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Abstract 

Inactivation of either of the two MetR binding sites centered at bp - 143 and - 121 relative to the + 1 transcription start site 
results in reduced gZyA-IucZ expression in a wild-type strain below the level seen in a m&R mutant. This reduced expression is 
dependent on the side of the DNA helix MetR binds relative to the RNA polymerase binding site. Thus, a singIe MetR dimer 

bound to the DNA may play a physiological role in maintaining appropriate gZyA gene expression, functioning as a repressor 
under low MetR conditions. 

Keywords: MetR-mediated activation; MetR-mediated repression; DNA bending; Escherichia coli 

1. Introduction 

The Escherichia coli glyA gene product, serine hy- 

droxymethyltransferase, catalyzes the interconver- 

sion of serine, glycine, and a one-carbon unit [l]. 
This reaction is the cell’s major source of one-carbon 
units used in a variety of biochemical reactions, in- 

cluding the synthesis of methionine [l]. MetR, a ly.sR 
family protein [2], is a positive regulator for several 

genes in the met regulon, and homocysteine, a 
methionine pathway intermediate, serves as a coreg- 
ulator [3]. MetR also positively regulates the glyA 
gene [4], and homocysteine was shown to increase 
MetR binding to two MetR binding sites in the 

glyA regulatory region [5]. The more upstream site 

(designated site 1) is centered at bp -143 relative to 
the transcription initiation site, and the sequence 5’- 
TGAANNANNTGCA-3’ has eight of nine nucleo- 

l Corresponding author. Tel.: +l (319) 335-7791; Fax: 
+l (319) 335-9006; E-mail: CMDGVS@vaxa.weeg.uiowa.eclu 

tides that match the consensus sequence 5’-TGAAN- 
NALINNTTCA-3’ (Fig. 1) [5]. The second site 

(designated site 2) is centered at bp - 121, and the 

sequence 5’-TGAANNGNNATCC-3’ has six of 

nine nucleotides that match the consensus sequence 
[5]. However, the mechanism for MetR-mediated ac- 

tivation of the glyA gene is unknown. 

Point mutations in either of the MetR binding 
sites away from the MetR consensus binding se- 

quence reduced glyd-1acZ expression in vivo below 

the level observed in a metR mutant [5], suggesting 
that MetR bound to a single site has a negative effect 

on glyA expression. To determine whether this nega- 
tive regulation by a single MetR dimer bound to the 
glyA control might have a physiological role, we 

tested mutations that eliminate MetR binding to 
site 2 for their effects on MetR-mediated regulation 
of a glyd-1acZ fusion when the wild-type site 1 was 
repositioned either closer to or further from the tran- 
scription initiation site. The results are consistent 
with repression by a single MetR dimer bound to 
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the DNA being face-of-the-helix-dependent, and sug- 
gest a model for MetR-mediated repression in cell 

physiology under conditions where MetR protein is 

present at a low concentration. 

2. Materials and methods 

2.1. Media, cell growth and extract preparation 

The glucose minimal (GM) medium was the mini- 

mal salts of Vogel and Bonner [6] supplemented with 
0.4% glucose. GM was always supplemented with 

phenylalanine and thiamine since all strains used car- 

ry the pheA905 thi mutations. Supplements were 
added at the following concentrations in ug ml-’ : 
methionine, 200; phenylalanine, 50; thiamine, 1; 

DL-homocysteine, 100; X-gal, 40. Growth of cells 

for enzyme assays was as described previously [7]. 

2.2. DNA manipulation 

The procedures for plasmid DNA isolation, re- 

striction enzyme digestion, DNA ligation, etc. were 
as described [8]. DNA sequencing was by the method 

of Sanger et al. [9] using the Sequenase version 2.0 

kit from USB (Cleveland, OH). 

2.3. PCR ampltjication 

PCR reactions were carried out under the follow- 
ing conditions: 10 1.11 of 10 X buffer (10 X buffer is 

500 mM KCl, 100 mM Tris-HCl [pH 8.31, 15 mM 

MgCls, 0.1% gelatin), 10 pl deoxynucleotide mix (2 
mM of each dNTP in 0.2 mM EDTA [pH S.O]), 50 
pm01 primer 1, 50 pm01 primer 2, 0.1 pg target 

DNA, 0.5 pl Taq DNA polymerase (Promega, Mad- 
ison, WI), and deionized Hz0 in a final volume of 
100 pl. Cycling conditions were as follows: 1 min 

annealing at 57°C 1 min extension at 65°C 30 s 
denaturation at 94°C. 

