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ABSTRACT

Previous studies have shown that human dihydro-
folate reductase (DHFR) acts as an RNA-binding
protein, in which it binds to its own mRNA and, in
so doing, results in translational repression. In this
study, we used RNA gel mobility shift and nitrocellu-
lose ®lter-binding assays to further investigate the
speci®city of the interaction between human DHFR
protein and human DHFR mRNA. Site-directed muta-
genesis was used to identify the critical amino acid
residues on DHFR protein required for RNA recog-
nition. Human His-Tag DHFR protein speci®cally
binds to human DHFR mRNA, while unrelated
proteins including thymidylate synthase, p53 and
glutathione-S-transferase were unable to form a
ribonucleoprotein complex with DHFR mRNA. The
Cys6 residue is essential for RNA recognition, as
mutation at this amino acid with either an alanine
(C6A) or serine (C6S) residue almost completely
abrogated RNA-binding activity. Neither one of the
cysteine mutant proteins was able to repress the
in vitro translation of human DHFR mRNA.
Mutations at amino acids Ile7, Arg28 and Phe34, sig-
ni®cantly reduced RNA-binding activity. An RNA
footprinting analysis identi®ed three different RNA
sequences, bound to DHFR protein, ranging in size
from 16 to 45 nt, while a UV cross-linking analysis
isolated an ~16 nt RNA sequence bound to DHFR.
These studies begin to identify the critical amino
acid residues on human DHFR that mediate RNA
binding either through forming direct contact points
with RNA or through maintaining the protein in an
optimal structure that allows for the critical
RNA-binding domain to be accessible.

INTRODUCTION

The enzyme dihydrofolate reductase (DHFR) (EC 1.5.1.3)
catalyzes the NADPH-dependent reduction of dihydrofolate to

tetrahydrofolate. This reaction provides the key intermediate
in one-carbon transfer reactions. DHFR plays a critical role in
folate homeostasis, and it is required for the de novo synthesis
of purines, thymidylate and certain amino acids (1,2). For this
reason, DHFR has served as a critical target in cancer
chemotherapy for well over 40 years.

The intracellular levels of DHFR are regulated by a number
of factors including the concentration of serum growth factors,
changes in cyclic AMP levels, viral infection and exposure to
cytotoxic stresses such as methotrexate (MTX) and the
¯uoropyrimidines (3±8). Several in vitro and in vivo experi-
mental model systems have shown that exposure of malignant
cells to MTX is accompanied by acute increases in DHFR
enzyme activity and DHFR protein level (9±13). Recent work
from our laboratory observed a signi®cant time- and dose-
dependent induction of DHFR protein levels in response to
exposure to MTX in the human colon cancer RKO cell line
(14). Levels of DHFR were maximally induced by 10±12-fold
after treatment with 10 nM MTX for 24 h, while levels of
DHFR mRNA remained unchanged in control and MTX-
treated cells. These ®ndings suggested that the expression of
DHFR in response to cytotoxic agents is, in part, controlled by
a translational regulatory event.

Using a rabbit reticulocyte lysate in vitro translation system,
our laboratory showed that the addition of pure human
recombinant DHFR protein speci®cally repressed the transla-
tion of human DHFR mRNA in a dose-dependent manner
(15). An RNA electrophoretic gel shift assay system con-
®rmed that human DHFR protein interacted with its target
DHFR mRNA in a direct and speci®c manner (15,16). Based
on these studies, a model of DHFR translational autoregula-
tion was proposed. This regulatory mechanism would appear
to have biological relevance in that it provides an ef®cient
mechanism for the levels of DHFR to be tightly controlled
within a given cell. Disruption of this normal regulatory
process may provide an ef®cient mechanism for malignant
cells to protect themselves following exposure to cytotoxic
stress and, in so doing, may lead to the rapid development of
cellular drug resistance.

In the present study, we investigated the molecular elements
underlying the interaction between human DHFR protein and
its target DHFR mRNA. Speci®cally, our studies focused on
characterizing the critical amino acid residues on the protein
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that are required for RNA recognition. We show that the
cysteine positioned at amino acid residue 6 as well as Ile7,
Arg28 and Phe34 are critical for RNA binding.

