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Three amino terminal fragments of Escherichia COIL Ada protein (39 kDa) with different molecular masses (14 kDa, 16 kDa and 20 kDa) were 
prepared in large quantities from an E. coli strain harboring plasmids constructed for the overproduction of the truncated proteins. The three 
fragments can be methylated to an extent similar to that of the intact molecule. The methylated 16 kDa fragment specifically binds to the ada box 
on a DNA duplex. NMR analyses revealed that the 14 kDa fragment comprises two a-helices and a B-sheet with parallel and anti-parallel mixed 
strands. A comparison of the ‘5N-‘H HMQC spectra of the fragments has led to the conclusion that this terttary structure within the 14 kDa fragment 

is retained in the larger 16 kDa and 20 kDa fragments. 
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1. INTRODUCTION 

Exposure of Escheriehiu coli cells to a low concentra- 
tion of alkylating agents enhances their resistance to 
both mutagenic and cytotoxic effects. This adaptive re- 
sponse induces the production of various repair en- 
zymes which remove alkylated nucleotides from dam- 
aged DNA duplexes [1,2]. The Ada protein plays a cen- 
tral role in this adaptive response with two major func- 
tions. First, this protein transfers the methyl groups 
from methyl-phosphotriesters and 06-methylguanines 
in alkylated DNA duplexes to the residue CY@~ and 
CyP of its own molecule, respectively [3,4]. Secondly, 
this protein can act as a transcriptional regulator not 
only for its own adu gene but also for other genes be- 
longing to the adu regulon, after the acceptance of a 
methyl group to the amino terminal half of the protein. 
In fact, the methylation at CYSTS converts the Ada pro- 
tein from a weak to a strong activator of transcription 
[5,6]. In E. coZi cells, the intact 39 kDa molecule is 
cleaved by an unknown cellular protease to produce 20 
kDa (N-ada 20k) and 19 kDa fragments. The methyl- 
ated 20 kDa N-terminal fragment can bind to the ada 
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Abbreviutlons: N-ada 14k, Ada fragment containing restdues l-129; 
N-ada 16k, Ada fragment containing residues l-146; N-ada 20k, Ada 
fragment containing residues l-178; HMQC. heteronuclear multi- 
quantum coherence; PCR, polymerase chain reaction; SDS-PAGE, 

sodium dodecyl sulfate polyacrylamide gel electrophoresis; NOE, nu- 
clear Overhauser effect. 

box and act as a repressor, whereas the 19 kDa C- 
terminal fragment cannot [7]. Recently, Myers et al. [8] 
have reported that the N-ada 20k fragment possesses a 
site that strongly binds a single zinc ion. This metal 
binding site is located within the first 92 amino acid 
residues from the N-terminus (N-ada lOk), and contains 
the motif Cys-X3-Cys-X,,-Cys-X2-Cys. 

We have found that the N-ada 20k fragment can be 
further truncated to either 16 kDa or 14 kDa fragments, 
by releasing C-terminal portions via mild proteolysis. 
These two shorter fragments have been found to almost 
completely retain the DNA methyltransferase activity. 
In order to investigate the functional and structural 
properties of these fragments, we have constructed a 
protein overproduction system in E. coli, which allows 
large scale preparation of the N-terminal 20 kDa, 16 
kDa and 14 kDa fragments. In this report, we describe 
the functional properties of the three fragments, such as 
the methyltransferase activity and the specific recogni- 
tion with the cognate DNA sequences, and the second- 
ary structures and their folding topology of the 14 kDa 
fragment, determined by NMR analyses. 

2. MATERIALS AND METHODS 

2.1. Constructton of the Ada fragment overproducing strains 
The respective N-terminal fragments of the Ada protein were over- 

produced by constructing fragments of the adu gene using a PCR- 
based approach. A 5’-primer that encodes the SmaI restrictton site and 
the initiation codon was combined with a 3’-primer that encodes a stop 
codon and the PstI restriction site followmg either Lys’19 (14 kDa), 
LYS’~~ (16 kDa) or Lysl’* (20 kDa). Each PCR product from pYN3059 
[4] was ligated into pEXP7 [9] and transformed into E. co/i JMl09. 
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2.2. Sample preparation 
The respective N-termmal fragments of the Ada protein were ex- 

pressed by E. coli harboring each high expression plasmid. These 
fragments were purified from the harvested E. coli cells by phosphocel- 
lulose chromatography. The SDS-PAGE analysis indicated single 

