note that cleavage (methylation) is highly purine. and sequence-dependent,
xe and bpb mark the positions of xylene eyanol and bromophenol blue on the gel. respectively.
The intense, topmost bands represent unmethyluted DNA fragments; the bottom strand (labeled
it the Alul end) is slightly smaller and thus migrates slightly faster than the top strand.
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LH c SH
75 45 25 25 50 70

Fia. 3. Autoradiogram of an acrylamide gel showing the effeets of long (LH) and short (SH’
headpieces on methylation of the operator fragment at 0°C. C is a control sample mothy]abed_ o
the absence of headpiece. The numbers at the top of each lane give the headpiece concentration
in pg/ml. Here the 5° end at the Hpall eutting site is labeled and the bands reprosent cleavage
at purines in the top strand; these are listed to the right of each set of bands.
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T
slables Figure 3 shows the effeets of the two amino-terminal fragments, the two head-
picees. Methylation is enhanced at some purines (hands inerease in intensity with
added protein) and inhibited at others (a decrease inintensity). We quantitated these
effeets at cach purine in the vicinity of the operator by measuring the intensity of
e band with a densitometer, We use the ratio (/1) of hand intensities in the ab-
sonce (C) and presence () of vepressor or headpieees to describe the effeet of protein
a hat purine in the sequence, These effeets were reproducible and the C[P values
avreed to within 10 to 209, among several separate experiments,

Figure 4 summarizes our results with repressor (R), induced repressor (R1), long
Al9
-0 20 30
“'g Hpall ' ;o ) Alul
oo ¢ PCGGCTCGTATGTTGTGT ACANATTTCACACAGGAAAC AG
Y ; (5@&3\ CGAGCATACAACACA TIGTTAAAGTGTGTCCTTTGTCp

——AI3 o Bbu— @ .

——GI2 e d\b ,&‘Sﬁ 0'9"‘ R
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——nn & N Protection

——G7 =

Enhancement
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=G -1 o
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‘ ke
—~—G-4
Protection
o3l Enhancement
—f—G-6
o9 SH
o6
0-3 Protection
T 0 —WJ———F‘ -
-0:3% Enhancement

I'ra. 4. Summary of the effects of 80 ny-repressor (R), 80 nM-repressor and 2 ma-IPTG (RI),
I'* yvi-long headpiece (LH) and 12 py-short headpiece (SH) on methylation at room temperature
v the operator-containing restriction fragment ( ~ 10 ny). The nucleotide sequence of the fragment
I~ ziven at the top of the Figure (hyphens omitted for elarity). Each bar is aligned with a purine
" the sequence and gives the effect of repressor or headpiece on methylation at that purine.
Shaded bars refer to purines in the top strand, and clear bars to purines in the bottom strand.
The change in methylation is given as the logarithm of C[I’ (defined in the text). Methylation is
“thanced when log (C/P) < 0, inhibited when log (¢/£) > 0 and unaffected when log (C|P) = 0.
These data represent, the average of 2 to 4 different experiments; O/ values were reproducible to
Within 10 to 209,.
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716 R.T. OGATA AND W, GILBERT

headpicce (LH. residues | to 59) and short headpicee (SH. 1 to 51) at room tempera.
ture. Kach bar is aligned with a purine in the sequence and gives the value of log
(/1) for that purine, Clearly, induced repressor differs only slightly from repressor.
proteetion ix about twofold weaker at guanine 5 (G5). G7 and GIT and ahout 500,
weaker at (712, Otherwise, the methylation does not distinguish between repressor and
induced repressor under these conditions. That inducer affects the environments of
guanines most strongly suggests that its influence is primarily felt hy major groove
contacts. In these experiments the repressor and induced repressor coneentrations were
about fivefold greater than the operator concentration: varying the protein concentry.
tion twofold in this range gave the same results, suggesting a total saturation of the
operator. Similarly, the effeets seen with induced repressor were invariant from | 1
4 mm-1PTG.

