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ABSTRACT
Bacteriophage T4 a- and B-glucosyltransferases link glucosyl units

to the 5-HMdC residues of its DNA. The monoglucosyl group in a-linkage
predominates over the one in B linkage. Having recently reported on the
nucleotide sequence of gene agt (1) we now determined the nucleotide se-
quence of gene Bgt. The genes were each cloned on a high expression vec-
tor under the control of the Vp promoter. After thermo-induction the
proteins were isolated and puri'ied to homogeneity. To verify that the
translational starting sites and the proposed reading frames are effec-
tive in vivo the sequence of the first 31 amino acid residues from gpagt
and the first 30 amino acid residues from gpBgt were determined by Edman
degradation.
The primary structures of the two proteins seem to have only limited struc-
tural similarities. The results are discussed comparing secondary structure
predictions and homologies with other proteins from the protein sequence
database of the Protein Identification Resource.

INTRODUCTION
Bacteriophages T2, T4 and T6 are known to carry in their DNA the

pyrimidine base 5-hydroxymethylcytosine (5-HMC) in place of cytosine (2).
In T4 DNA all 5-HMC residues are glucosylated, 70% in a-glycosidic and
30% in B-glycosidic linkage (3). The two enzymes catalyzing the transfer
of the sugar from UDPG to the hydroxymethyl group of 5-HMC are a- and
B-glucosyltransferase, respectively. The basis for the differential gluco-
sylation is attributed in part to nearest neighbour conditions around the
5-HMC residues in a DNA molecule (4,5), but intracellular Mg2+ concen-
tration and physiological partitioning (6) might be additional factors.
The glucosyl-residues linked to 5-HMC prevent the in vivo restriction
of the infecting viral DNA by means of the rgl system of the host, which
recognizes and cleaves 5-HMC-containing DNA (for a review see ref. 7).
The biological function of the glucosylation is not limited to protection
of the infecting DNA, but it also influences transcription in vivo and
in vitro (8, 9, 10). Josse and Kornberg (11) had previously purified both
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enzymes and gave evidence that the general reaction mediated by the two

polypeptides is
UDP-glucose + HMdC-DNA = UDP + glucosyl-HMdC-DNA

In their study T4 13-glucosyltransferase (gpBgt) differed from a-gluco-
syltransferase (gpagt) in its requirements for sulfhydryl, ionic environ-
ment, and in the extent of glucosylation of different 5-HMC-containing
deoxyribonucleic acids. However, to date the enzymes have not been thor-
oughly characterized.
Gene agt is located between genes 47 and 55 on the genetic map of bacte-
riophage T4 and gene I3gt is located between genes 41 and 42 (12, 13, 14).
In vivo transcription of the two genes seems to take place at early and
quasi late times of the viral growth cycle, and the amount of enzyme gene-
rated in the cells is relatively limited.
Recently we published the nucleotide sequence of gene agt (1), which codes
for a polypeptide of 400 amino acid residues (Mol. wt. of 46,651 daltons).
We now report the nucleotide sequence of gene Bgt and the purification and
partial characterization of the of a- and B-glucosyltransferases from over-
producing bacteria.

MATERIALS AND METHODS
Agarose was purchased from Sigma Biochemical Company and acrylamide

and N,N'bisacrylamide from Serva, Heidelberg. Biodyne nylon membranes
(BNNG2) used for hybridization were obtained from Pall, Dreieich, unlabel-
led deoxyribonucleoside triphosphates from Boehringer, Mannheim, dideoxy-
ribonucleoside triphosphates from PL Biochemicals, a-32P-dATP (400 Ci/mmol)
and uridine diphospho-D- 6-3H glucose (4.7 Ci/mmol) from Amersham Buch-
ler. The ion exchange and gel filtration media were DE52 (Whatman), Bio-
Rex7O (BioRad), and Sephacryl S200 (Pharmacia).
Enzymes: T4 DNA ligase was isolated by a combination of methods described
in the literature from a ligase-overproducing E. coli strain. (15, 16,
17, 18). Restriction endonucleases were either isolated as described (19)
or they were purchased from Boehringer or Bethesda Research Laboratories.
E. coli DNA polymerase I, nuclease SI and alkaline phosphatase were obtained
from Boehringer, Mannheim.
Bacteria and Phages: T4 dC-DNA was prepared by growing the pentuple mutant

