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Studies on Gene Control Regions. 1. Chemical Synthesis of Lactose 
Operator Deoxyribonucleic Acid Segment st 

D. V. Goeddel, D. G. Yansura, and M. H. Caruthers* 

ABSTRACT: The chemical synthesis of lactose operator DNA 
segments is described. The 3 1-base-paired duplex contains the 
DNA recognized by lac repressor protein and twofold rota- 
tionally symmetric base pairs on either side of the tight binding 
region. The synthesis includes the deoxyoligonucleotides 
d(T-G-T-G-G), d(A-A-T-T-G-T-G-A-G), d(C-G-G-A-T- 

T h e  central aim of our work is to contribute toward under- 
standing in precise chemical terms how genes are regulated. 
One aspect of this problem is to explore how various regulatory 
proteins interact with DNA that serves a control function in 
operons and chromosomes. Studies of this interaction must 
examine protein and nucleic acid structure that leads to tight 
binding complexes and also must investigate how various 
proteins interact cooperatively to enhance or block transcrip- 
tion. 

One choice for such studies on the molecular basis of gene 
regulation is the lactose ( lac)  operon in Escherichia coli. This 
operon has been analyzed in detail by both genetic and bio- 
chemical techniques (Beckwith and Zipser, 1970). The control 
region of the lac operon contains elements of positive and 
negative control (Figure 1). The operator, 0, is the DNA 
binding site for the repressor protein (Gilbert and Muller-Hill, 
1967). In  the absence of the specific inducer allolactose (Jobe 
and Bourgeois, 1972), the lac repressor-operator complex 
blocks transcription. At high levels of CAMP,' the catabolite 
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I Abbreviations used are: CAMP, cylic adenosine 3',5'-monophosphate; 
TPS, triisopropylbenzenesulfonyl chloride; CE, cyanoethyl; DEAE, di- 
ethylaminoethyl; TEAB, triethylammonium bicarbonate; MeOTr, mo- 
nomethoxytrityl; ib, isobutyryl; an, p-anisoyl; bz, benzoyl; MS, mesityl- 
enesulfonyl chloride; CAP, catabolite gene activator protein; DCC, di- 
cyclohexylcarbodiimide; TLC, thin-layer chromatography. The one-letter 
symbols for nucleotides and the symbols for polynucleotides are according 
to the IUPAC-IUB Commission on Biochemical Nomenclature Recom- 
mendations [(  1970) Biochemistry 9, 40221. 

A-A-C-A-A-T-T), d(T-C-A-C-A), d(T-G-T-G-A-A-A-T- 
T-G-T), d(T-A-T-C-C-G-C-T-C-A-C), and d(A-A-T-T-C- 
C-A-C-A). These deoxyoligonucleotides were characterized 
by two-dimensional sequencing techniques, paper chroma- 
tography, and thin-layer chromatography. 

gene activator protein (CAP)-CAMP complex activates 
transcription of the lac operon by DNA-dependent RNA 
polymerase (de Crombrugghe et al., 1971; Eron and Block, 
1971). The promoter, p, is the binding site for CAP and 
DNA-dependent RNA polymerase (Silverstone et al., 1970; 
Beckwith et al., 1972). These control proteins therefore interact 
at specific sites on DNA located in the regulatory region of the 
lac operon. We would like to understand the precise chemical 
features of this recognition process. More specifically, the 
present work is directed toward understanding how lac re- 
pressor protein interacts with lac operator DNA. Our approach 
is to chemically prepare operator DNA with various sequence 
modifications and then study how these changes affect the 
operator-repressor recognition process. This paper outlines 
the chemical synthesis of lac operator DNA. 

The lac operator DNA we have chosen to synthesize is 
shown in Figure 2. The rationale for this plan is as follows. In 
the central part Qf this figure is the operator region sequence 
of lactose operon DNA (Gilbert et al., 1973; pickson et al., 
1975). The region which binds repressor tightly is sequence 
3-26 (Gilbert and Maxam, 1973). The heavy lines above and 
below mark base pairs that are related by a twofold rotational 
axis of symmetry. Sequence changes which are found in dif- 
ferent classes of operator constitutive mutants (Gilbert et al., 
1974) are shown at the appropriate sites below this operator 
DNA. These mutants were isolated either by Gilbert (1973) 
or by Sadler and Smith (Smith and Sadler, 1971; Sadler ana 
Smith, 1971). Also shown in this figure for various mutant 
classes are the P values (the percent constitutivity or the ratio 
of basal to the induced @-galactosidase level) and the in vitro 
lifetimes of the repressor-DNA complex (Jobe et al., 1974). 
For wild-type E. coli, the P value is 0.1 and the half-life for the 
repressor-DNA complex is 75 min. Using these data we con- 
structed the synthetic plan shown in the top part of this figure. 
The brackets enclose chemically synthesized compounds. 
Using T4 ligase (Khorana et al., 1972, 1976) these compounds 
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FIGURE I :  The lac operon. Symbols i .  L. y, and a represent structural 
genes for the proteins lcrc repressor. &galactosidase, permease, and 
transacetylase, respectively. Symbols o and p represent regions of the 
operon which serve a control function. 

have been joined in various combinations to form either the 
complete or many different partial operator DNA regions 
(Yansura et al., 1977). 

