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Summary. The type IV plasmid-mediated dihydrofolate reductase (DHFR), from a
clinical strain of Escherichia coli isolated in South India, was prepared from a
transconjugant containing the original clinical plasmid, E. coli J62-2 (pUK1123), and
from E. coli C600 (pUK1150) containing a 2-6-kb HindIII fragment of pUK 1123
cloned into plasmid pBR322. Both preparations were purified by methotrexate affinity
chromatography. Automatic amino-acid sequencing of the N-terminal of the purified
type IV enzyme from both sources gave an identical sequence which was clearly
distinct from other plasmid-mediated trimethoprim-resistant DHFRs. The type IV
DHFR showed most homology with the endogenous, chromosomally-encoded E. coli
enzyme. Amino-acid sequence analysis also showed that the type IV enzyme
preparation from E. coli J62-2 harbouring the original clinical plasmid, pUK1123,
also contained the E. coli DN A-binding protein NS1. Analysis by polyacrylamide gel
electrophoresis suggested that the type IV enzyme, in its native form, consists of a

DHFR of M, 33 000 coupled to a DN A-binding protein.

Introduction

Trimethoprim  [2,4-diamino-5-(3,4,5-trimeth-
oxybenzyl) pyrimidine] prevents the bacterial
NADPH-dependent reduction of dihydrofolate to
tetrahydrofolate by competitively inhibiting the
enzyme dihydrofolate reductase (5,6,7,8-tetrahy-
drofolate: NADP* oxidoreductase, EC 1.5.1.3)
(DHFR).! Shortly after its introduction in 1968,
plasmids which encoded resistance to trimethoprim
(Tp) were identified in gram-negative bacteria.’
The mechanism of resistance was subsequently
identified as the production of an additional
trimethoprim-resistant DHFR which enabled the
blocked endogenous chromosomally-encoded en-
zyme to be bypassed.>

The DHFRs encoded by resistance plasmids (R-
plasmids) in gram-negative bacteria have been
divided into seven major types based on their
biochemical properties.* Some of the genes respons-
ible have also been sequenced.’™'° Initially, plas-
mid-mediated trimethoprim resistance was
dominated by the spread of two genes encoding
DHFR types I and II. However, since 1982, a
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number of new enzymes have been identified, the
most unusual of these being the type IV DHFR.

Bacteria harbouring plasmids encoding the type
IV plasmid-encoded DHFR were found in South
India in 1984.'' This enzyme confers low-level
resistance on the host bacterium so may be a
potential intermediate between a sensitive enzyme
and the highly-resistant plasmid-mediated DHFR.
The enzyme differs from the six other types
identified in several ways: (1) it is an inducible
enzyme, which is rare for a plasmid-encoded
resistance enzyme in gram-negative bacteria; (2) it
has a large M, (46 700); and (3) it is only partially
resistant to trimethoprim (IDs, Tp=0-2 um).!!
Examination of the induction mechanism of the
type IV enzyme and its response to challenge with
trimethoprim has suggested that this resistance
mechanism is more similar to a resistance mecha-
nism sometimes employed by the bacterial chro-
mosome, namely the production of a mutantenzyme
which is moderately resistant to trimethoprim and
is hyperproduced, thus swamping the available
drug, with sufficient activity remaining to continue
the bacterial reduction of dihydrofolate to the active
tetrahydrofolate form.! '3

It is important to establish how the type IV
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enzyme relates to the other plasmid-mediated
DHFRs. We report the use of automatic amino-
acid sequencing to give a rapid partial sequence
sufficient to determine evolutionary relationships
among trimethoprim-resistant DHFRs.