As previously reported, repressor and long headpiece also show very similar effects
on methylation (Ogata & Gilbert, 1978). Although the operator is not completely
saturated with long headpiece, the experiment in Figure 4 is done at 709, of saturation
and the effects are clear. Note that while R and LH are very similar, their differences
closely parallel the differences between R and RI. Thus LH and RI have almost
identical effects on methylation. We show later that this similarity is even more striking
with experiments carried out at 0°C. Small headpiece binds poorly to the operator
(about 209, saturation under these conditions) and thus only weakly perturbs
methylation, Nevertheless, the effect is unmistakable and characteristic of specific
binding. SH is unique in that it weakly enhances methylation at G7; this effect is
significant, as it also appears with long headpiece and induced repressor under other
conditions. Finally, the amount of protection in the middle of the operator, at G11,
(12 and adenine 13 (A13), gradually decreases to zero in the order R-—»RI->LH-S8H,
suggesting a withdrawal of the protein or peptide from this region of the operator.

Figure 5 summarizes the results of the same experiments carried out at 0°C. With
intact repressor, reducing the temperature abolishes the enhancement at Al4 and
enhances methylation at G23. [PTG has much the same effect on the pattern at both
temperatures with one striking exception: the threefold protection at G7 is reduced
to no effect at 0°C. Smaller differences are seen at G12 and A13. Again, RI and LH
show almost identical patterns. LH, however, shows an even greater change at G7
(methylation is actually enhanced here as it was with SH at room temperature) and
the protections at G12 and Al3 are essentially zero. SH binds more strongly to
operator at this temperature and generates a much clearer pattern (we estimate 85%
saturation by LH and 609, saturation with SH). It is similar to LH except that the
protections are generally weaker and enhancements at G7 and G12 are appreciably
stronger. In summary: most contacts are unaffected by the temperature change;
intact repressor changes only at Al4 and G23, and induced repressor shows similar
changes in addition to a large change at G7; and the two headpieces show noticeable
temperature effects only at G7, G10 and G23.

Figures 6 and 7 show the protection-enhancement patterns at room temperature
and 0°C for DNA substituted about 50°, with 5-bromodcoxyuridine (BrdUrd).
Brd Urd-substituted operator binds to lac repressor about tenfold more tightly than
does unsubstituted operator (Lin & Riggs. 1972). Tighter binding is reflected in the
methylation patterns, where both protection and enhancement are stronger; this is
most evident with small headpiece. However, the patterns are essentially llllC]laﬂg"d‘
Prominent responses to BrdUrd substitution occur at only three purines in the
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Hpall : ‘ i . g Alu
pCGGCTCGTATGTIGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAAC AG
CGAGCATACAACACACCTTAACACTCCCETETTGTTAAAGTGTGTCCT‘I TGTCp
o9k R, 0FC
06—
030 ” Protection
olb—— oy, . = [-_-[b’ -1,
| j
o3k — Enhancement
2" 1 oo
o6
©3 Protection
Fsonl. or—— g T
S
O o3k Enhancement
FRCE LH, 0
06—
03 Protection
(o] = —L{J \— o —
a3 Enhancement
Pretection
Enhancement

Fra. 5. The same as Fig. 4 except that methylation was earrvied out at 0°C.

<oquence: G7, where both Rl and LH show temperature-dependent protection-
1hancement inversions and at Al4 and A22, where enhancement is very pronounced
with BrdUrd operator.

What is going on at G7¢ At this position, repressor always blocks methylation and
short headpiece always enhances it, while induced repressor and long headpiece have
no effect on, inhibit, or enhance the reaction depending on conditions. We conjecture
that a segment of intact repressor covers G7 (protecting it) and that with short head-
picce this segment is pulled away a short distance. no longer blocking the site but
actually enhancing methylation there by providing a pocket for the dimethylsulfate.
Induced repressor and long headpiece represent intermediate states in this scheme.
. ihviously, the amino acids involved must be those between residues 1 and 51.

(¢) Mutant repressors

How do amino acid substitutions change the repressor—operator affinity? We
examined the methylation patterns of three mutant repressors which exhibit increased
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-10 | 10 20 30
hﬁoaH ' ' G ' ' Alul
pCGGCTCGTATGTTGTGTGGAATTGTGAGCGGA TAAC AATTTCACACAGGAAACAG
CGAGCATACAACACACCTTAACACTCGCCTATTGTTAAAGTGTGTCCTTTGTCp

09
1 |
0-6H—
Protection

“0:3
Enhancement
-o6L

DIV RI

o6 .
Protection

Enhance ment

|
Protection

Enhancement
06~ SH .