2.4. Mutant isolation 

Mutations were created using the PCR based 
megaprimer method [lo] and a plasmid carrying 
the glyA control region on an 813 bp EcoRI-BumHI 
fragment as template. Each megaprimed fragment 

carrying appropriate mutations was cloned as an 
813 bp EcoRI-BamHI fragment into the EcoRI-Bam- 

HI sites of plasmid pMC1403 [ 111, creating inframe 
fusions of the 50th codon of glyA to the 8th codon 

of 1acZ. The approximately 7 kb fragments carrying 

the mutant glyA-1acZ fusions and lacYA genes were 

isolated from the pMC1403 derivatives and ligated 
into phage hgt2 as previously described [12]. The 

wild-type and mutant glyd-1acZ phage were used 

to lysogenize the wild-type strain GS162 and the 
metR strain GS244. Lysogens were assayed for a 
single copy of the h phage by infection with 

kc19Ocl7 [13]. 

3. Results and discussion 

3.1. Insertion and deletion analysis of the glyA 

promoter region 

A mutational analysis of the glyA promoter region 

was carried out, altering the distance of the MetR 
binding sites relative to the +l transcription start 
site. A DNA template was used with 2 bp changes 

in MetR binding site 2 (Fig. 1) that eliminate binding 
of MetR to site 2, eliminate MetR-mediated activa- 

tion, and result in repression of a glyd-1acZ fusion in 

*letR( Moc?Z * 
* -10 

/ 1 *Illd*pe *aquanca ~130 AcC~Ic~~rn 
rlb2dmn -130 AccIcT~cGm 
5 bp deletm” -130 AcCICTbWCGll 
Sts”lngF,n”,h~ 5 bp buvn -tan 
5 bp i”*e”n-a -330 AccICTGCY301\0AtCGnT 
ID a0 lnrerlK”l -130 AcCICTcwTcGAlcceW[;CGnl 
12 bp ihlmm” -130 KcIcTcrccATcoATcccraclCCGm 

Fig. 1. Structure of the E. coli glyA promoter region and site di- 

rected mutagenesis of MetR binding site 2. Bars indicate relative 

locations of protein binding sites and protected regions for RNA 

polymerase [17], MetR [S] and PurR [18]. The nucleotide se- 

quence for MetR binding site 2 is shown, with the consensus nu- 

cleotides for MetR binding underlined. The site 2-down mutation 

carries 2 bp changes away from consensus and was used as tem- 

plate to generate the deletion and insertion mutations. Nucieo- 

tides deleted from the site 2-down mutant to generate the 5 bp 

deletion are overlined. Bases inserted in the 5 bp deletion to gen- 

erate 5 bp, 10 bp, and 12 bp insertions are indicated in smaller 

type. 
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Table 1 

P-Galactosidase assays of glyA-IacZ fusions with insertions and deletions in the glyA control region 

Strain Lysogena Change in spacing P-Galactosidase activityb 

GS162 (wild-type) wild-type 0 3600 

GS244 (metR) wild-type 2800 

GS162 (wild-type) site 2-down 0 2000 

GS244 (metR) site 2-down 2600 

GS162 (wild-type) 5 bp deletion -5 2500 

GS244 (met@ 5 bp deletion 2600 

GS162 (wild-type) 5 bp insertion 0 2100 

GS244 (mtR) 5 bp insertion 2700 

GS162 (wild-type) 10 bp insertion +5 2100 

GS244 (met& 10 bp insertion 2100 

GS162 (wild-type) 12 bp insertion +7 1700 

GS244 (metR) 12 bp insertion 2300 

*All lysogens were grown in GM supplemented with o-methionine. 

bUnits of activity are Miller units [19]. The standard deviation in all samples was less than 15%. 

a wild-type strain compared to a metR mutant strain 

[S]. A 5 bp deletion was then generated in the site 2- 

down mutant (Fig. 1). The deletion shifts the wild- 
type MetR binding site 1 by half a helical turn rel- 

ative to the RNA polymerase binding site, putting 

the MetR dimer bound to it on the opposite side of 
the DNA helix compared to wild-type or the site 2- 

down mutant. Strains GS162 (wild-type) and GS244 

(metR) lysogenized with the wild-type glyd-IacZ fu- 
sion, the site 2-down mutation, and the 5 bp deletion 

mutation were grown in GM media supplemented 

with D-methionine, and /3-galactosidase levels were 
measured (Table 1). As shown previously [S], the 
site 2-down mutant showed lower levels of glyA- 
IacZ expression in GS162 than in GS244. However, 
in the 5 bp deletion mutant, where MetR binding site 

1 is shifted by half a helical turn of DNA, P-galac- 
tosidase levels were essentially the same in both 

strains GS162 and GS244 (Table 1). Thus, a single 

MetR dimer bound at site 1, but phased so that it is 
bound on the opposite side of the DNA helix, does 
not cause a repressor like effect in GS162 compared 

to strain GS244, where no MetR protein is present in 
the cell. To eliminate the possibility that the loss of 

MetR-mediated repression resulted from some se- 
quence specific effect due to the 5 bp deletion, we 
reinserted 5 random bases at the 5 bp deletion site, 

thereby reestablishing the wild-type distance and 
phasing (Fig. 1). The 5 bp insertion resulted in a 
decrease in glyd-1acZ expression in the wild-type 

strain GS162 compared to the metR strain GS244 
(Table 1). 