MATERIALS AND METHODS

Synthesis of plasmid constructs

The full-length, 700-nt, human DHFR cDNA (Fig. 1) was
isolated from human breast cancer MCF-7 cells and cloned
into pGEM-7Z (Promega, Madison, WI) as previously
described by Chu et al. (15) to give the recombinant plasmid
pGEM-7Z:DHFR. The coding region of human DHFR cDNA
(564 nt) was ampli®ed from pGEM-7Z:DHFR by PCR
ampli®cation using the sense primer: 5¢-ATCGCATATG-
ATGGTTGGTTCGCTAAACTGC-3¢ and the antisense pri-
mer: 5¢-ATCGGGATTCTTAATCATTCTTCTCATA-3¢. The
underlined bases represent the NdeI and BamHI restriction
sites, respectively. The PCR product was analyzed by non-
denaturing gel electrophoresis, and the DNA corresponding to
the protein-coding region of the DHFR cDNA (nucleotides
1±564) was digested with NdeI and BamHI and cloned into the
NdeI and BamHI restriction sites of pET28a(+) (Novagen,
Madison, WI) to give pET28a(+):DHFR. The sequence was
con®rmed by sequencing analysis as performed by the Keck
Facility of the Yale University School of Medicine.

Point mutations were created using the QuikChangeÔ Site-
Directed Mutagenesis Kit (Clontech, Palo Alto, CA). In brief,
each reaction (total volume, 50 ml) contained 30 ng of plasmid
pET28a(+):DHFR, 125 ng of sense oligonucleotide mutant
primer and 125 ng of antisense oligonucleotide mutant primer
1 ml of dNTP mix and 2.5 U Pfu Turbo DNA polymerase. Each
reaction was overlaid with 30 ml of mineral oil. PCRs were
performed as follows: initial incubation at 95°C for 30 s,
denaturation at 95°C for 30 s, annealing at 55°C for 1 min and
extension at 68°C for 12 min for a total of 16 cycles.
Following PCR cycling, reactions were cooled to room
temperature. The parent plasmid was removed by digestion
with 1 ml of the DpnI restriction enzyme (10 U/ml) at 37°C for
30 min. The mutant plasmid was then transformed into
Epicurian Coli XL1-Blue supercompetent cells. To verify the
presence of the respective point mutations, each construct was

sequenced by the Keck Facility, Yale University School of
Medicine. All primers used for mutagenesis are listed as
follows (the bold letters represent the mutant sequences), and
the resulting mutant proteins are listed in Table 1: C6A, sense
primer, 5¢-ATGGTTGGTTCGCTAAACGCTATCGTCGC-
TGTGTCC-3¢; C6A, antisense primer, 5¢-GGACACAGC-
GACGATAGCGTTTAGCGAACCAACCAT-3¢; C6S, sense
primer, 5¢-ATGGTTGGTTCGCTAAACTCTATCGTCGC-
TGTGTCC-3¢; C6S, antisense primer, 5¢-GGACACAGC-
GACGATAGAGTTTAGCGAACCAACCAT-3¢; I7A, sense
primer, 5¢-GGTTCGCTAAACTGCGCTGTCGCTGTGTC-
CCAGAAC-3¢; I7A, antisense primer, 5¢-GTTCTGGGACA-
CAGCGACAGCGCAGTTTAGCGAACC-3¢; I7F, sense
primer, 5¢-GGTTCGCTAAACTGCTTTGTCGCTGTGTCC-
CAGAAC-3¢; I7F, antisense primer, 5¢-GTTCTGGGACA-
CAGCGACAAAGCAGTTTAGCGAACC-3¢; L22F, sense
primer, 5¢-GGCAAGAACGGGGACTTTCCCTGGCCACC-
GCTC-3¢; L22F, antisense primer, 5¢-GAGCGGTGGC-
CAGGGAAAGTCCCCGTTCTTGCC-3¢; L22R, sense
primer, 5¢-GGCAAGAACGGGGACAGACCCTGGCCACC-
GCTC-3¢; L22R, antisense primer, 5¢-GAGCGGTGGC-
CAGGGTCTGTCCCCGTTCTTGCC-3¢; R28A, sense
primer, 5¢-CCCTGGCCACCGCTCGCTAATGAATTCAG-
ATATTTC-3¢; R28A, antisense primer, 5¢-GAAATAT-
CTGAATTCATTAGCGAGCGGTGGCCAGGG-3¢; E30A,
sense primer, 5¢-CCACCGCTCAGGAATGCTTTCAGA-
TATTTCCAGAG-3¢; E30A, antisense primer, 5¢-CTCTGG-
AAATATCTGAAAGCATTCCTGAGCGGTGG-3¢; E30Q,
sense primer, 5¢-CCACCGCTCAGGAATCAGTTCAGA-
TATTTCCAGAG-3¢; E30Q, antisense primer, 5¢-CTCTGG-
AAATATCTGAACTGATTCCTGAGCGGTGG-3¢; F31A,
sense primer, 5¢-CCGCTCAGGAATGAAGCTAGATATTT-
CCAGAGATG-3¢; F31A, antisense primer, 5¢-CATTCT-
CTGGAAATATCTAGCTTCATTCCTGAGCGG-3¢; F31G,
sense primer, 5¢-CCGCTCAGGAATGAAGGTAGATATT-
TCCAGAGATG-3¢; F31G, antisense primer, 5¢-CATTCT-
CTGGAAATATCTACCTTCATTCCTGAGCGG-3¢; R32A,
sense primer, 5¢-CTCAGGAATGAATTCGCTTATTTCCA-
GAGAATG-3¢; R32A, antisense primer, 5¢-CATTCTCTG-
GAAATAAGCGAATTCATTCCTGAG-3¢; F34A, sense
primer, 5¢-AATGAATTCAGATATGCTCAGAGAATGAC-
CACA-3¢; F34A, antisense primer, 5¢-TGTGGTCAT-
TCTCTGAGCATATCTGAATTCATT-3¢; F34S, sense
primer, 5¢-AATGAATTCAGATATTCTCAGAGAATGAC-
CACA-3¢; F34S, antisense primer, 5¢-TGTGGTCATTCTCT-
GAGAATATCTGAATTCATT-3¢.