I Protection
03

o

“03*= Enhancement

Fi6. 6. The same as Fig. 4 except that the operator-containing fragment was ~ 509 substituted
with BrdUrd.

operator affinitities: X86 (Chamness & Willson, 1970), I12 and a double X86-I12
mutant (Schmitz et al., 1978). X86 Tepressor_ differs from wild-type repressor by &

single serine to leucme change at amino acid 61 (Files & Weber. 1978); it binds
normally to IPTG but 50 to T00 times tighter to operator than wild-type repressor -

(Jobe & Bourgeois, 1972). Like wild-ty pe, X86 binds about 1000-fold less well to
operator when complexed with IPTG. 112 repressor has a tyrosine instead of a
roline at posltmn 3; its operator- and mducu binding properties are very similar tO
those of X86 repressor (Schmitz ef al., 1978). The X86-T12 double mutant repressor
has both substitutions: it also binds IPTG normally but binds about 10,000-fold

tighter to operator than wild-tvpe (Schmitz ef al., 1978). IPTG weakens the operator-

affinity of the double mutant but this effect has not been quantified.

Figure 8 shows the effects of those mutants on methylation at 0°C. Clearly, the
patterns are essentially the same as wild-type repressor (though some protections are
stronger). They do not even show the relatively small differences seen with induced
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rotections are~
 with induced Table 1 lists the dissociation constants describing the binding of long and short

headpicce to unsubstituted and BrdUrd-substituted operators, determined by

ouble X86-112 repressor. Methylation at room temperature and with BrdUrd-substituted operators A ‘
repressor by & vields the same results. Unlike wild-type repressor, however, the patterns are identical |
978); it binds . in the absence and presence of IPTG. We do not regard as significant the protections H!
type repreggér-‘ at G-9 and G-6 seen with X86 and I12 repressors. These results are from a single B
Id less well to- experiment and we attribute those protections to experimental error or to repressor i L
» instead of a molecules non-specifically bound to the DNA but favoring a position adjacent to the 3 f
very similar to operator-bound protein. 1!
itant repressor’ We also examined the effect of 112 short and long headpieces on methylation. Like ‘ i
ut 10,000-fold - intact I12 repressor the peptides gave patterns indistinguishable from wild-type !‘
s the operator headpieces. However, unlike intact 12 repressor, 112 headpieces did not show an ' ;
3 increased operator affinity (see the following section). 1
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Fia. & Summary of the effects of X86, 112 and X86-112 mutant repressors (all ~ 50 nM) on
methylation at 0°C. Results with X86 and 112 repressors are from a single experiment; the
N86-112 result is the average of 2 separate experiments.

TanLe 1

Dissociation constants (jum) describing headpiece—operator interaction

dThel BrdUrd
Room temp. o Room temp, oo
LN
5 5 (ND)+ 17 (2) 2.5 (5) 1-5 (ND)
GlL7 35 (N D) 1-4 () 1-5 (1-5) -8 (NDD)
SH
a5 65 (40) 85 (8-5) 7 (14) 3 (4)
G117 25 (12) 35 (345) 5 (2:5) 2(2)
T Dissocintion constants for 112 headpicees ure given in parentheses; N1, not determined.
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neasuring the extent of methylation at G5 and G17 as a funetion of headpicee con-
centration. G5 and GIT were chosen beeause they show the strongest effects and are
emmetrically placed on opposite sides of the operator. Similar measurements at A3,
VI8 and GO gave consistent results (arguing against artifacts unique to G5 and G7).

o dissociation constants were reproducible to within 20 to 301, (SH affinities are
. -~ nceurate). Therefore the large differences in affinities of LH and SH for thymidine-
containing operator are doubtless significant while other differences are close to
1-.\|ll'l'ill](‘nf:l| limits and thercfore suspeet. However. some consistent trends are
notable: binding is stronger at (:17 than at G5, at the lower temperature. and with
Brd Urd substitution.

Table 1 also gives the dissociation constants of 112 (Pro3—"Tyr) headpicees.
Differences between 112 and wild-type are within experimental errors and do not
Jiow any definite pattern. Since short and long 112 headpieces also exhibit the wild-
;e pattern of protection and enhancement, we conclude that 112 and wild-type
Leadpieces make the same contacts to the operator and probably have very similar

adtinities for operator under these conditions.