This synthetic plan was designed so that research could be 
conducted on how repressor protein interacts with operator 
DNA. Structural areas of particular interest are inner sym- 
metric regions (base pairs 6- I 1 ,  2 1-26) and the less symmetric 
central region (base pairs 12- 20). Our synthetic plan was de- 
signed so that selected base pairs within these regions could 
be readily modified. The chemical syntheses were carried out 
using procedures developed by Khorana and his associates 
(Khorana, 1968). Therefore syntheses begin a t  the 5’ end of 
a chemical fragment and proceed to the 3’ end. As a conse- 
quence, a series of intermediate deoxyoligonucleotides was 
prepared, all of which have the same 5’ end. Many of our in- 
vestigations will involve changing the sequence of operator 
DNA. If this is done chemically, then changes are much easier 
near the 3’ end of deoxyoligonucleotides because intermediate 
deoxyoligonucleotides can be used and extended with altered 
sequence. Our synthetic plan was designed with these concepts 
in mind. Sequences in a highly symmetric region (base pairs 
2 1-26) and a less symmetric region containing many operator 
constitutive mutants (base pairs 10-14) can be readilychanged 
since 3’ ends of deoxyoligonucleotides are located within these 
regions. Already we have inserted base pair changes a t  site 13 
(Loder and Caruthers, unpublished experiments). We have 
included a major portion of the outer symmetry region 
(Dickson et al., 1975) in our synthesis (base pairs 1-4,28-31). 
Our reasons for doing this are twofold. First, although evidence 
is lacking a t  this time, these regions may be important for the 
operator-repressor interaction. Also, including these additional 
sequences in the synthesis permits considerable maneuver- 
ability for modification of operator DNA because more 3’ ends 
are available for synthetic alterations. The present paper re- 
ports the chemical synthesis of lac operator DNA sequences. 
Brief reports on this work have appeared during the past 2 
years (Caruthers et al., 1974, 1975). Recently, the synthesis 
of the central 21 base pairs of lac operator DNA has been re- 
ported (Itakura et al., 1975). 

Materials and Methods 
Materials. Nucleotides and nucleosides were purchased 

from Papierwerke Waldhof-Aschaffenburg. The protected 
mononucleotides dpbzA, dpanC, dpibG and their cy- 
anoet h ylphosphoryl, 3’- 0-acetyl, and 3’- 0-isobut yryl deriv- 
atives were prepared as described elsewhere (Khorana et al., 
I96 1 ; Buchi and Khorana, 1972). The protected nucleosides, 
d( Me0Tr)T and d(MeOTr)anC, were prepared as published 
previously (Schaller et al., 1963). Di-, tri-, and other olig- 
onucleotide blocks containing a 5’-phosphate were prepared 
as previously described (Weber and Khorana, 1972). Blocks 

containing N-isobutyryldeoxyguanosine were reisobutyrylated 
before use. Bacterial alkaline phosphatase and snake venom 
phosphodiesterase were purchased from Worthington 
Chemical Co. T4  polynucleotide kinase was prepared as de- 
scribed elsewhere (Panet et al., 1973). Materials such as cel- 
lulose acetate strips (Schleicher and Schuell), Cellulosepulver 
MN300HR, and MN300 DEAE-cellulose for thin-layer 
chromatography (Brinkman), crude yeast RNA (Gallard- 
Schlesinger), precoated silica gel plates (Eastman-6064), and 
Eastman RP-royal blue X-OMAT x-ray film were purchased 
from commercial sources. TPS and MS were obtained com- 
mercially (Aldrich Chemical Co.) and recrystallized from 
anhydrous pentane immediately before use. Pyridine (reagent 
grade, J .  T. Baker Co.) was purified as described previously 
(Kossel et al., 1967). Diisopropylethylamine (Aldrich 
Chemical Co.) was distilled from toluenesulfonyl chloride 
before use. Triethylamine and hydracrylonitrile from Eastman 
were used without further purification. Dicyclohexylcarbo- 
diimide (DCC) was purchased from Aldrich Chemical Co. 