T4 42- (amN55x5)-56-(amE51)-denA-(nd28)-denB-(D2a23)-alc-(alcl0) on E. coli
B834 gal (U56)(met, galFU, su&). Due to several point mutations in genes
of the nucleotide pathway, this strain replaces the HMC in its DNA by cy-
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tosine when grown on a permissive host. Cytosine-containing T4 DNA is
cleaved by restriction endonucleases, T4 wild type DNA, with few exceptions,
is not. Marker rescue experiments were carried out with the amber double
mutant T4 agtg(am8), 3gtf(amlO) grown on E. coli CR63. The phages were
kindly supplied by Dr.J.S.Wiberg and E. coli B834 by Dr.E.M.Kutter.
M13 mp8 and mp9 phages were grown on E. coli JM103 [A(lac,pro),supE, thi,
strA, endA, sbcB15, hsdR4,(F'traD36, proAB, lacIqZAM15)]. The M13 phages
and E. coli JM103 were obtained through Dr.R.Eichenlaub. E. coli K12 1100
(XNM 989)3, the ligase-overproducing strain, was kindly donated by Dr.K.Murray.
E. coli W4597, which has a deficiency in the pathway involving UDPG-phospho-
rylase and which upon infection yields wild type phage progeny carrying
non-glucosylated DNA (20, 21), as well as bacteriophages T2 and T6, were
taken from this institute's collection.
Plasmids: The vector for the construction of a T4 clone library was pBR322
(22) which was grown in E. coli JA221, a derivative of E. coli C600. The
genetic markers are recAl, leuBG, trp ES, hsdR-, hsdM+, lacy. For
the expression of the enzymes plasmid vector pPLc2833 (23) was transformed
first into E. coli MC1061 [araD139, A(ara,leu)7697, AlacX74, galUl,
galK, hsr, hsm, strA] for selection and amplification and
then for expression intoK12tJlAtrp [Smr, lacZam, Ltio-uvrB, AtrpEA2
( XNam7,Nam53,cI857,1i1)]. The expression vector and both host strains
were kindly supplied by Dr.E.Remaut.
DNA Sequencing: The subclones necessary for the sequencing procedure were
constructed as already described (1). Restriction fragments carrying gene
Bgt were either subjected to further digestion with restriction endonucle-
ases Taql, Sau3A, Hinfl, HpaII, and AluI, which cleaves T4 DNA frequently,
or they were broken by sonic shear (24). The subfragments were cloned in-
to M13mp8 and sequenced at random. Sequencing by chain termination (25)
and preparation of buffer gradient gels was carried out as described for
32a2P-dATP by Biggin et al. (26). Single- and double-stranded M13 DNA was

prepared by the method of Messing et al. (27). For all transfections we
followed the method of Dagert and Ehrlich (28) and in later experiments
that of Hanahan (29). As the sequencing progressed, M13 clones which carry
DNA fragments spanning gaps in the sequence were identified by dot and
plaque hybridization (30, 31, 32).The DNA sequencing data were compiled
and analyzed using the computer programs of Staden (33).
Marker Rescue Experiments: E. coli JM103 were infected with phage M13
carrying defined DNA inserts. The M13-infected bacteria were grown to
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5x108 cells per ml. Cells were then superinfected with T4 agt (am8),
Bgt7(amlO) with an m.o.i. of 5. After two hours of incubation at 370C
the bacteria were lysed by the addition of chloroform. Phage progeny were
titered on E. coli K803 or on E. coli JM103 for total phage count and
on E. coli BA for wildtype recombinants.
Purification of Enzymes: All operations were carried out at 0-4°C
unless otherwise stated. Cells were grown in 1 liter of a tryptone-
broth-yeast medium (TBY) containing 100 mg of ampicillin. For efficient
aeration the culture was grown in a 3-liter Erlenmayer flask on a New
Brunswick shaker at 300C. When the cells reached a density of about
5x108 per ml, they were induced by the addition of 340 ml of TBY at
900C. This manipulation brought the temperature of the medium at once
to about 420C. Cells were allowed to continue growth at this tempera-
ture for another 2h. Induced cells were harvested by centrifugation for
10 min at 5 OOOxg yielding 3-5 g of cell paste.