4, Discussion
(a) Purine methylation as a probe of protein structwre

The methylation method probes the local environment of the N-7 of guanine,
which lies in the major groove of double-helical DNA, and that of the N-3 of adenine,

hich lies in the minor groove, by monitoring the reactivities of these positions
toward methylation with dimethylsulfate. We interpret the protein-mediated
changes in these reactivities as evidence that the protein is very close to, or touches,
these specific sites. Although the actual mechanisms of inhibition or enhancement are
not known and do not affect this interpretation, for precision. we think of the inhibition
as arising from steric hindrance and the enhancement, resulting from the creation of a
hvdrophobic pocket close to the methylation site, which increases the local concen-
tration of dimethylsulfate. Other mechanisms are certainly possible, so we have not
tried to interpret in detail most changes at individual bases; we have no concise

«planation for the temperature effects at Al4 and (23 or the affects of BrdUrd
<ubstitution at Al4 and A22. Rather, we look at the patterns as a whole, interpreting
<imilarities or differences in them as evidence of structural similarities or differences
in the DNA-binding site of the proteins involved. In comparing two proteins or
peptides, we considered their DNA-binding sites to be structurally similar if they had
similar patterns at both temperatures and with dThd- and BrdUrd-operators.

Our probe is limited in that methylation can occur at only two sites on the DNA.
We do not, therefore, detect changes in the protein which affect phosphate or pyrimi-
line contacts while leaving contacts around N-7 and N-3 totally unchanged. In
«ddition, the methylation method demonstrates proximity of groups on the protein
and not the presence of chemical bonds: therefore, similarities or differences in the
structures of the binding sites do not demand similarities or differences in the energies
of the protein-DNA binding reactions.

The fact that methylation probes the structure of the protein-DNA interface and
not the energy of the interaction accounts for the apparent disagreement between the
present results and earlier studies relating to the size and symmetry of the operator.
The present results show clear effects from A3 to G23 in the sequence. Therefore, we
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conclude that the repressor makes specific contacts which extend over at least 91
haze-pairs. Our previous study of repressor contacts to thymidines in the operator
(Ogata & Gilbert. 1977) suggests that repressor also tonches thymidines T and T2,
giving a total length of 23 hase-pairs for the binding site. This size agrees with the
studies of Goeddel e al, (1978). which suggest that the operator spans at least bage
pairs 1 to 21, but apparently disagrees with the work of Bahl of al. (1977). which cop.
fines the binding site to base-pairs 3 to 19. However, while Bahl ef al. demonstrate
that most of the binding encrgy comes from contacts to bases 3 to 19, the lesger
involvement of bases outside of this region cannot be ruled out from their experi-
ments. Neither Bahl ef al. nor Goeddel ef al, examined contacts beyvond position 2]

The present results and those of Goeddel ef al. (1978) also suggest symmetricg]
protein contaets to the symmetrically placed bases 1 to 6 and 16 to 21 and possibly
to positions 8 and 14, Previous work has a rgued that the partial 2-fold svmmetry iy
the operator does not play a critical role in repressor binding (Gilbert et al.,1975,1976;
Ogata & Gilbert, 1977). Both sets of results are compatible if we interpret the sym.
metry in the methylation results as evidence only of a symmetrical disposition of the
protein on the operator. Data on mutant operators support this interpretation: while
protections at the symmetric bases G5 and G17 are almost identical, G5 and G17 are
not equally important in repressor binding. Equivalent mutations at these bases
produce very different effects. A G—>A change at position 5 decreases binding almost
80-fold while the equivalent change at position 17 decreases binding only about 30.
fold. These same mutations actually differ by a factor of four in their effects on tran.
scription; and this may more accurately reflect the difference between the two

mutations because a secondary pseudo-operator site probably interfered with the -

direct binding measurements (Gilbert ef al., 1975).

(b) The operator-binding site of lac repressor

(i) Size ‘ ]

The clear effect of short headpiece on methylation demonstrates that this peptide.
binds specifically to the operator and that the binding mechanism is like that of
intact repressor. Furthermore, the strong similarity between the methylation patterns
of LH and SH and the relatively small differences in their affinities for operator
argue against direct contact of amino acids 52 to 59 to the operator. Rather, these
results suggest that residues 1 to 51 make all operator contacts and residues 52 to 59
do not touch the DNA but function in maintaining the operator-binding structure.
Genetic evidence is consistent with this interpretation : mutations damaging operator -
binding located within residues 50 to 58 do not affect non-specific DNA binding while -
mutations earlier in the sequence damage both activities (Miller-Hill, 1975).