Since the 5 bp deletion that eliminated repression 
of the glyd-1acZ fusion by MetR moved the MetR 

binding site 1 closer to the RNA polymerase binding 

site in addition to shifting the site by half a helical 
turn, we also inserted 10 random bp at the original 5 
bp deletion site (Fig. 1). This resulted in a 5 bp in- 

sertion compared to the original site 2-down muta- 

tion, increasing the distance between the MetR bind- 

ing site 1 and the +l transcription start site as well as 

shifting the MetR binding site 1 by half a helical 
turn. Strain GS162 and the metR strain GS244 lyso- 

genized with the 10 bp insertion mutation were 
grown in GM media supplemented with D-methio- 

nine and P-galactosidase levels were measured. 

Although P-galactosidase levels in the lysogens with 
the 10 bp insertion were lower than in the lysogen 

carrying the 5 bp deletion, this insertion still resulted 
in loss of MetR-mediated repression, with the same 
levels of P-galactosidase in strains GS162 and GS244 
(Table 1). 

To test the stringency of the distance requirement 

for alleviating the MetR-mediated repression, we cre- 
ated a 7 bp insertion compared to wild-type (insert- 
ing 12 bp at the original 5 bp deletion site) (Fig. l), 
and lysogenized strains GS162 and GS244. The lyso- 
gens were grown in GM medium supplemented with 
D-methionine and p-galactosidase levels were meas- 
ured. The mutant lysogen still showed repression in 
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GS162 compared to GS244 (Table 1). Thus, a small 

change in the orientation of MetR relative to RNA 

polymerase (about 114 helical turn) is not sufficient 
to overcome the repressor effect of one MetR dimer 

bound to site 1. These results also suggest that it is 

not the change in distance of MetR binding site 1 
relative to the transcription initiation site, but the 

side of the helix on which MetR is bound that de- 

termines whether repression occurs. It should be 
noted, however, that the levels of P-galactosidase 

varied in the different lysogens, suggesting that the 
DNA sequence itself in the insertion mutations, or 

the distance of the MetR binding site relative to the 

RNA polymerase binding site, as well as the phasing 

of MetR relative to RNA polymerase, is important 
for regulation of the glyA gene. 

Since MetR bound at sites 1 and 2 normally func- 

tions to activate glyA gene expression, how does a 
single MetR dimer bound to the glyA control region 

repress glyd-1acZ expression? In the wild-type, when 
MetR is bound to both sites 1 and 2, there is a 
MetR-induced bend in the DNA of about 33” [5]. 

However, when only site 1 is occupied, there is a 

MetR-induced bend of about 22-30” [5]. The 
MetR-induced bend might be required for a structur- 

al change in the DNA that alters glyA promoter 
activity, for alignment of the MetR protein relative 
to RNA polymerase, or for alignment and interac- 

tion of MetR with an additional regulatory protein 
necessary for normal regulation of the glyA gene. 

Results suggest that at least one additional regula- 
tory factor is involved in regulating the g/yA gene 

[14]. A single MetR dimer bound to the DNA could 
alter any of these putative interactions, making the 
glyA promoter weaker than if there is no MetR pro- 

tein available. Whatever the mechanism, our results 
suggest that the repression observed when a single 

MetR dimer binds the DNA can be overcome if 
MetR is bound on the opposite side of the DNA 

helix. 
The molecular mechanism by which MetR- 

mediated repression of glyA occurs when MetR 
binding site 2 is inactivated by mutations and 
MetR binds only to site 1 is unknown. Thus, an 
important question is whether part of MetR’s nor- 
mal role is to act as a repressor with only one MetR 
binding site occupied? This repression could play a 
significant role in glyA regulation. Low levels of 

MetR protein occur under conditions of adequate 

levels of methionine and one-carbon units required 

for cell metabolism [15]. These conditions also result 
in reduced levels of gfyA gene expression [l]. 

Although MetR binds cooperatively to sites 1 and 

2, MetR binding site 1 has a higher affinity for the 
protein, and in vitro studies showed that site 1 is 

occupied at a low concentration of MetR, and site 
2 is unoccupied [5,16]. Thus, in vivo MetR might 

bind to site 1 alone and function as a repressor under 
conditions where low levels of the glyA gene product 

are required primarily for the synthesis of glycine for 

protein synthesis, and bind to both sites 1 and 2 and 

function as an activator under conditions where high 

levels of the glyA gene product are required for one- 
carbon units and glycine required for other cellular 

reactions. 
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