Materials and methods

Bacterial strains and plasmids

The type IV DHFR was prepared for sequence analysis
from two bacterial strains: (1) Escherichia coli J62-2
(pUK1123), an E. coli transconjugant containing the
original clinical trimethoprim R-plasmid from a clinical
strain of E. coli isolated at the Christian Medical College
Hospital, Vellore, South India in 1984;'! (2) E. coli C600
(pUK1150), an E. coli clone containing plasmid pBR322
with a 2-6-kb HindIII fragment of pUK1123 encoding
the type IV DHFR gene.'*

Dihydrofolate reductase preparation

DHFR was prepared from 10-L overnight cultures in
Iso-Sensitest Broth (Oxoid) grown at 37°C and shaken
vigorously.'! Bacteria were harvested by centrifugation
at 6000 g for 15 min and resuspended in buffer A (50 mMm
sodium phosphate buffer, pH 7-4, containing 10 mm 2-
mercaptoethanol and 1 mM EDTA). The bacteria were
disrupted by sonication (2 x 30 s, 8 um; MSE Soniprep)
and the lysate was cleared by centrifugation at 40 000 g
for 1 h at 4°C. DHFR activity was assayed at 37°C in
40 mMm sodium phosphate buffer, pH 6-0.3

Enzyme purification and sequence analysis

DHFR was precipitated from the crude preparation
by the addition of ammonium sulphate to 50-80%,
saturation. The enzyme was resuspended in buffer A and
eluted from a Sephadex G-75 gel filtration column
(2cm?x 90 cm). The fractions showing peak activity
were pooled and then applied to a column (0-375 cm? x
20 cm) containing methotrexate-agarose. This column
was washed with buffer A until the absorbance at 280 nm
was less than 0-01 OD units and all the unbound protein
had been removed. The DHFR was then eluted with 2 ml
of 0-5M K,HPO,, containing 4 umol dihydrofolate,
followed by 75ml of 0-1M K,HPO, containing 1 uM
dihydrofolate;!’ 5-ml fractions were collected. The three
eluted fractions showing peak activity were pooled and
concentrated, with Amicon Centiprep and Centricon
concentrators, to 60 ul. Prior to sequence analysis, each
preparation was checked for purity by reverse-phase
HPLC analysis. The single peak of protein, determined
on the reverse-phase HPLC, was analz'sed on an Applied
Biosystems 477A protein sequencer.

Molecular mass ( M,) determination

Molecular mass determination by Sephadex gel filtra-
tion was performed as described earlier.!! SDS and
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native polyacrylamide gel electrophoresis (PAGE) were
performed on a Pharmacia Phast system according to the
manufacturer’s instructions. For SDS gels, protein sam-
ples were boiled for 3 min in a mixture of SDS and
bromophenol blue. For native gels, samples were simply
dissolved in a solution of bromophenol blue. Protein
bands were visualised by staining with Coomassie Blue.
For SDS gels, a Sigma molecular size marker kit (14 000—
70 000) was used, and for native gels bovine serum
albumin (M, 66 000), ovalbumin (M, 45 500) and trypsin
inhibitor (M, 20 100) were employed as standards.

Results

Molecular mass of the type IV DHFR

The type IV DHFR was purified by methotrexate
affinity chromatography from E. coli 162-2
(pUK1123) and E. coli C600 (pUK1150). In both
cases, the purified protein was analysed by HPLC
and a single protein peak was observed; this was
identified as DHFR.

We have shown previously that a partially-
purified preparation of the type IV DHFR, encoded
by plasmid pUK1123, has a M, of 46 700 when
measured by Sephadex G-75 gel filtration.!' We
now examined the methotrexate-agarose purified
enzyme, encoded by plasmid pUK1123, on SDS-
free PAGE. On a homogeneous 209, acrylamide
gel, the enzyme from plasmid pUK1123 co-
migrated with ovalbumin, corresponding to a M,
of 45 500. Staining of the gel with the non-specific
protein stain Coomassie Blue (fig. 1) confirmed the
high purity obtained by methotrexate-agarose affin-
ity chromatography.

The M, of the ammonium sulphate purified
enzyme from the cloned DHFR gene in plasmid
pUK 1150 was determined in a calibrated Sephadex
G-75 column and found to be 33 000 (fig. 2). This
lower M, could have arisen from two causes; (1) the
cloning of the type IV gene into plasmid pBR322
may have removed some of the sequence of the
gene or it may have put a new stop codon into the
sequence allowing the translation of a protein of
smaller size; or (2) the protein from the original
plasmid pUK 1123 may have been composed of two
non-identical subunits and only one of the genes
had been cloned. If (2) was the case, the original
protein would show different M, values when
measured by PAGE with SDS.