Merhods. DEAE-cellulose column chromatograph). paper 
chromatography, paper electrophoresis, and detection uf [he 
monomethoxytrityl group were as described previously (Weber 
and Khorana, 1972). Phosphorylation of deoxyoligonucleotidc 
5’-OH groups using [y--”P]ATP and polynucleotide kinase 
was performed according to previous procedures (Sgaramella 
and Khorana, 1972; van de Sande et al., 1972). Two-dimen- 
sional analysis of synthesized deoxyoligonucleotides was as 
described by published procedures (Ling, 1972a,b: Sanger et 
al., 1973; Galibert et al.. 1973; Jay et al.. 1974).  Homomix V 
(Jay et al., 1974), 20 X 20 cni glass plates, and dry cellulose 
acetate paper were used for these analyses. 

The following method was generally used for condensation 
reactions. In all syntheses, the coupling was between a free 
5’-phosphate and 3’-OH on mono- or oligonucleotides. All 
other reactive groups were masked N ith protecting groups. 
Both reaction components were dissolved in anhydrous pyri- 
dine and the mixture rendered anhydrous by repeated evapo- 
ration of added dry pyridine i n  a vacuum. Each pyridine ad- 
dition was in the atmosphere of a drybox containing phos- 
phorus pentoxide. During the last pyridine evaporation, TPS 
or MS was added and the solution concentrated to the minimal 
volume necessary for complete solubilization of the reaction 
components. The reaction mixtures were kept at room tem- 
perature 2.5-3.0 h (MS) or 5 h (TPS) with exclusion of 
moisture. They were then cooled in ice water baths and di- 
isopropylethylamine as a 1 M solution in pyridine added (2  
mmol/mmol sulfonyl chloride plus 1 nimol/mmol phosphor) I 
dissociation). Water was added to a final concentration of 
20-30% and solutions left at room temperature for 2 days. 

Cyanoethyl, 3’-O-acetyl. and 3’-O-isobutyryl groups uere 
removed by saponification. The reaction solutions were diluted 
to 50% water. After cooling to 0 O C ,  enough 2 bl sodium hq- 
droxide was added to give final solutions 1 M in alkali after 
accounting for all anions present. Occasionally ethanol had 10 
be added to obtain homogeneous solutions. Aftcr 5 min in 

ice-water baths, solutions were neutralized with excess pyri- 
dinium Dowex 50 ion-exchange resin. The mixtures were 
poured into columns and resin washed thoroughly wi th  20% 
aqueous pyridine. Filtrates and washings were pooled and 
fractionated on DEAE-cellulose columns. 

Fractionation of protected deoxyoligonucleotides on 
DEAE-cellulose was by a combination of salt and alcohol 
gradients. The volatile salt was triethylammonium bicarbonate. 
The general types of gradients used were outlined previously 
(Khorana et al., 1976). Column effluents were monitored by 
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f - IGURE 2: The plan for synthesis of lactose operator DNA.  The duplex shown includes the DNA that binds repressor tightly. The deoxyribooligonucleotide 
segments arc shown within the brackets, the serial number of the segment being inscrted into the brackets. 

TABLE I :  Summary of Reaction Conditions, Recoveries, and Yields for Segments 1 ,  2, and 5. 

MS" Starting 
Oligonucleotide or Reac- Chain Blockb 

Starting Chain Block Amount T P S  tion Recov- Recov- 
Expt (3'-OH component) Amount (5'-phosphate end) (mmol) (equiv/ Time ered ered Yield 
NO. (A)  (mmol) ( B )  (B/A) P) (h) (%I (%) Product (96) 

d(  M e 0 T r ) T  5.80 dpi bG -T( i b) 2.9 (0.5) 1.0 5 32 d(Me0Tr)T-ibG-T 34 
d(Me0Tr)T-ibG-T 0.78 dpibG-ibG(ib) 1.3 (1.7) 1.0 5 26 32 d(Me0Tr)T-ibG-T- 28 

d(Me0Tr)T- ibG-T 0.40 dpibC-bzA(ib) 1.8 (4.4) 1.0 5 22 57 d(Me0Tr)T-ibG-T- 21 
ibG-ibG 

ibG-bzA 
1 dCEpbzA-bzA 3.5 dpT(Ac) 14 (4.0) 0.77 2.8 9 dpbzA-bzA-T 45 

1 dCEpbzA-bzA-T 2.6 dpT(Ac) 12.5 (4.8) 0.7+ 3 dpbzA-bzA-T-T 39 

2 d C E p b 7 A - b ~ A  3.0 dpT(Ac) 9.5 (3.2) 0.7t 2.3 8 dpbzA- bzA-T 48 
3 dCEpbzA-bzA 2.0 dpT(Ac) 10.8 (5.4) 1.0 5 dpbzA-bzA-T 36 