Figure 1. Map of the human DHFR cDNA. The 700-nt DHFR cDNA
includes 59 nt of the 5¢-UTR, the coding region (564 nt) and 77 nt of the
3¢-UTR.

Table 1. Relative binding af®nity of DHFR and control RNA transcripts

RNA IC50 (nM)

DHFR:1±700 3.16 6 0.18
DHFR:1±564 3.64 6 0.23
DHFR:5¢-UTR >200
DHFR:3¢-UTR >200
TS-30 >200
Yeast tRNA >200

Binding of human recombinant His-Tag DHFR protein to full length,
human DHFR mRNA and unrelated RNAs was determined by comparing
the concentration of unlabeled RNA that inhibited speci®c binding of 32P-
radiolabeled human DHFR mRNA coding region by 50%. The competition
experiments were performed as described in the Materials and Methods.
Each value represents the mean 6 SD of at least three experiments.
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Escherichia coli DHFR cDNA was ampli®ed with two
primers (sense primer, ATCG GGA TCC ATG ATC AGT
CTG ATT GCG GCG; antisense primer, ATCG AAG CTT
TTA CCG CCG CTC CAG AAT CTC; the underlined
nucleotides represent the restriction enzyme sites of BamHI
and HindIII, respectively) and cloned into pET28a(+)
(digested with BamHI and HindIII) to give pET28a(+):
DHFR(Ecoli). The sequence was con®rmed by sequencing
analysis as performed by the Keck Facility of the Yale
University School of Medicine.