Isolation ofa-Glucosyltransferase: 5 g of induced cells were resuspended
in 40 ml of buffer A containing 50 mM Tris-HCl, pH8.0, 10 mM EDTA, 10 mM
dithioerythritol (DTT) and 0.02 mM phenylmethylsulfonyl fluoride. Resus-
pended cells were sonicated with a Branson sonifier for 6 x 30 sec at
maximum energy output. Cell debris was sedimented by centrifugation for
30 min at 48 000xg. To 38 ml of the centrifugation supernatant 62 ml of
a solution of ammonium sulfate, saturated at 4°C, were added. After
30 min of stirring the precipitate was collected by centrifugation for
20 min at 27 OOOxg. The protein pellet was resuspended in 10 ml of buffer
B containing 20 mM Tris-HCl, pH 7.4, 1 mM EDTA and 5mM 1-mercaptoethanol
(B-ME). After dialysis against buffer B the protein was applied to a column
(18x2 cm) of BioRex7O eqilibrated with buffer B. The column was washed
with two volumes of buffer B (EDTA omitted) and developed with a linear
gradient from 0.1-0.8 M NaCl in buffer B. a-Glucosyltransferase elutes
at about 0.35 M NaCl. The peak fractions were pooled and dialysed against
buffer C containing 20 mM Tris-HCl, pH 7.8, 50 mM NaCl, and 5mM B-ME.
The protein then was applied to a DEAE column (10xi cm), equilibrated
with buffer C. The column was washed with two volumes of buffer C and
eluted with a linear gradient from 0.05 M-0.3 M NaCl in buffer C. The
enzyme elutes at about 0.12 M salt. The peak fractions were concentrated
by dialysis against buffer D containing 50 mM Tris-HCl, pH 8.0, 1 mM DTT
and 50% glycerol and stored at -200C. No appreciable loss of activity
was observed during 2-3 month.
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Isolation of B-Glucosvltransferase: 5g of induced cells were resuspended
in 10 mM potassium phosphate, pH 8.0, containing 1 mM DTT (buffer A).
Cells were sonicated as described for gpagt and cell debries were removed
by 20 min centrifugation at 14 OOOxg, followed by 2h of centrifugation
at 100 OOOxg. The supernatant was applied to a column of BioRex7O (20x1 cm)
equilibrated in buffer A. The column was washed and thereafter developed
with a linear gradient from 0-1 M NaCl. The enzyme eluted at about 0.35 M
salt. The peak fractions (16 ml) were collected and the protein was preci-
pitated by the addition of 9g of crystalline ammonium sulfate (final con-
centration about 80%). The precipitate was collected by centrifugation for
15 min at 27 OOOxg, resuspended in buffer A, dialyzed, and transferred to
a Sephacryl S200 column (30x1.8 cm). The column was developed with buffer
A containing 100 mM NaCl. The enzyme fractions were pooled and concentrated
by dialysis against storage buffer which contained10 mM potassium phosphate,
pH7.0, 0.25 mM DTT, and 50% glycerol. The enzyme was stored at -200C. The ac-
tivity of the enzyme decreased to 50% during a storage through 3 months.
Enzyme Activity Assay: The glucosylation of 5'HMC residues was measured
by incorporation of 3H-glucose into an HMC-containing DNA acceptor after
incubation with 3H-UDPG in the presence of a- or 1-glucosyltransferase.
The mixture for agt contained in a 100 ul volume 100 mM Tris-Hcl, pH 8,
80 mM B-Me, 20 mM ammonium sulfate, 3.4 ug T4* DNA (isolated from T4 phage
progeny grown in E. coli 4597), 0.5 uCi 3H UDPG (spec. act. 4.7 Ci/mmol),
0.1 mM of unlabeled UDPG, and variable amounts of gpagt. Incubation was
at 300C for 15 min.
The assay mixture for Bgt contained in a 100 ul volume 100 mM potassium
phosphate, pH 7.6, 25 mM MgCl2, 3.4 ug of T4*DNA, 0.5 uCi of 3H-UDPG
(spec.act. as given above), 0.1 mM of unlabeled UDPG and variable amounts
of gpBgt. After 15 min of incubation at 30°C the DNA was precipitated
with 7% perchloric acid (PCA). The precipitate was collected by centrifu-
gation, washed with 5% PCA, then with 80% ethanol. The sediment was taken
up in 100 ul of 2N NH40H, pipetted onto Whatman 540 filters, dried and
counted in a toluene scintillation cocktail.
Protein Structural Characterization: Automated Edman degradations were