(i) Effect of inducer binding and amino acid substitutions

Repressor, induced repressor and the mutant repressors all share essentially the
same pattern of methylation protection and enhancement. This demonstrates that.
repressor molecules differing over seven orders of magnitude in their affinities fors
operator have very similar structures, The similar patterns of repressor and induced .
repressor argue in favor of an induction mechanism that weakens many bonds rather *
than one that totally disrupts one or a few bonds. While the striking change at G7°
seems to contradict this interpretation, that change occurs only at 0°C; at room
temperature G7 is protected with and without IPTG. Since the 1000-fold effect of
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[T is essentially the same at both temperatures (Barkley ef al., 1975) we conclude
{hitt the inversion at G7 is not related to the large change in operator affinity. Instead
it apparently reflects a structural change in the binding site which strongly influences
the environment of G7 without greatly altering the overall operator affinity. This
iMustrates the point that methylation probes structure, not bond energies. and also

astrates the sensitivity of the method. Of course we eannot rule out the possibility
qat TPTG breaks only bonds hetween the protein and phosphates or pyrimidines in
the operator,

The near identity of the results with wild-tvpe, X86, 112 and X86-112 repressors
sncuest that these mutations stabilize the DNA-binding conformation rather than
provide additional repressor-DNA contacts. Thus the first few residues. as well as
pewichinies 52 to at least G1. stabilize the operator-binding form but do not actually
jouch the DNA. Furthermore, the normal operator affinity of the 112 headpicees
implies that the amino terminus interacts with amino acids in the core, heyond

sidue 59.

(¢) Headpiece—operator binding
(i) Stoichiomelry and affinity

Geisler & Weber (1976) and Kania & Brown (1976) have shown that two active
repressor subunits per tetramer are sufficient for near-normal repressor—operator
hinding, suggesting that only two subunits at a time touch the operator. The 2-fold
symmetry in the methylation patterns is consistent with this idea; so we expect that
two headpieces bind per operator, one on each side of the center of symmetry. Two
;catures of the headpiece—operator affinities support this conclusion. The affinity for
the left side of the operator (measured at G5) differs from the affinity for the right side
(measured at G17) and the affinities are in the range of the square root of the repressor—
operator affinity. We argue that the latter observation implies a 2:1 stoichiometry by
reasoning as follows.

That the affinity of a dimer should be about the square of the affinities of the mono-
mers is only approximately true. The enthalpic contributions should add, giving a
square term for the affinity, but one must take entropic effects into account
separately.

Let us model the binding of a dimer structure by thinking of it as two monomer
clements held together by some flexible linker. The linker will constrain one monomer
with respeet to the other, and we will take this constraint into account by thinking
of the second monomer as sweeping out some volume in spiace, and so being main-
tained at some effective concentration with respect to some point in that volume.

The interaction between headpiece and operator is defined by

Kol HP-O] = [HP][O], (4)

where Kyq is the headpiece-operator dissociation constant, and [HP-O]. [HP], and
(0] are the concentrations of the complex, free headpiece and free operator, respec-
tively. If we link two headpieces, by a flexible linker, without disturbing their other
properties, then their binding to operator can be described in two steps: binding of
one headpiece to half the operator, described by

K,,|DO’] = 4[D][0], (5)

where DO’ represents the idealized dimer bound to half the operator (for simplicity

e ety = A3 s~ Therm

e

e W
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we asstme two identical sites for hoth the dimer and the operator) and followed by
binding of the second headpiece to the other half of the operator, deseribed by

Nyl DO = [DOJC . (6)

where €l is the effective coneentration of the second headpicee relative to the un.
occupied hall-operator. This gives an overall hinding reaction deseribed by a dissocia.
tion constant, K, where
T
Ko = Kyo/4Cey. (7)
The € term in equation (7) provides an estimate of the entropie correction in t
ert | I ¢
monomer-—dimer relationship. Table 2 lists estimates of O for various degrees of

TaBLE 2

Effective concentrations for a monomer free to move within a sphere of radius r

r(A)
20 10 3 2 1 0-2
Coee(M) 0-05 0-4 15 50 400 5x 108
Kariner K2[0-2 K2[1-6 K2[60 K2[200 K2/1600 K2[2x 108