SDS-PAGE for M, determination

The type IV DHFR from the cloned gene in
plasmid pUK 1150 was treated with SDS and then
applied to a 10-159, gradient SDS-containing
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Fig. 1. SDS-free polyacrylamide gel electrophoresis of the
purified type IV DHFR from E. coli J62-2 (pUK1123). Bands
were visualised after staining with Coomassie Blue. A, trypsin
inhibitor; B, ovalbumin; C, bovine serum albumin; D, type IV
DHFR.

polyacrylamide gel. When it was electrophoresed
until the dye front reached the end of the gel, it
migrated as a single protein band of M, c. 30 000.
This result suggests that the enzyme from the cloned
gene was a monomeric protein. On the other hand,
when the purified DHFR encoded by the clinical
plasmid pUK 1123 was treated in the same manner,
it migrated as one major band and a series of small
bands (fig. 3). The major band had a M; of 33 000.
The smallest of the minor bands corresponded to a
M, of c. 10 000. The other minor bands were of
similar intensity and appeared to have M, values
that were multiples of the smallest band, suggesting
that they might be dimeric and trimeric forms of
the M, 10000 protein. If this was the case, it
indicated that the type IV enzyme of M, c. 46 000,
found on SDS-free PAGE and gel filtration was, in
fact, made up of more than one subunit.

N-terminal amino-acid sequence analysis

HPLC was used to establish that the two enzyme
preparations derived from plasmids pUK1123 and
pUK 1150 were pure proteins. The proteins from
the respective HPLC peaks were applied to an
Applied Biosystems 477A protein sequencer and a
clear result was obtained for the first 50 amino acids
of both enzymes (fig. 4). As expected, the DHFR
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sequences obtained from E. coli J62-2 (pUK1123)
and E. coli C600 (pUK1150) were identical and
quite distinct from those trimethoprim-resistant
plasmid-mediated DHFRs that have already been
sequenced.’'° There was, however, one distinct
difference between the enzyme preparation derived
from the clinical plasmid (pUK1123) and that from
the clone. In the former, the presence of a second
protein was apparent in the sequence analysis
confirming that the native type IV DHFR was
composed of non-identical subunits. The first 19
amino acids were distinguishable and comparison
with known sequences has identified it as an exact
match with the NSI protein, a DNA-binding
protein in E. coli.'” The presence of this second
protein in the pUK1123-derived preparation was
particularly interesting because this DHFR prepa-
ration had appeared as a single protein on HPLC
and on SDS-free PAGE. In the preparation derived
from the cloned plasmid pUK1150, there was no
evidence at all of any second protein. Furthermore,
the NS1-binding protein has a very distinctive
pattern when measured on SDS-PAGE. It migrates
as not only a monomer of M, 9250, but also as a
dimer, trimer and tetramer.!® This is the pattern
that was found with the minor bands of the second
protein on SDS-PAGE (fig. 3).

Discussion

Since the introduction of trimethoprim in 1968,
several plasmid-mediated DHFRs have been iden-
tified that confer resistance to trimethoprim. These
enzymes have, in the past, been largely distin-
guished by their biochemical properties* although
the amino-acid sequence of many of them is now
known.>~'° Some of the more recently identified
enzymes are clearly related to earlier plasmid-
mediated DHFRs. For example, amino-acid se-
quence analysis has revealed that the types Ia and
V are closely related.'® The unique nature of the
type IV enzyme, however, suggests that it may not
be derived from any of the other plasmid enzymes.
Indeed its sensitivity to trimethoprim and the low
level resistance it confers would suggest that it is a
precursor to the other plasmid-mediated enzymes.

In this investigation, the N-terminal sequence of
the type IV enzyme was determined with the use of
the Applied Biosystems 477A automatic amino-
acid sequencer which allowed rapid sequence
analysis. Two properties of the type IV DHFR
make it particularly suitable for sequencing by this
method; (1) the majority of the active site of all
DHFRs is situated at the N-terminal of the

protein;'®2° and (2) purification of the native



156

a
400 - 45500

£ "

£ 300 - /

E X

>

3 /

X

: /

£ 200-

2 x

g /

(o]

c %

5 /

O 100

C. J. THOMSON, H-K. YOUNG AND S. G. B. AMYES

b c
25500 12384

| l

38 42 46 50

54 58 62 66 70 74

Fraction number

Fig. 2. DHFR activity of an ammonium sulphate (50-80% saturation) precipitate from E. coli C600 (pUK1150) analysed by
Sephadex G-75 gel filtration. Elution of marker proteins is also shown—a, ovalbumin; b, chymotrypsinogen; ¢, cytochrome C.

protein is relatively easy with the use of methotrex-
ate-agarose affinity chromatography, a result of the
methotrexate sensitivity of the type IV enzyme, a
relatively rare property amongst plasmid-encoded
trimethoprim-resistant DHFRs.