performed on the intact, unmodified proteins (380-2500 pmol) with an Ap-
plied Biposystems model 470A gas-phase sequenator (34). Polybrene was
prepared essentially as described by Lai (35) and precycled once in the
sequenator. Phenylthiohydantoin (PTH) amino acids were identified by HPLC
on an IBM Cyano column (36) using a modified 20 min program, a column
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buffer composed of 5% tetrahydrofuran in 20 mM Na-acetate, pH 5.2, and
an acetonitrile gradient. Amino acid analysis was performed as described
by Tarr (37) using HPLC on a Beckman ultrasphere ODS column to separate
and quantify phenylthiocarbamyl (PTC) derivatized amino acids.
Search for Homologous Sequences: The Protein Identification Resource
data bank of the National Biomedical Research Foundation (3061 sequences,
February 1985 revision) was searched for homologous sequences, using a
25 residue window probe on a VAX/VMS computer according to Dayhoff (38).
Other computer homology search systems were also utilized as indicated
under Acknowledgements.

RESULTS
Determination of the DNA Sequence of gBgt

Using cytosine-containing T4 DNA isolated from purified phage parti-
cles of strain T4 JSW800 and plasmid pBR322 as a cloning vector a T4xHindIII
clone library was constructed. The ligated DNA was transformed into E. coli
JA221. Ampr,tets colonies were selected. The amplified plasmid DNA of
160 clones was isolated (39) and hybridized against patterns of restriction
fragments obtained by digestion of T4dC DNA with restriction endonucleases
SalI, XhoI and EcoRI (40). Since the physical map of T4 is well established
and aligned with the genetic map (19, 41,42), five clones could be chosen
which according to their hybridization to distinct restriction fragments
probably carried T4 gene Bgt. The T4 inserts of these five clones were se-
parated from the pBR322 DNA by HindIII cleavage and analyzed with regard
to the pattern of other restriction enzyme cleavage sites predicted to be
situated in this area of the physical map of T4. One of the clones (pHG
205) was chosen, the 2.2 kb T4 insert was purified on and recovered from
preparative agarose gels. The DNA insert was fragmented to pieces smaller
than 500 bases (43, 44,1). These subfragments were cloned into phage M13mp8
and finally sequenced by the chain termination method. A set of about 75
M13 clones carrying mutually overlapping T4 DNA inserts covered the region
between 23.24 kb and 25.46 kb on the map of T4. The nucleotide sequence
of the entire region was composed by means of a computer program (33) and
analyzed for open reading frames. In Fig.1 we show the position of 45 gel
readings which resulted in the sequence of gBgt and the position of gBgt
reading frame within the 2.2 kb sequence. The complete DNA sequence of gBgt
and the derived amino acid sequence are presented in Fig.2.
Gene f3gt was identified by marker rescue experiments. To this end E. coli
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Fig. 1: The Position of gBgt within the Physical Map of BacterioPhage
T4 and the Sequencing Strategy. The schematic outline represents the
genomic region between 23.0 and 25.0 kb on the physical map of T4 (42,
55). Shown are the positions of the restriction enzyme cleavage sites
in gBgt and its flanking regions. Phage M13 derivatives carrying the T4
inserts C.6 and SE.14 responded positively in the rescue experiments for
the genetic marker Bgt. A and B show the positions of 45 gel readings
from which the nucleotide sequence of gBgt was composed. Points represent
the 5' end of each individual sequence, bars and points together indicate
the extent of each reading.

JM103 was infected with selected recombinant M13 phages utilized in the
sequencing procedure. These cells subsequently were infected separately
with the T4 agtf,Bgtf, amber mutant. Due to recombinational events bet-
ween mutant alleles on the T4 genome and the T4 wild type alleles inserted
into the phage M13 DNA, wild type progeny are generated which can be selected
for on E. coli su strains (45). The results of the marker rescue tests
are summarized in table 1.
The product of gene Bgt is composed of 351 amino acid residues which add
up to a mol. wt. of 40 613 daltons.The polypeptide carries 15.4% of posi-
tively charged and 12.3% of negatively charged amino acid residues. A

polarity index of 48.7 was calculated according to Capaldi and Vanderkooi
(46). For a comparison the corresponding values for gpagt are 400 amino
acid residues adding up to a mol. wt. of 46 651 daltons, 15.5% of positi-
vely charged and 14.3% of negatively charged amino acid residues and a

polarity index of 51.3. Secondary structure predictions according to Chou
and Fasman (47) indicate 29% of a-helix conformation, 36% of B-pleated
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B K IA I I N N6 N k

GATCATTGGTGGAAAAC TGGCGAAACACATA TTTCGAAAAAAG6ATTAT GTAGGAAAATACGC TTAATCGT TTAACATAAAAGGAATAATA T6AAAATTGC TATAATTAATATGGGTAATA
10 20 30 40 50 60 70 80 90 100 110 120

Sau3A TaqI

V I N F K T V P S S E T I V L F K V I S EK 6 L N V D I I S L K B6 V Y T K S F
ATGTTATTAATTTTAAAACTG6TTCCATC TTCT6AAACTATTTATCTTTTTAAAGTTATTTCTGAAATGGGTCTTAATGTCG6ACATTAT TTCTC TTAAAAATGGTGTTTACAC TAAATC TT

130 140 1S0 160 170 180 190 200 210 220 230 240
Sall
Taql

KE V D V N D Y D R L I V V N S S I N F F B 6 K P N L A I L S A Q K F MA K Y K
TTGATGAAGTAGATGTTAATGATTATGACCGTTTGATAGTTGTTAATTC TTCTATTAACTTTTTTGGCGGTAAACC TAATTTAGCAATTTTATC T6CGCAAAAATTTATGGCAAAATACA

250 260 270 280 290 300 310 320 330 340 350 360
Mstl

S K I Y Y L F T D I R L P F S Q S W P N V K N R P W A Y L T E E E L L I K S P
AAAGTAAAATTTATTA TTTA TTTACAGATA TACG6TTTGCCG6TTTTCG6CAGTC TTGGCCAAATGTTAAAAATAGACCATGGGCATAT TTGTACAC TGAAGAAGA6CTAT TAAT TAAATCAC

370 380 390 400 410 420 430 440 450 460 470 480

I K V I S Q B I M L D IA KAA A K K V D N V I E F E Y F P I EK Y K I H M N D
CAATTAAAGTGATTTCCCAAGGTATAAATTTAGACATTGCTAAGGCTGCGCATAAGAAAGTT6ATAATGTTATTGAATTTGAATATTTTCCTATTGAACAATATAAAATTCATATGAACG

490 S00 S5O 520 530 540 550 560 570 580 590 600
Mstl Ndel

F Q L S K P T K K T L D V I Y B 6 S F R S 6 Q R E S K M V E F L F D T B L N I E
AT T TTCAATTA TC TAAGCC TAC CAAGAAAAC TTT6GATGTTATT TATGGCG66TTCAT TTCG66TCCGG6TCAACGCGAATCCAAGATGGTAGAAT TC TTATTTGACACCG66TT TAAATAT TG