K refers to the monomer dissociation eonstant. K, 18 caleulated from eqn (7).

constraint between the two monomer elements, and shows that K gyper =2 (K nanomer)®
if the second monomer is held in a 10 A sphere around its binding site once the first
has bound. Thus this calculation supports the idea that two repressor monomers,
held together by the rest of the protein, make all the DNA contacts. If we try to model
the interaction as proceeding only through two headpiece-DNA contacts, and
assume that the headpiece elements have exactly the same structure on the repressor
as when free, then K, should he the repressor-operator dissociation constant Kge.
Using Ko = 4x107% & from Table 1 (an average value for long headpiece) and
Kyo = 10713, €y would have to be 40 M. This would require that the structure of
the protein be such as to hold a second headpiece within 2 A of its correct position
after the first headpiece is bound. This is not unreasonable. (The molecule could be
more floppy. if some binding energy is contributed by a core contact, or if the head-
piece, resting against the core, is better shaped to bind to the half-operator.)

We conclude that most. if not all, of the repressor-DNA contacts are mediated by
two headpieces hinding to the operator. Folding a molecular model of the long

headpicce in the manner suggested by Chon ef al. (1975) gives a structure having two
relatively rigid ecomponents, one z-helical (1esidues 26 to 45) and the other having -

predominantly the B-structure (residues 4 to 24). linked by a flexible hinge. Both
components have distinct hydrophilic and hydrophobic sides, suggesting that they
lic against each other shielding their hydrophobic surfaces. Folding the model in this
way gives a globular structure about half the size of the operator,

(ii) Other properties
Headpieces and intact repressor show increased binding to BrdUrd-operator but
they show inverse responses to temperature: while repressor-operator binding 18
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About fourfold weaker at 0°C than at room_temperature (Riggs ef al.. 1970). LH and
‘(. Therefore the temperature dependence

SH hind two-to woventold more tightly at 07
hinding to non-specilie

ol headpiece-operator binding resembles that ol repressor
1977). The headpieces also appear to differ

P\ sequences (Revzin & von Hippel.
ator. Mutations

gerence for the right side of the oper

1 intact repressor in their pre
¢ more than mutations on the

o the left side of the operator dimage repressor bhindin
pight side (Jobe ef al., 1974 Gilbert et al., 1975). We have no simple explanation for
hese differences: however. the temperature dependence of headpicee binding may
oflect an instability of the peptide conformation at higher temperatures.

(d) Possible mechanisms for induction and increased affinities
How do inducers weaken the interaction between repressor and operator? The
iilavity of the methylation patterns of repressor and induced repressor argues
auainst an induction mechanism involving the total disruption of one or a few
repressor—operator contacts. Instead, TPTG scems to act by perturbing the overall
Vhat is the nature of this change! The almost

<tructure of the operator-hinding site. V
total identity of the methylation patterns of long headpiece and induced repressor.

especially in their dependence on temperature, suggests a transition to a structure
resembling that of long headpiece. This suggests a simple mechanism for induction:
rminal region of lac repressor is normally constrained by the rest of the
form. Inducer releases these constraints and the
-affinity form having increased motional freedom
discussion of

the amino-te
molecule in a high-operator-affinity

“1ino terminus then relaxes to a low
il a structure similar to that of long headpiece. In terms of our earlier
headpiece binding. we imagine that inducer simply weakens the linkage between the
two hinding subunits (headpieces, represent the completely anlinked case) such that
equivalent to holding the unhound repressor subunit
Alternatively, but within the same
d rigidly (42 A) but moved

(" decreases to about 0-06 M,
within 19 A of the unbound half-operator. (
motional framework, we might imagine the headpieces hel
out of register, in some Gaussian fashion, by some 8 to 10A)

Extending the same analysis to the tight-binding mutants gives Cogr equal to

102 » for X86 and 112 and 4 X 105 M for the double mutant. These are equivalent
to holding the second repressor subunit within 0-5 and 0-1 A of the binding site,
respectively. Effective concentrations this high are probably unrealistic and illustrate
the limitations of this simple analysis.