2 dCEpbzA-bzA-T 0.4 dpT(Ac) 2.5 (5.6) 1.0 5 dpbzA- bzA-T-T 23 
dCEpbzA-bzA-T-T 0.8 dpibG-T(ib) 1.6 (2.0) 1.0 5 12 dpbzA-bzA-T-T- 28 

ibG-T 
d( Me0Tr)T-ibG- 0.08 dpbzA-bzA-T-T- 0.1 I (1.25) 1 .O 5 61 44 d(Me0Tr)T-ibG-T- 19 
T-ibG-bzA i bG-T( ib) ibG-bzA-bzA-bzA- 

T-T-i bG-T 
d C  Epi bG-bzA 1.4 dpibG(ib) 7.0 (5.0) 1.0 5 dpi bG-bzA-i bG 9 
dCEpbzA-bzA-T- 0.04 dpibG-bzA-ibG(ib) 0.04 (1.0) I .O 5 21 39 dpbzA-bzA-T-T- 12 
T-ibG-T ibG-T-ibG-bzA-ibG 

a T P S  unless indicated with t ,  equiv per phosphate group dissociation in the two components. Percent of the original amount for further 
condensation without additional purification. 

absorbance and purity checked by thin-layer and paper chro- 
matography before and after removal of protecting groups. 
N-Acyl protecting groups were removed by treating aliquofs 
of column fractions with concentrated ammonium hydroxide 
in a sealed tube at 50 O C  for 2-3 h.  Solutions were diluted to 
50% pyridine and evaporated under vacuum. The pH was 
controlled by addition of dilute TEAB buffer. Monomethox- 
ytrityl groups were removed from N-deprotected compounds 
by room temperature treatment with 80% acetic acid for 1 h. 
After monitoring the purity of column effluents, the desired 
protected deoxyoligonucleotides were pooled, diluted to 50% 
with pyridine, concentrated in vacuo at room temperature, and 
collected as precipitates from anhydrous ether. 

Isolation of deoxyoligonucleotides free of protecting groups 
was by gradient elution on columns of DEAE-cellulose packed 

in 7 M urea. Sodium chloride was the eluting salt. Urea and 
salt were removed by passage through a column of Bio-Gel P-2 
(Bio-Rad). Samples were stored frozen at -80 O C  in water 
adjusted to pH 7 with ammonium hydroxide. 

Results 
The plan outlined in Figure 1 required the synthesis of seven 

deoxyoligonucleotides ranging in size from pentanucleotide 
to dodecanucleotide. These deoxyoligonucleotides are indicated 
by brackets with the segment numbers inserted into the 
brackets. Because of the twofold rotational symmetry in this 
DNA, several deoxyoligonucleotides such as d(A-A-T-T) and 
d(A-A-T-T-G-T) can be used more than once. Wherever 
possible, the syntheses were designed so that multiple use of 
such blocks was possible. 
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TABLE 11: Summary of Reaction Conditions, Recoveries, and Yields for Segments 4 and 7. 
-. 

Oligonucleotide Starting Block" 
Starting Chain Block Amount MS" or Reaction Chain Recov- 

(3'-OH component) Amount (5'-phosphate end) (mmol) T P S  Time Recovered ered Yield 
(A) (mmol) (B) (B/A)  (equiv/P) (h)  (%) (%I) Product ("/I 

dCEpbzA-anC I .4 dpbzA(Ac) 6.3 (4.3) 0.7+ 2.75 31 dpbzA-anC-bzA '7 

dCEpbzA- bzA-T-T" 0.2 dpanc-anC(Ac) 0.5 (2.5) I .O 5 d p bz A- bzA- T- T- 35 

d C  EpbZA- bzA-T-T- 0.07 dpbzA-anC-bzA- 0.3 (3.9) I .O 5 39 dpbzA-bzA-T-T- -* 

dCEpT-anC 0.2 dpbzA-anC-bzA- 0.1 (0.5) 1.0 5 dpT-anC-bzA-anC- 3 I 
(Ac) bzA 

anC-anC 
7 7  

anC-anC (Ac) anC-anC-bzA-znC- 
bz.4 

' T P S  unless indicated with t, equiv per phosphate group dissociation in the two components. Percent of the original amount for further 
condensations without additional purification. Synthesis summarized i n  Table I .  

dlMaOTr IT 

1 dlp~bG-Tlibll 

dlT-G-T-G-GI d ~ l M a O T ~ I T - i b G - T - ~ b G - b i A - b ~ A - b r l P - T - T - ~ b G - T  I 
Seqmenl  I 

I 1  N H 3  I S ]  H I  

dlCEpbiA-bIA-T-T-,bG-T I dlT-G-T-G-A-A-A-T-T-G-T)  
Saprnant 5 

dCpibG-bzA-lbGlib)l 1 
1 "3 

d I C E p b z A - b i A - T - T - ~ b t - T - l b G - b ~ A - i b G l  

alp&-A-1-5-G-1-G-A-0) 
Seqrnanl 2 

I-IGURE 3 :  Steps in the synthesis of segments 1, 2, and 5 .  