bands for all three fragments and suggested purities above 95%. Using 
this expression system, 10-20 mg of each protein fragment could be 
obtained from one liter of the culture. It should be noted that the 
sequence of the E. coli K-12 Ada polypeptides used in the present 
study is different at Leu’, Thr15’ and Phels9 from the sequence of the 
E. coli B Ada protein [4,10]. The uniformly ‘C- and “N-labeled 
protein fragments were prepared from E. cob cells grown in M9 min- 

imal medium with [“Clglucose and 15NH,C1 as the sole carbon and 
nitrogen sources. Specific residues of the protein were labeled with 
[“Nlalanine, [15N]arginine, [“Nllysine, [“Clthreonine or [‘?Z]leucine. 
Specimens for NMR measurements were dialyzed and dissolved in 
either D,O or 90% H,O/lO% D,O containing acetate buffer, pH 5.5, 
and protein concentrations were set at l-2 mM. 

2.3. Gel mobility shift assays 
The deoxyoligonucleotides were synthesized with an Applied Bio- 

systems DNA synthesizer Model 380B. For gel mobility shift assays, 
a DNA sequence containing the ada box: S-GCGAAAAAAAT- 
TAAAGCGCAAGATTGTTGGTTTTTGC-3’ was used, where the 
sequence of only one strand of the duplex is presented. DNA binding 
assays were carried out in a 10 ~1 solution containing 50 mM HEPES- 
KOH (pH 7.8), 50 mM KCI, 10 mM MgCl,, 5% glycerol, 1 pmol of 
5’-end “P-labeled double stranded ohgonucleotide, and either 0 or 100 
ng unlabeled calf thymus DNA (Sigma). Binding reactions were per- 
formed at 22°C for 60 min. Either methylated or non-methylated 
proteins (1 pmol) were used for the assay. The methylated fragments 
were prepared according to the procedure described by Nakabeppu 
and Sekiguchi [4]. The samples were loaded on a 5% polyacrylamide 
gel. The electrophoresis was operated at 120 V for 1.5 h, and the 
labeled DNA was visualized by autoradiography. 

2.4. NMR spectroscop?, 
2D and 3D NMR spectra were measured with a Bruker AMX-600 

spectrometer. Proton detected 15N-‘H 3D NOESY-HMQC and 
TOCSY-HMQC spectra were recorded with a NOE mixmg time of 
100 ms and a MLEV-17 mixing time of 30 ms. respectively. A series 
of triple resonance experiments: HNCO, HNCA, HN(CO)CA, 
HN(CA)HA and HCACO, were performed for a uniformly 13C- and 
“N-labeled sample with a triple resonance probe at 600 MHz for 
protons [11,12]. For all NMR experiments, the temperature was set 
at 30°C. The data were processed with UXNMR on an X32 computer. 
‘H chemical shifts were referenced to 2.2’-dimethyl-2-silapentane-5’- 
sulfonate (DSS) and were measured with respect to an internal stand- 
ard of acetone. The 15N chemical shifts were measured relative to an 
external standard of NH&l and are referred to liquid NH,. Slowly 
exchanging amide protons were identified from the 15N-‘H HMQC 

spectra. 

3. RESULTS 

3.1. DNA binding of truncated Ada fragments 
In order to gain insight into the functional and struc- 

tural properties of the three truncated N-terminal 20 
kDa, 16 kDa and 14 kDa fragments, we have con- 
structed a high level E. coli expression system which is 
under the control of the tat promoter. These overpro- 
ducing strains allowed us to prepare large amounts of 
fragments, which were sufficient for NMR studies. 
DNA binding activities for the methylated and non- 
methylated fragments were measured in the absence or 
presence of a non-specific duplex DNA (Fig. 1A and 
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Fig. 1. Photographs of autoradiograms illustrating DNA binding by 
three truncated Ada fragments, as detected by gel mobility assays in 
the absence (A) and presence (B) of non-specific DNA. “P-labeled ada 
box containing duplex oligomer was mixed with three truncated frag- 
ments: lanes 1 and 2, N-ada 14k; lanes 3 and 4, N-ada 16k; lanes 5 and 
6, N-ada 20k. Data for the methylated forms of the fragments (lanes 
2, 4 and 6) and the non-methylated form fragments (lanes I, 3 and 5) 
are shown. The lanes designated (-) indicate the minus-protein con- 

trols. 