610 620 630 640 650 660 670 680 690 700 710 720
Hpall EcoRI Hpall

Hincll
F F B AA R E K Q F K N P K V P U T K A P V F T 6 K I P M N N V S E K N S Q A I

AGTTTTTTGGCAAT6CACGAGAAAAACAGTTTAAAAATCCTAAATATCC TTGGACCAAAGCTCCGGTGTTCACT6GAAAAATTCCTATGAACATGGTATC TGAAAAGAATAGTCAAGCTA
730 740 750 760 770 780 790 800 810 820 830 840

Hpall

A A L II 6 D K N N DN N F I T L R V W E T M A S DA V M L I D E E F D T K N R
TTGCTGCATTAATTATTGGTGACAAGAATTATAATGACAAC TTTATTACCTTACGCGTCTGGGAAACAATGGCATCTGATGCAGTGATGC TAATTGACGAAGAATTTGATACCAAACATC

850 860 870 880 890 900 910 920 930 940 950 960
Nlul Taql

II N D R F Y V N N R A E L I D R V KE L K H S D V L R K EK L S I Q H D I L
GAATTATTAATGATGC TCGTTTTTATGTAAATAATCGTGC TGAACTCATTGATAGAGCATGAGT6rT^AcAAACCATGAT6TTTTGCGTAAAGAGATGC TTTC TATTCAACATGATAT TT

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

N K T R A K K A E U Q D A F K K A I D L *

TA^AATAAAAC CCG6TGCAAAGAAAGCCG^AATGGCAAGATGCGTTCAAAAAAGC TATTGATTTA TAAAAATTATGAAC TAT TAT TAGAAAGT TAT TTA TC TTTAACCG6GTGG6AATAAATG6TT
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

HpaII

Fig. 2: The Nucleotide Seauence of qBqt and the Deduced Primary Structure
of the Gene Product. The sequence of 1200 base pairs shown here contains
an open reading frame coding for 351 amino acid residues. The primary
structure of the protein is given in the one letter amino acid symbols.
The stop codon of the preceding orf and the hypothetic ribosome binding
site upstream from gfgt are underscored.

sheet and 25% of reverse turns for gpBgt. For gpagt these values were cal-
culated earlier to be 18% a-helix conformation, 44% of B-pleated sheet
and 27% of reverse turns (1). Interestingly, in contrast to gpagt which
contains 6 Cys residues, gpBgt contains no Cys and, therefore, its ter-
tiary structure is not influenced by -S-S- bonds. All 6 Cys residues found
in the amino acid sequence of rglucosyltransferase of bacteriophage T4
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Table 1: The Rescue Tests for Marker Bgt (am 10).

Plasmid iHG205 C6 SE14 pBR322 mp8

Ratio 8.0x10-3 3.3x10-3 1.8x10-3 4.6xl0-7 2.3xlO 8

Shown are the ratios of wild type progeny (titered on E. coli BA) to total
progeny (titered on E. coli JM103 or K803). Cells infecteT_w_th M13mp8-T4
hybrids and superinfected with the T4 amber mutant served as a control.
The agtf,3gt- double mutant was chosen since its growth is restrict-
ed in E. coli BA due to the rgl system (68). For experimental details
see Materials and Methods.

are conserved in the corresponding enzyme coded by bacteriophage T6, and
in the T2-coded enzyme 5 Cys residues are conserved and one is replaced
(48).
Codon Usage in gagt and g3gt.

The codon usage in these two T4 genes was compared to the one in
strongly expressed genes of E. coli (49). The results are summarized in
table 2. Generally, tripletts with C or G in the third position are used
less frequently than those with A or U. Certain codons that are rarely
used in strongly expressed E. coli genes appear more frequently in gagt
and gBgt. Among these are the ones recognized by T4 encoded tRNAs (under-

Table 2: Codon Usage in Genes aat and Bat of Bacteriophane T4.

2.
U C A 6

A.A. agt Bgt E.coli A.A agt Bgt E.colI A.A. agt Bgt E.coli A.A. agt Bgt E.coli

PHE 82.6 86.4 26
U PHE 17.4 13.6 74

LEU 19.3 52.0 3
LEU 19.3 20.0 4

LEU 25.8 16.0
C LEU 12.9 4.0

LEU 9.6 8.0
LEU 12.9 0.0

1.