Segments 1,2,  and 5 were synthesized using the steps shown 
in Figure 3. A summation of the synthetic steps is shown in 
Table 1. For the synthesis of segments 1 and 5, the first step was 
condensation of the nucleoside, d(MeOTr)T, with the dinu- 
cleotide d[pibG-T(ib)]. The condensing agent was TPS and 
the product was isolated by a partition method developed 
previously (Caruthers and Khorana, 1972). To complete the 
synthesis of segment 1 ,  the trinucleotide was condensed with 
the dinucleotide d[pibG-ibG(ib)] and the product purified by 
anion-exchange chromatography. The synthesis of segment 
5 utilized the same trinucleotide but the dinucleotide was 
d[pibG-bzA(ib)]. Again the product pentanucleotide was 
isolated by anion-exchange chromatography. As the final step 
in this synthesis, d[pbzA-bzA-T-T-ibG-T(ib)] was condensed 
with the pentanucleotide. The product in 1% yield was isolated 
by anion-exchange chromatography. As can be seen in Table 
I ,  the ratio of pentanucleotide to hexanucleotide in the con- 
densation step was only 1.25 and TPS was used for the con- 
densation. Less degradation of these rather large deoxyoli- 
gonucleotide blocks occurs when the ratio is close to equiva- 
lence and TPS is used as the activating agent. Approximately 
61 and 44% of the methoxytrityl segment and hexanucleotide 
block, respectively, were recovered. Since these compounds 
have been used for many different condensations, a high re- 

dlCEpbzA-bzA-T-T 1 

dtpanC-onC(Ac)l ! 
d[CE pbzA-bzA-T-T-ant-anC3 

dCpbzA-anC- bzA(Ac11 I 
dt CEpbrA-bzA-T-T-anC-onC-brA-anC-bzAl 

I "3 
d (  PA-A-1-T-C-C-A-C-A) 
S e g m e n t  7 

dCCEpT-anW 

dtpbzA-anC-bzA(Ac) I 1 
d [ C E p T - a n C - b z A - a n C - b z A 1  

1 "3 
d(pT-C-A-C-A 
S e g m e n t  4 

F I G U R E  4: Steps in the synthesis of segments 4 and 7 

covery was desirable. The hexanucleotide d[pbzA-bzA-T- 
T-ibG-T] was synthesized in a stepwise fashion using the /3- 
cyanoethyl group to protect the 5'-phosphate (Weber and 
Khorana, 1972). Finally, segment 2 was prepared using 
equivalent molar amounts of d[CEpbzA-bzA-T-T-ibG-T] and 
d[pibG-bzA-ibG(ib)]. The isolated yield of homogeneous 
nonanucleotide was 12%. 

For the synthesis of segments 4 and 7 ,  the trinucleotide 
d[pbzA-anC-bzA] was used twice. The tetranucleotide 
d[pbzA-bzA-T-TI used in segment 7 was recovered from the 
synthesis of d[pbzA-bzA-T-T-ibG-TI. The multiple use of 
these blocks reduced significantly the chemical synthesis 
outlined in Figure 4 and summarized in Table 11. Segment 7 
was prepared by condensation of d[CEpbzA-bzA-T-T] with 
d[panC-anC(Ac)] . The resulting hexanucleotide was obtained 
pure in 35% yield. Further condensation with d[pbzA-anC- 
bzA(Ac)] gave the nonanucleotide in 22% yield. In a similar 
fashion, segment 4 was prepared by condensation of dCEpT- 
anC] with d[pbzA-anC-bzA(Ac)]. The pentanucleotide in 
fully protected form was isolated by anion-exchange chro- 
matography before removing the @-cyanoethyl group. The 
product has a net negative charge of 5 whereas the pyrophos- 
phate of d[pbzA-anC-bzA(Ac)] has six negative charges. 
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T A B L E  I I I :  Summary of Reaction Conditions, Recoveries, and Yields for Segment 3. 