1B). In the absence of the non-specific DNA, retarda- 
tion of the ada box containing labeled oligonucleotide 
was observed, only in the presence of either the N-ada 
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16k or the N-ada 20k fragments, regardless of whether 
or not these fragments were methylated (Fig. lA, lanes 
336). However, neither the methylated nor the non- 
methylated N-ada 14k fragment caused retardation of 
the oligonucleotide (Fig. lA, lanes 1 and 2). These re- 
sults indicate that both the N-ada 16k and the N-ada 
20k fragments can non-specifically bind to the DNA 
oligomer duplex. whereas the N-ada 14k fragment has 
lost binding activity, regardless of its methylation state. 
In the presence of the non-specific DNA, the bands of 
the ada box containing oligomer duplex were shifted on 
the gel, only when the methylated N-ada 16k and N-ada 
20k fragments were used (Fig. lB, lanes 4 and 6). On 
the other hand, the oligonucleotide mixed with either 
the methylated N-ada 14k fragment or all the non-meth- 
ylated fragments showed no significant shift on the gel 
(Fig. 1B). These results show that the methylated N-ada 
16k fragment, and the N-ada 20k fragment, retain the 
ability of specific recognition with the ada box contain- 
ing DNA, although the N-ada 14k fragment lacks both 
specific and non-specific DNA binding activities. 

3.2. NMR nleasurements 
The sequence-specific resonance assignment of the 

N-ada 14k fragment spectrum was made by surveying 
through-bond and through-space connectivities, ac- 
cording to the procedure of sequential resonance assign- 
ments introduced by Wuthrich et al. [13]. This proce- 
dure relies upon various through-bond correlation ex- 
periments, such as 3D lSN-‘H TOCSY-HMQC spectra, 
to identify amino acid spin systems. Subsequently, 
through-space correlation experiments, such as 3D 15N- 
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‘H NOESY-HMQC spectra. are required to establish 
sequence-specific assignments using the amino acid se- 
quence data. Due to the many overlaps of the CaH and 
NH proton signals, it was difficult to identify sequential 
NOE connectivities, and hence the conventional se- 
quential resonance assignments were complex. To solve 
this problem, the N-ada 14k fragment was uniformly 
labeled with ‘jC and 15N, and triple resonance experi- 
ments were used in parallel. The resolution was im- 
proved by the use of the “C- and lSN-labeled protein. 
However, signal overlaps that obstructed assignments 
still remained in the 3D spectra. Nevertheless. sequen- 
tial assignments were successful for the backbone sig- 
nals of 98 out of 129 residues, and this information 
allowed the identification of secondary structures in the 
main parts. In the present analysis, sequential assign- 
ments were unable to be done for the 30 residues be- 
tween Hisx3 and Ser”‘. These residues have little chem- 
ical shift dispersion, and several residues indicate weak 
NH proton signals because of signal broadening. There- 
fore, the secondary structure in this region remains to 
be determined. 

Secondary structure elements were deduced from the 
pattern of sequential and medium-range NOE connec- 
tivities. The N-ada 14k fragment consists of four /I- 
strands and two a-helices, as shown in Fig. 2. The heli- 
cal structure is characterized by sequential strong dNN 
connectivities and a number of medium-range 
daN(i,i + 3) connectivities. Based on these data, two 
a-helices were identified between residue 9 and 15 and 
between residue 58 and 65. AP-sheet is characterized by 
strong daN connectivities and interstrand connectivities 
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Fig. 2. Summary of the short and medium-range NOE’s observed in the 3D ‘“N-‘H NOESY-HMQC spectrum of the N-ada 14k fragment. The 
thickness of the lines indicates the relattve intensity of the NOE cross-peaks. Backbone amide protons with slow H-D exchange rates are indicated 
by solid circles. Secondary structure assignments deduced from these data are indicated at the bottom of the figure. Astertsks indtcate the four 

cysteines that form the proposed Zn” bindmg site. 
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Fig. 3. Schematic diagram of the arrangement of the four-stranded 
p-sheet of the N-ada 14k fragment. Arrows indicate the observed 
interstrand NOE’s. Amide protons with slow H-D exchange rates are 

indicated by asterisks. 

among the CclH and the NH protons across the sheet. 
Successive strong dclN connectivities were observed for 
the peptide segments from Phez7 to Va131, from Ile36 to 
Arg39 and from Val’* to Tyrs5. Several interstrand 
NOES found between the ColH protons, indicate that 
three segments of residues 27-31,36-39 and 53-55 form 
an antiparallel P-sheet. Furthermore, some interstrand 
NOES observed between the CaH or the NH protons 
in residues 3639 and those in residues 67-69 show that 
nearly parallel /3 strands cross each other at this region. 
This arrangement of the P-strands was also confirmed 
by the locations of slowly exchanging NH protons. 
Thus, the analysis of these NOE data has led to the 
conclusion that the parallel and antiparallel mixed /3- 
strands form a single P-sheet, as shown in Fig. 3. 