How can wild-type repressor and the three tig
up to 10,000 in their affinities for operator, have the same. structure, while induced
which binds lac operator only about 1000-fold weaker than wild-type
o-state model of Monod e al. (1965)

ht-binding mutants, which differ by

I’l‘IH'GSS()I',
repressor, has an altered structure? The basic tw
~ffers a simple explanation of this behavior.
Assume that lac repressor exists in a strong-binding (t) and weak-binding (r) form.
et K, and K, be operator dissociation constants for the t and r states; and let L
deseribe the equilibrium between the two states: L = [Re]/[R.]. where [R;] and [R.]
pressor in the t and r states. Since the methylation

are the concentrations of re
rator our results reflect the ratio of

reaction senses the structure bound to the ope
bhound R, and R, structures (IR, O/[R,0)). This is given by

LBO) _ ze (8)

[R,0]

TR i L e
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where ¢ = K /K With this relationship we can predict the appearance of the
methylation pattern from the parameters of the model. When Le > 1 the Pattern ig
characteristic of the t state and when Le < 1. the pattern refleets the r state.

Model parameters which are consistent with experimental data ean be selected ag
follows. K and K are invariant. since we assume only two structures. Therefore
differences in the operator dissociation constants of the repressor types must arjge
only from perturbationsin the couilibrium between the two states. This is described by

. Lo
Koy = K ———, (9

Yo 1
where K, is the observed operator dissociation constant.

If we assume that the N86-112 mutant represents the strongest binding repressor
possible, then the operator dissociation constant for this mutant is equal to K,. And
if we assume that the induced repressor represents the weak binding form, then K,
is the dissociation constant for the binding of induced, wild-type repressor to operator,
This gives:

Kypgnio = K, =10-1" M

Kpi=K,. =101y

and
Ci= 107.

With equation (2) we can calculate L for wild-type, X86 and 112 repressors from the
known operator dissociation constants for these proteins: K, (wild-type) = 10-18 y,

giving Ly, = 107%; K, (X86) = K (112) = 1015 p, giving Lyge = Lyjp = 1073, -

With these parameters we calculate the ratio of |[R,0] to [R, O] for wild-type repressor

Loy = 102
and for the two mutants
Lygge = Liyygc = 108,

For both wild-type and the two mutants, the model predicts that the methylation
pattern should predominantly reflect the same (t) form; this is consistent with our
results, However, L¢ becomes much smaller than one as K ns approaches 10-10m.
For example, when K, = 910~ m, I, — 108 and Le — 0-1 (or 909, the r form).
Since we arbitrarily set K, (induced) = K,. induced repressor exhibits the r state.
Thus the simple two-state model fully accounts for our results. These parameters
predict that wild-type repressor and the tight-hinding mutants X86 and 112 normally -
exist almost totally in the r form. The greater operator affinity of the t form drives
this equilibrium to favor that state when repressor is bound to operator.

Why does IPTG affect only the methylation pattern of wild-type repressor? If we
assume that the effect of IPTG is limited to decreasing L by a constant factor, the
results with wild-type repressor require that inducer decrease L by at least 10*. For
this minimum effect, the model predicts that in the presence of inducer [R,O]/[R,0] =
10 for X86 and I12 and much more for the double mutant. Again, this agrees with our
observations. Increasing the effect of inducer on L leads of course to a greater propor-
tion of the r state, and thus our experimental results do not allow a change in L much
larger than 104,

This two-state analysis is doubtless oversimplified; nevertheless it demonstrates
that our results can easily be explained in terms of a physical model. The two-state
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podeland the analysis in terms of O are not necessarily contradictory if we make the
pot unreasonable assumption that the experimentally determined dissociation con-
vant for hinding of headpicees to operator. Ky, wnderestimates the affinity ol a
pepressor subunit for the operator, I we assume that Ky, s T00-fold higher than the
qetuil subunit dissociation constant. i.e. we assume that the subunit constrains the
ead pieee so that it bhinds more precisely. more favorably. to a half-operator, then we
clenlate from equation (7) that when €y - 40 M. K
N oo We ean then assign the t form in the two-state model to o strueture in which
/ 40 M, the

Sween the two forms deseribed by L.

Thus we view the action of inducer, and mutations to tight-hinding repressors as

1017 a1 which is equal to

roform to one in which 4 0-06 M and assume an equilibrinm

chanetng the balanee hetween two states. from one in which the eritical elements on
two subunits are held rigidly, matehing the DNA structure to within a few dngstrom
mnits, to the other in which the amino-terminal regions are held loosely or out of

reaister.
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