Starting 
Oligonucleotide Chain Blockb 

Starting Chain Block Amount MS’ or Reaction Recov- Recov- 
Expt (3’-OH component) Amount (5’-phosphate end) (mmol) TPS  Time ered ered Yield 
No. (A) (mmol) ( 9 )  @/A)  (equiv/P) ( h )  (%) (%.) Product (%) 

I d (Me0Tr )anC 

2 d( Me0Tr)anC 

d( Me0Tr)anC-ibG- 
ibG 

dCEpbzA-bzA 
d(  Me0Tr)anC-ibG- 

ibG-bzA-T 

d( Me0Tr)anC-ibG- 
i bG- bzA-T-bzA- 
bzA-anC 

2.8 dpibG-ibG(ib) 1.4 (0.5) 

d pi bG-i bG ( i b) 

dpbzA-T( Ac) 

2.0 dpanC(Ac) 10 (5) 
0.2 dpbzA-bzA-anC- 0.6 (3.2) 

(Ac) 

0.05 dpbzA-bzA-T- 0. I (1.9) 
T(Ac)[ 

1 .o 5 43 d(Me0Tr)anC-ibG- 32 
ibG 

38 d(Me0Tr)anC-ibG- 48 
ibG 

1 3  66 d(Me0Tr)anC-ibG- 17 
ibG-bzA-T 

0.7t 2.15 dpbzA-bzA-anC 32 
1 .O 5 28 42 d(Me0Tr)anC-ibC- 44 

ibC-bzA-T-bzA- 
bzA-anC 

i bG-bzA-T-bzA- 
bzA-anC-bzA- 

5 34 20 d(Me0Tr)anC-ibG- 25 

bzA-T-T 

T P S  unless indicated with t ,  equiv per phosphate group dissociation i n  the two components. Percent of the original amount for further 
condensations without additional purification. Synthesis summarized in Table I .  

Separation was therefore possible. Attempted separation after 
removal of the P-cyanoethyl group would have been unsuc- 
cessful since both components then have a net negative charge 
of six. Furthermore, TPS which generates very little pyro- 
phosphate was used during the condensation step. The pen- 
tanucleotide was isolated pure in 3 1% yield. 

The synthesis of d(C-G-G-A-T-A-A-C-A-A-T-T) was 
performed using the steps shown in Figure 5. Table 111 contains 
a summation of the experimental data. The first step was 
condensation of d(Me0Tr)anC with d[pibG-ibG(ib)]. The 
product was isolated by the partition method in 32% yield. The 
trinucleotide was next condensed with d[pbzA-T-Ac)] to form 
the pentanucleotide which was purified by anion-exchange 
chromatography. The next step was condensation of the pen- 
tanucleotide with d[pbzA-bzA-anC(Ac)]. The yield was 44% 
and the recovery of starting material was satisfactory. The final 
step was condensation of the octanucleotide with d[pbzA- 
bzA-T-T(Ac)]. Again the yield of dodecanucleotide was sat- 
isfactory (25%) and a significant amount of octanucleotide 
(34%) was recovered. 

Synthesis of the undecanucleotide (segment 6) which rep- 
resents nucleotide sequence 10-20 of the bottom DNA strand 
was performed by the steps shown in Figure 6 and is summa- 
rized in Table IV. The initial condensation was d(Me0Tr)T 
with d[pbzA-T(Ac)]. The product in 62% yield was isolated 
by the partition procedure. The trinucleotide was condensed 
with d[panC-anC(Ac)] to form the pentanucleotide and the 
product (40%) isolated by anion-exchange chromatography. 
The pentanucleotide was condensed with d[pibG-anC(ib)] to 
give the heptanucleotide in 25% yield. Finally the undecanu- 
cleotide was formed by condensation of the heptanucleotide 
and d[pT-anC-bzA-anC(Ac)] . Again equivalent molar 
amounts of the two components were used and the yield was 
12% for the undecanucleotide. 

Amounts of deoxyoligonucleotides available in protected 
form are shown in Table V.  Further analysis by removal of 
protecting groups followed by chromatography on DEAE- 
cellulose in 7 M urea indicated that segments 1,2,4, and 7 were 
homogeneous. No additional peaks or shoulders on the main 
peak were observed. However, segments 3,  5, and 6 fraction- 
ated by this technique into a main band which in all cases was 

d1MeOTr)anC 

d pi bG- i bGli b)l 

d tpbzA-T(Ac) l  

! 
1 

1 

d[(MsOTr)anC-ibG-ibGI 

dlpbzA-bzA-anC(Ac) I 

dt(Me0Tr)anC-ibG-ibG-bzA-T I 

df1MsOTr)anC-ibG-ibG-bzA-T-bzA-bzA-anC 1 

dlpbzA-bzA-T-T(Ad1 

I )  N H 3  

dl~Ms0Tr~anC-ibG-ibG-bzA-T-bzA-bzA-anC-bzA-bzA-T-T 1 

1 2) H’ 