4. DISCUSSION 

Secondary structure prediction [14] of the Ada pro- 
tein suggested that the 10 kDa N-terminal segment con- 
tains both a-helices and /?-structures, while the segment 
between Leug3 and Lys14(j, corresponding to the 6 kDa 
segment at the C-terminus within the N-ada 16k frag- 
ment, comprises only a-helices and loops, but no /I- 
structure. Notably, the 17 residues between Ala13’ and 
Lys“‘6, which constitute the 2 kDa extra carboxyl termi- 
nal segment of the N-ada 16k fragment, are abundant 
in basic residues, suggesting their involvement in DNA 
binding. Sequence analysis [15] suggested the presence 
of a helix-turn-helix motif in the N-ada 14k fragment. 
The secondary structure actually deduced from the 

present NMR analysis is not totally consistent with 
these predictions. The assignments of residues 83-112 
were not successful because of signal broadening, and 
therefore the secondary structure remains unknown. At 
present, we cannot conclude whether this broadening is 
due to conformational flexibility or multi-conforma- 
tions. 

As described in the previous section, the results from 
the gel mobility shift assays revealed that the N-ada 20k 
fragment retains the same degree of specific DNA bind- 
ing activity as found in the intact 39 kDa Ada molecule. 
Furthermore, the same assays for the other two frag- 
ments showed that the N-ada 16k fragment completely 
retains the binding activity with the DNA oligomer con- 
taining the ada box, whereas the N-ada 14k fragment 
loses this activity. These results imply that the basic 
segment, corresponding to the extra C-terminal 2 kDa 
region between residues 130 and 146 plays an essential 
role for binding to DNA either in specific or in non- 
specific manner to the ada box. 

Although the N-ada 14k fragment lacks DNA bind- 
ing activity, the “N-‘H HMQC spectra flow that most 
of the chemical shifts (in both the “N and amide pro- 
tons) are the same as those of the N-ada 16k and N-ada 
20k fragments. Therefore, we conclude that the same 
tertiary structure of the N-ada 14k fragment is retained 
in the larger N-ada 16k and N-ada 20k fragments, and 
that it is independent of the extra carboxyl terminal 
segments. The N-ada 14k fragment is presumed to con- 
tain both the Zn2’ binding site and the helix-turn-helix 
motif. The Zn” binding domain, which is thought to 
carry the DNA methyltransferase activity, mainly con- 
sists of/?-structure with two short a-helices (Fig. 2). The 
peptide segment from Pro’13 to Lys” was predicted to 
be located in the second DNA recognition helix of the 
helix-turn-helix motif. The present NMR data indicate 
that, in contrast to this prediction, this region adopts a 
turn-like structure (Fig. 2). It might be possible that the 
second helix of the motif is disrupted due to the struc- 
tural instability at the artificial terminus, that is intro- 
duced to produce the N-ada 14k fragment. 

From a sequence comparison of the Ada proteins 
from Salmonella typhimurium [16] and Bacillus subtilis 
[I 71, Meyers et al. have proposed that four cysteines. 
cys3*, cy?“, Cys69 and Cys7’, would form the Zn2+ 
binding site [8]. It is interesting to consider the locations 
with the secondary structure of the cysteine residues 
that are important for Zn’+ binding. Fig. 3 shows that 
CYSTS and Cys3* are located face to face with each other 
on the parallel p-sheet. Since Cys” and CYSTS are only 
3 and 4 residues away from CYSTS and Cys3’, respec- 
tively, it is likely that these four cysteine residues are 
spatially close to each other and constitute a single Zn2+ 
binding site. Preliminary ‘13Cd NMR measurement ex- 
hibits a single resonance at 627 ppm. Its chemical shift 
suggests that the cadmium ion is tetrahedrally coordi- 
nated [18]. The ‘H-“3Cd HMQC spectra also show that 
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