6
8

79

SER 35.5 59.1
SER 9.6 13.6
SER 29.0 9.1
SER 3.2 4.5

36
34
2
S

PRO 50.0 50.0 10
PRO 0.0 0.0 1
PRO 14.3 33.3 12
PRO 35.7 16.7 77

ILE 89.6 88.6 20 THR 52.3 42.9 36
A 11E 10.4 0.0 79 THR 4.7 42.9 48

ILE 0.0 11.4 THR 33.3 14.3 5
MET 100 100 100 THR 9.4 0.0 10

TYR 77.7 78.6 26
TYR 22.3 21.4 74

HIS 90.0 80.0 20
HIS 10.0 20.0 80
GLN 46.1 80.0 18
GLN 53.9 20.0 82

ASN 81.0 85.7
ASN 19.0 14.3
LYS 90.3 77.8
LYS 9.7 22.2

8
92
71
29

CYS 66.7 .0.0 36 U
CYS 33.3 0.0 64 C

A
TRP 100 100 100 6

ARG 61.9 46.3 67 U
ARG 4.7 15.4 30 C
ARG 29.0 15.4 A
ARG 4.7 7.7 0.3 G

SER 12.9 13.6 4 U
SER 9.6 0.0 19 C
ARG 0.0 15.4 1 A
ARG 0.0 0.0 0.3 G

VAL 63.6 54.4 44 ALA 56.2 42.9
G VAL 0.0 13.6 9 ALA 0.0 4.8

VAL 31.8 18.2 27 ALA 37.5 38.1
VAL 4.7 13.6 19 ALA 6.3 14.3

37
10
25
28

ASP 84.6 68.2
ASP 15.4 31.8
GLU 87.1 81.0
6LU 12.9 19.0

36
64
76
24

GLY 72.2 69.2 54
GLY 11.1 23.1 42
GLY 16.6 7.7
6LY 0.0 0.0 3

The values for strongly expressed genes are as shown by Grosjean and Fiers (49). All values are expressed in
per cent to take into account the different amino acid compositions of the gene products. The codons underscored
are Witjse that are complementary to the anticodons of seven T4 encoded'tRNAs (69). The eigth T4 encoded tRNA,
tRNA , carries the anticodon NAU (70) and codes preferentially for AUA but also for AUC and AUU.
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lined) but also MAU, CGA and CGG. The codons CCC, GGG and AGG do not ap-
pear in either one of the genes.
Cloning Genes agt and Bgt into a High Expression Vector.

Both genes were cloned into a plasmid expression vector to obtain
substantial amounts of the enzymes. Remaut et al. (23, 50) recently con-
structed a pBR322 derivative which allows the insertion of genes down-
stream from the leftward promoter (PL) of bacteriophage X. The acti-
vity of PL is fully repressed at 280C by a thermolabile repressor (cI875).
The genetic information for this repressor is encoded in a nonexcisable
X prophage which resides in the genome of the bacterial host strain. The

prophage at the same time is deleted for the cro gene and does not express
a functional N gene product. At 420C the repressor is fully inactivated
resulting in the transcription of the inserted DNA.
Gene Bgt was isolated from plasmid pHG205 as a coherent Sau3A fragment
and cloned directly into the unique BamHI site of pPLc28. The resulting
plasmid carrying gBgt was designated pPLcBgt. Gene agt had to be fused
by ligation from two subfragments taking advantage of a SstI/SacI clea-
vage site found in its sequence (Fig.3). The major portion of the gene
was isolated from plasmid pHG28, a derivative of pBR322 carrying a 2694 bp
T4 insert which contains about 91% of gagt. The missing 9% were taken from
the M13-T4 hybrid S18 which reacts positively in marker rescue experiments
for gagt (1). The EcoRI-SalI fragment resulting from this ligation starts
about 160 bases upstream and ends about 340 bases downstream of gagt. It
was cloned into the EcoRI and SalI sites of plasmid pPLc2833, yielding
pPLcagt. Since the EcoRI site is situated 5' of the SalI site we could ex-
pect that gagt was insefrted in the proper orientation with respect to the
XPL promoter. Since in pPLc2833 there is no system selective for DNA inser-
ted at the multi-linker site, a number of ampicillin resistant colonies were
screened on polyacrylamide gels for protein over-production at 420C (Fig.4).
It can be seen that in the case of clone pPLcagt an over-produced protein
appears at approximately 46 000 dal and that with pPLcBgt a strong protein
band appears at about 40 000 dal. These molecular weights agree with the
values predicted from the nucleotide sequences of the genes.
Purification of the a- and Bgt Enzymes.