Segment 3 
d(C-G-G-A-T-A-A-C-A-A-T-TI 

FIGURE 5 :  Steps in the synthesis of segment 3 .  

found to be the product and at least one other peak containing 
unidentified components. These purified segments were ana- 
lyzed by the two-dimensional sequencing technique. Segment 
5 was analyzed by the same technique after passage through 
Sephadex G-75. The results of these analyses are shown in 
Figures 7 and 8. All compounds studied displayed a major set 
of spots which confirmed the nucleotide sequence of the syn- 
thetic products. When analyzed carefully by prolonged ex- 
posure to x-ray film, all samples were found to contain minor 
unidentified spots. This was especially obvious with samples 
of d(A-A-T-T-C-C-A-C-A) and d(T-A-T-C-C-G-C-T-C- 
A-C). Segment 5 was impure. No technique has yet been found 
satisfactory for purifying segment 5. The sequencing data in- 
dicated that approximately half the sample contained a mod- 
ified nucleotide at site 27 (see Figure 2). This pentanucleotide 
had a net negative charge that was greater than the correct 
sequence (dTGTGA). Possibly adenine had been deaminated 
during the chemical synthesis to form hypoxanthine. For the 
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T A H I . ~ .  IV: Summary of Reaction Conditions. Recoveries. and Yields for Segment 6. 

Oligonucleotide 
Block Starting 

Starting Chain (5'-phosphate Amount MS" or Reaction Chain Blockh 
(3'-OH component) Amount end) (mmal) TPS . Time Recovered Recovered Yicld 

(A) (mmol) (B) @/A) (wiv /P )  .(h) (%) (%) Product (94 

d(Me0Tr)T 4.0 dpbzA-T(Ac) 2.5 (0.6) 1.0 5 21 d(Me0Tr)T-bzA-T 6 2  
c 

d( Me0Tr)T-bzA-T I .6 dpanC-anC(Ac) 2.0 ( I  .25) I .O 5 '  24 d(Me0Tr)T-bzA-T- 40 
anC-anC 

d(Mc0Tr)T-bzA-T- 0.55 dpibC-anC(ib) 0.55 (1.0) 1.0 5 13 d(Me0Tr)T-bzA-T- 25 
anC-anc anC-anC-ibC-anC 

dCEpT-anC 0.5 dpbzA-anC(Ac)0.25 (0.5) 1.0 5 dpT-anC-bzA-anC 35 
d(  Me0Tr)T-bzA-T- 0.09 dpT-anC-brA- 0.09 ( I  .O) I .O 5 30 30 d(Me0Tr)T-bcA-T- 12 

anC-anC-ibG-anC anC(Ac) anC-anC-ibC-anC- 
T-anC-bzA-anC 

TPS unless indicated with t, equiv per phosphate group dissociation in the two components. Percent of the original amount for further 
condensation without additional purification. 

TARI  I v: Summarv of Yicldr for Seements 1-7 

Segment Amount 
Dcoxvalieonucleotide NO. ( m o l )  

d[~MeOTr)T-ibC-T-ibC-ib(i] I 220 
d [pb~.A-bzA-T-T-ibC-T-ibG-bzA-ibC] 2 4.8 
d II MeOTr)anC-ibC-ibC-bzA-T-bzA- 3 13.2 

I. 

bi  A-and-bi A-bl A-T-TI 
d [pT-anC-b7A-anC-bzA] 4 30.9 
dl (  McOT~)T-ibC-T-ibC-bz/\-b~A- 5 16 .. 

b7.A-T-T-ibC-TI 

8°C-T-anC-bzA-anC1 

ii nC-hTA I 

d[( Me0Tr)T-bzA-T-anC-anC-ibC- 6 10.8 

d[pbzA-beA-T-T-anC-anC-bz/\- 7 15.4 

other segments, the mobility shifts are consistent with those 
calculated using an empirical formula previously developed 
(Jay et al., 1974). Some of the mobility shifts for di- and tri- 
nucleotides were difficult to interpret using this formula. In 
segments 2 and 7, for example, the degradation ofdpA-A to 
dpA is not consistent with the calculated shift. The calculated 
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I l < i U R t  7: Two-dimensional analysis of segments dTGTGG(A). 
AATTGTGAG(B), dCCGATAACAATT(C), and dTCACA(D). 
Electrophoresis was along the longitudinal axis and homochromatography 
the verlicle axis. Nucleotide losscs are recorded between the appropriate 
spots. 