Comparison of the first 50 amino acids of the
type IV sequence with those for the other plasmid-
mediated DHFRs sequenced so far (types I-V)*~1°
showed the type IV enzyme to be clearly distinct.
However, significant homology occurred with the
E. coli K12 chromosomally-encoded enzyme.
Twenty direct matches were found between the two
enzymes and nine further amino acids were homol-
ogous with the amino acids at the same position in
the chromosomal enzyme.?! This high degree of
similarity between the type IV DHFR and the E.
coli chromosomally-encoded enzyme is, perhaps,
not surprising because the type IV enzyme, like the

chromosomally-encoded enzyme, confers only par-
tial resistance to trimethoprim. Furthermore, stud-
ies on the induction mechanism of the type IV
enzyme have indicated that its mechanism of
resistance is more similar to the hyper-production
mechanism of resistance mediated by deregulation
of the E. colichromosomally-encoded enzyme rather
than the classical by-pass mechanism mediated by
trimethoprim R-plasmids.*?

One surprising finding was the presence of the
DNA-binding protein NSI in the purified enzyme
preparation from the original clinical plasmid
(pUK1123). Analysis of this preparation by HPLC
gave a single peak. As a further check on purity the
preparation was run on native PAGE and stained
with Coomassie Blue, and only a single band was
obtained at M, 45 500 confirming its purity. This
corresponds to the M, of the type IV enzyme when
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A
Fig. 3. SDS-PAGE of the purified type IV DHFR from E. coli
J62-2 (pUK1123). Bands were visualised after staining with
Coomassie Blue. A, Sigma mol. wt markers (M, 14 000-70 000);

B

B, type IV DHFR.
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measured by gel filtration. The results indicate that
the native type IV enzyme is a complex of the two
proteins. SDS-PAGE analysis of this preparation
confirmed the existence of subunits of differing
size. Purified enzyme from the cloned type IV
DHEFR from pUK1150 contained no DNA-binding
protein. The cloned enzyme has a lower M, and is
monomeric when examined on SDS-PAGE. The
most likely explanation for the lower M, is the
absence of the complexed DN A-binding protein.

The reason why the type IV enzyme is complexed
with a DNA binding protein is not clear but it may
be related to the induction mechanism, since
proteins which bind to DNA have been implicated
in the control of gene expression.?** The absence
of the binding protein in enzyme encoded by the
cloned gene probably results from the lack of the
NSI gene in the restriction fragment cloned into
pBR322. As pBR322 is a multi-copy vector, the
necessity for induction of the type IV enzyme to
produce trimethoprim resistance has been removed
in the clone,'* thus the selection pressure for the
NSI1 protein gene was not present in the cloning
process.

The amino-acid sequence reported in this paper has been
registered in the protein database of the National Biomedical
Research Foundation (NBRF), Washington, DC, USA, and has
been assigned the accession number A33004.
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Characterisation Facility, University of Edinburgh for the
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Wellcome Trust, Edinburgh and Heriot-Watt Universities and
the Salvesens Trust.
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Fig. 4. N-terminal amino-acid sequences of the type IV plasmid-encoded DHFR and the E. coli K12 chromosomally-encoded
enzyme. The amino acids are identified by standard three-letter abbreviations and are numbered according to the convention of
Rouch et al.'® Identical amino acids are shown within the line boxes. Homologous amino acids are underlined. The amino acids
involved in the active site are shown by the symbols at the top of the diagram: 4 indicates the binding positions of trimethoprim;
A indicates the additional binding positions of methotrexate; ll indicates the binding positions of NADPH. Positions taken from

Rouchetal.'”
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