The a- and B-glucosyltransferases were purified from bacteria carrying
the T4 genes agt and tgt on expression vectors by shorter and higher yield
methods than those originally described by Josse and Kornberg (11). For the
preparation of both gene products induced cells harbouring pPLcagt or pPLcBgt
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Fig. 3: The Cloning of T4 Gene cat into a high ExDression Vector. The
cloning experiment was performed in three steps. First the larger portion
of gagt was isolated as a 1.3 kb PvuII-HindIII fragment from pHG28 (1).
This part of gagt then was cloned by blunt end ligation into the SmaI
site of phage M13mp8 resulting in the recombinant phage PH4. The double-
stranded DNA of PH4 was cleaved by restriction endonuclease BamHI and
the generated ends were converted into blunt ends using the Klenow frag-
ment of DNA polymerase I. The linearized PH4 was then cleaved with re-
striction endonuclease SstI. The resulting 8.4 kb vector fragment was
isolated and the short SstI-BamHI fragment was discarded.
In the second step the smaller portion of of gagt was isolated from the
recombinant M13 phage S.18 (1) as a 0.4 kb EcoRI-SstI fragment. To this
end M13 S.18 was first cleaved with EcoRI. To obtain blunt ends at this
position the EcoRI sites were filled in using the Klenow fragment of DNA
polymeraseI. A successive cleavage with SstI generates a 0.4 kb fragment
which was recovered from an agarose gel and then ligated into the 8.4 kb
vector fragment gained previously from PH4. The fragment was forced into
the proper direction taking advantage of the SstI sites on the one hand
and the filled in EcoRI and BamHI sites on the other. The resulting
M13-T4 hybrid was designated GT7.
In the third step GT7 was cleaved successively with EcoRI and SalI; the
resulting EcoRI-SalI fragment carries gagt. It was cloned into the
EcoRI-SalI site of pPLc2833. Note that the EcoRI sites cleaved in M13
S.18 and M13 GT7 are not identical.
In this context it should be pointed out that S18 but not PH4 reacts po-
sitively in marker rescue experiments for gcgt. Hence, the portion of
the COOH-terminus of a-glucosyltransferase coded by the last 12 triplets
is necessary for the activity of gpagt. The only codon in register which
can be mutated in one step into an amber codon is at position 1190 and
codes for Gln.
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Fig. 4: SDS-Polyacrylamide Electrophoresis of gpaqt and gpBgt.
Polyacrylamide gel electrophoresis in the presence of SDS was performed
essentially according to (67). Channel a: 25 ug of gpBgt; chaonel b:
25 ug of gpagt; channel c: crude extract of cells grown St 30 C carrying
pPLcBgt; channel d: crude extract from cells grown at 30 C and carrying
pPLcagt; channel e: crude extract from cells carrying pPLcBgt after heat
induction; channel f: crude extract from cells carrying pPLcagt after
heat induction; chann8ls g and h: crude extracts from cells carrying
pPLc2833, grown at 42 C and at 30 C, respectively. channel i: mole-
cular weight markers, of 68 kD (bovine serum albumin), 47 kD (chicken
serum albumin), 29 kD (carbonic anhydrase) and 25 kD (chymotrypsinogen).

were harvested by centrifugation and resuspended in a low salt buffer. The
cellular suspension was sonicated and cellular debris were removed by low
speed centrifugation (15 OOOxg).
Gpagt then was subjected to an ammonium sulfate precipitation up to 60%.
The precipitated protein was harvested by centrifugation, resuspended and
dialyzed against low salt buffer followed by two ion exchange chromatogra-
phies, first on BioRex70 then on DE52.
GpBgt was purified by high speed centrifugation (100 OOOxg), the supernatant
was fractionated by an ion exchange chromatography on BioRex7O, followed
by an ammonium sulfate precipitation of those portions containing the en-
zymic activity, and a fractionation on Sephacryl S200. The final enzyme
preparations appeared to be homogeneous as judged by SDS-polyacrylamide
electrophoresis and Edman degradation.
Both proteins catalyzed the reaction expected, i.e. the glucosylation
of 5-HMC-containing T4 DNA. A summary of the purification of the a- and
B-glucosyltransferases is given in Table 3. We also assayed the extent
of glucosyl transfer by the purified gene products to T2, T4*, and T6
DNA. In these experiments the HMC residues in T4*DNA were glucosylated
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Table 3: Purification Scheme for a- and B-Glucosyltransferase.

Purification of gpagt

protein spec. activity yield
mg jumoles/,ug X

crude extract 304 14.4 100
Ammoniumsulfate
precipitate 152 23.0 79.9
Bio-Rex 70 28 77.4 49.5

DE 52 12 117.1 38.2

Purification of gpBgt

crude extract 109 19.7 100

100.000 g
supernatant 85 12.4 48.7
Bio-Rex 70 15 20.2 13.5
Sephacryl G200 4 38.6 7.0

to 62.5% and 92.6%, in T2 DNA to 15.0% and 27.7% and in T6 DNA to 1.5%

and 15.0% by gp gt and gpl3gt, respectively. These results are in reasonable
agreement with those obtained by Josse and Kornberg (11). In gel sieve

chromatographies and on sucrose gradients gpBgt is fractionated into two

peaks of enzymic activity, one having approximately twice the mol. wt.

of the other. Analysis of the two enzyme fractions on polyacrylamide gels
in the presence of SDS shows identical, single protein bands suggesting

that this protein tends to form dimers (data not shown).
NH2-Terminal Sequence Analysis of the a- and B-Glucosyltransferases.

The NH2-terminal amino acid sequence of the unmodified T4a--and
B-glucosyltransferases were determined directly by automated Edman degra-
dation of the purified enzymes. The sequence of the first 31 residues
of gpagt, determined from 2500 pmoles protein (repetitive yield, 94.8%),
is Met-Arg-Ile-?-Ile-Phe-Met-Ala-Arg-Gly-Leu-Glu-Gly-?-Gly-Val-Thr-Lys-
Phe-Ser-Leu-Glu-Gln-Arg-Asp-Trp-Phe-Ile-Lys-Asn-Gly. The amino acids uni-

dentified by Edman degradation at positions 4 and 14 are cysteine residues

as deduced from the agt gene sequence. The sequence of the first 30 residues
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of gpBgt, determined from 560 pmoles protein, (repetitive yield, 97.8%)
is Met-Lys-Ile-Ala-Ile-Ile-Asn-Met-Gly-Asn-Asn-Val-Ile-Asn-Phe-Lys-Thr-
Val-Pro-Ser-Ser-Glu-Thr-Ile-Tyr-Leu-Phe-Lys-Val-Ile. Both the agt and
Bgt N-terminal sequences determined directly from the proteins correspond
with their respective translated DNA sequences.