result would indicate loss of dpG or dpA. This problem was 
solved by extracting the dinucleotide spot from the T L C  plate 
followed by cochromatography with a mixture of the four 
possible dinucleotides (dpA-A, dpA-C, dpA-G, and dpA-T). 
All the radioactivity comigrated in two solvent systems (sol- 
vents C and D, Weber and Khorana, 1972) with the spot cor- 
responding to d(pA-A) and d(pA-C). Because of the mobility 
shift, the dinucleotide could not be d(pA-C) and therefore had 
to be d(pA-A) which is consistent with the expected synthesis. 
The two-dimensional pattern shown for segment 3 begins with 
the dinucleotide d(pC-G). The loss of dpG to give dpC was 
demonstrated by running the electrophoresis in the first di- 
mension for a much shorter time before the homochromato- 
graphy step (data not shown). 
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many steps. the isolated yields of protected oligonucleotides 
are not high. The yields reported here represent only the C O I L  
umn fractions of highest purity which were used for the next 
step in the sythesis. Impure fractions containing mostly product 
are not included in the reported yields. 

Deoxyoligonucleotides isolated i n  completely deprotected 
form appear essentially homogeneous when analyzed by the 
two-dimensional sequencing technique. Segment 5 was an 
exception since it  appeared to be about 50% pure. However, 
most of the work presently being pursued does not utilize this 
segment. The base paired duplex 1-26 has been prepared with 
d(A-A-T-T-G-T) (Yansura et al., 1977). Furthermore by 
enzymatic joining with T4 ligase and repair synthesis with 
DNA polymerase I, segment 5 can be utilized to prepare the 
correct 31-base-paired duplex. DNA polymerase I does not 
appear to use the modified segment 5 as a template for repair 
synthesis (unpublished experiments of D. Yansura and D. 
Goeddel). For future work the effect of trace impurities, 
present in all chemical syntheses, on interpretation of results 
with lac repressor must be critically evaluated. Previous results 
indicated that these impurities may be removed during the l i -  
gase catalyzed joining steps (Caruthers et al., 1972). This 
possibility is being actively investigated i n  our laboratory. 
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Studies on Gene Control Regions. 2. Enzymatic Joining of Chemically 
Synthesized Lactose Operator Deoxyribonucleic Acid Segments? 

D. G.  Yansura, D. V. Goeddel, and M. H. Caruthers* 

ABSTRACT: The T4 polynucleotide ligase catalyzed joining 
of six chemically synthesized deoxypolynucleotides corre- 
sponding to lactose operator DNA has been investigated. 
Joining was studied using various combinations of segments. 
Joining reactions involving multiple sites and the formation 
of duplex operator DNA were complete in a few hours. Joining 

F o r  investigations on how lac operator interacts with lac 
repressor, the DNA that binds repressor tightly has been 
chemically synthesized (Goeddel et al., 1977). The plan in- 
volved the chemical synthesis of seven deoxyoligonucleotides 
ranging in size from a pentanucleotide to a dodecanucleotide. 
The present paper describes investigations on the enzymatic 
joining of these segments or partial segments in various com- 
binations to form polydeoxyoligonucleotides corresponding 
to lac operator DNA. 
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reactions involving a single site and the formation of only one 
strand of operator DNA required several days and repeated 
annealing in order to go to completion. These studies have 
permitted the synthesis on a preparative scale (several nano- 
moles) of operator duplexes and operator single strands. 

The plan for synthesis of lac operator DNA’ is shown in  
Figure 1. The rationale for this particular plan is outlined in 
the previous paper (Goeddel et al., 1977). The purpose of the 
work presented in  this paper was to investigate possible path- 
ways for preparing operator DNA. Previous work had indi- 
cated that in general each ligase joining reaction must be ex- 
amined individually (Khorana et al., 1972, 1976; Harvey et 
al., 1975) in order to maximize yield. For reasons which are 
not yet well defined, some ligations go better than others. 
Furthermore one set of reaction conditions is usually not sat- 
isfactory for all ligase joining reactions. Therefore of major 

I Abbreviations used: DEAE, diethylaminoethyl; Tris, tris(hydroxy- 
methy1)aminomethane; hyphenated numbers within brackets represent 
chemically synthesized deoxyoligonucleotides as defined in Figuw 1 that 
have been enzymatically joined. The numbers left to right within brackets 
refer to the DNA sequence 5’ to 3’. The actual sequence of each deoxyo- 
ligonucleotide defined by the numbers is given in Figure 1. The symbol 
[/] is used to indicate that the segments within brackets form a base-paired 
duplex. 
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