DISCUSSION
Knowing the position of a large number of restriction endonuclease clea-
vage sites on the physical map of bacteriophage T4, we identified, cloned
and sequenced a T4 DNA fragment encoding gBgt. The nucleotide sequence up-
stream from this gene exhibits no homology with either the -10 or -35 con-
served sequences of promoters serving other phage T4 early or middle mode
genes (51, 52). There is, however, a non-coding region of 22 nucleotides
in length between the AUG start codon of gBgt and the UAA stop codon of
an open reading frame preceding gBgt. Within this leader region there is
the pentanucleotide -A-A-G-G-A-, which is complementary to the 16S rRNA
and which could serve as a ribosome binding site (53). Stem and loop struc-
tures characterizing transcriptional termination sites (54) are found
neither proximal nor distal to gBgt. There is also no overlap between the
stop codon UAA of gBgt and the AUG initiation codon of the following gene.
These findings suggest that gene Bgt may not have a promoter to its own
and therefore may be transcribed into a polycistronic message originating
from a promoter further upstream. A strong early promoter located previous-
ly between genes 43 and 42 (55) might be a possible candidate. Translation
of the Bgt message seems to be independent of the translation of the flanking
genes (56).
Upon transformation of E. coli with pPLcagt and pPLcBgt and subsequent
induction of transcription, a- and B-glucosyltransferases are produced
at about 15% of the soluble protein fraction as judged from polyacryl-
amide gels. Crude extracts obtained by sonication of these cells are

capable of glucosylating 5-HMC-containing DNA. Since McNicol and Gold-
berg (6) proposed a physiological partitioning of a- and B-glucosyltrans-
ferase to explain the differential glucosylation catalyzed in vivo by
the two proteins it is of interest that both T4 enzymes were isolated
from the soluble portion of the cell extracts. Virtually no enzyme acti-
vity was detected in the membrane fractions. Neither the hydrophobicity
indices close to 50 for both proteins (46) nor the hydropathy profiles
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(57) of the two enzymes, which do not show membrane spanning regions,
give evidence that one of the two enzymes might reside in the membrane.
The fact that the B-glucosyltransferase is capable of totally glucosylat-
ting the DNA seems to imply that the DNA is initially exposed only to the
a-glucosylating enzyme. Sequential glucosylation might be controlled by
a multienzyme complex (58) of the infected cell.
A comparison of the primary structures of these two proteins by the means
of computer programs revealed one sequence identity of 4 amino acids common
to both proteins and in another region an identity of 6 amino acids within
a sequence of 9. The tetrapeptide -Gln-Leu-Ser-Lys- appears in gpagt at
residues 292-295 and in gpBgt at residues 173-176. The other region is
-Val-Asn-Asp-Cys-Asp-Ile-Leu-Ile-Ile- in gpagt (residues 72-80) and -Val-
-Asn-Asp-Tyr-Asp-Arg-Leu-Ile-Val- in gpBgt (residues 56-64). Homology
searches performed with the programs 'Align' and 'Relate' (38) revealed
no similarities clearly above statistical margins. Computed secondary
predictions (59, 60, 61, 63) indicate no obvious conformational relationship
and the supersecondary structure BzaBB, which has been correlated with
a nucleotide fold in a number of proteins (64,52) is not evident in either
gpagt or gpBgt. If at all, the two proteins seem to be only distantly
related and more experimentation will be necessary to elucidate whether
the sequence homologies mentioned above are of functional significance.
Since the amino acid sequences of a number of proteins which bind to DNA
and/or ribonucleotides are known, the gpagt and gpBgt sequences were com-

pared with the protein sequence database of the Protein Identification
Resource. Some similarities were detected with proteins such as RNA polymerase
B chain, T7 DNA polymerase, the probable DNA polymerase of hepatitis B

virus, EcoRI endonuclease, the D-galactose binding protein (gpBgt) and
T4 DNA ligase, EcoRI and EcoRV endonuclease, EcoRI and EcoRV methylase,
T7 RNA polymerase, the probable DNA polymerase of the hepatitis B virus
and the D-galactose binding protein (gpagt). The most extended similarity
observed was between gp5gt and proteins of the leucocyte interferon family
of the database (residues 241-338 of gpBgt, 24 amino acid identities and
a number of homologous exchanges within 98 residues). Indepth statistical
analyses could perhaps point out significant structural relationships,
however, the extent of similarity does not at present appear to be promising.
In addition, ambiguities still associated with conformational predictions
(65, 66) limit such comparisons.
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