In vitro RNA transcription

A 32P-radiolabeled, human DHFR mRNA probe (DHFR:
1±564) was synthesized in vitro with T7 RNA polymerase
(Promega) after linearization of pET28a(+):DHFR with
HindIII. Unlabeled, full-length DHFR mRNA (DHFR:
1±700), which included 59 nt of the 5¢-untranslated region
(UTR), the entire coding region and 77 nt of the 3¢-UTR, was
synthesized in vitro with the MEGAscript SP6 kit (Ambion,
Austin, TX) after linearization of pGEM-7Z:DHFR with
BamHI. b-Actin antisense RNA (245 nt), GAPDH mRNA
(316 nt) and 18S rRNA (80 nt) were synthesized in vitro using
T7 polymerase and pTRI-actin-mouse (Ambion), pTRI-
GAPDH-Human (Ambion) and pTRI-RNA-18S (Ambion)
templates, respectively. TS30 RNA, which represents the
5¢-upstream binding site on TS mRNA and whose sequence is
5¢-CCG CCC GCC GCG CCA UGC CUG UGG CCG GCU-
3¢, was chemically synthesized by the Keck Facility, Yale
University School of Medicine. Sequences corresponding to
the 5¢- (59 nt) and 3¢-UTRs (77 nt) of human DHFR mRNA
were synthesized in vitro using PCR-generated DNAs and the
T7-MEGAshortscriptÔ kit (Ambion). The primers used in the
PCR are listed as follows, and the underlined nucleotides
represent the T7 promoter/primer sequence: 5¢-UTR, sense
primer, 5¢-TAATACGACTCACTATAGGGCGCCAAACT-
TGACCGCGC-3¢; 5¢-UTR, antisense primer, 5¢-GACAGC-
AGCGGGAGGACCTC-3¢; 3¢-UTR, sense primer, 5¢-TAA-
TACGACTCACTATAGGGTATGAAGGTGTTTTCTAGT-
3¢; 3¢-UTR, antisense primer, 5¢-ACCTTTTCTAATGTAA-
AAATACATA-3¢. All RNA transcripts were resolved on a
15% polyacrylamide±8 M urea gel to con®rm their integrity
and sizes, and all RNA transcripts were subsequently excised
and gel puri®ed. The concentration of unlabeled RNA was
determined by UV spectrophotometry. Labeled transcripts
were made by inclusion of [a-32P]CTP at 800 Ci/mmol (NEN
Dupont, Boston, MA), and the concentration of radioactively
labeled RNA was determined from the speci®c activity of 32P
incorporation.

Expression and puri®cation of wild-type and mutant
recombinant DHFR proteins

Escherichia coli BL21 (DE3) competent cells (Invitrogen,
Carlsbad, CA) were transformed with recombinant wild-type
or mutant human DHFR cDNA plasmids and grown overnight
at 37°C in Luria±Bertani medium containing 50 mg/ml
kanamycin sulfate. The cells were placed in fresh medium at
a dilution of 1:10, grown to an absorbance of 0.6±0.8 at
600 nm, and then induced with 1 mM isopropyl-b-D

thiogalactopyranoside (American Bioanalytical, Natick, MA)
for 4 h at 37°C. Cells were pelleted at 8000 r.p.m. at 4°C and
then freeze±thawed three times. Cells were resuspended in

binding buffer (100 mM NaH2PO4, 10 mM Tris±HCl pH 8.0
and 5 mM imidazole) and incubated on ice for 30 min after
adding lysozyme to a ®nal concentration of 1 mg/ml. After
sonication on ice for 15 min, the lysates were centrifuged at
20 000 r.p.m. at 4°C for 20 min to remove the insoluble
material. His-Tag recombinant proteins were puri®ed with a
1-ml polypropylene column (Qiagen, Valencia, CA) packed
with TALON metal af®nity resin (Clontech) and eluted with
buffer containing 100 mM NaH2PO4, 10 mM Tris±HCl
pH 8.0 and 150 mM imidazole. The integrity and purity of the
recombinant His-Tag proteins were analyzed by resolving
SDS±polyacrylamide gel electrophoresis (SDS±PAGE)
(12.5% acrylamide) followed by Coomassie blue staining.
His-Tag E.coli DHFR protein was prepared using the same
method as His-Tag human DHFR protein. Glutathione-S-
transferase (GST) and GST-p53 were prepared according to
the method described by Albor et al. (17).

The catalytic activity of recombinant wild-type and mutant
His-Tag DHFR proteins was determined using a spectro-
photometric assay as previously described (18).

RNA gel mobility shift assay

The RNA electrophoretic gel mobility shift assay was
performed using a modi®cation of previously described
methods (19±21). Each reaction (total volume, 20 ml)
contained 18 mM HEPES, pH 7.5, 0.9 mM MgCl2, 18 mM
KCl, 100 mM 2-mercaptoethanol (2-ME) (Sigma, St Louis,
MO), 3% glycerol, 40 U Prime RNase Inhibitors (Eppendorf-5
Prime, Boulder, CO), 20 mg/ml bovine serum albumin (BSA),
25 mg/ml yeast tRNA, 32P-radiolabeled DHFR mRNA
(100 000 c.p.m.; 3.8 fmol) and DHFR protein. The initial
incubation was performed for 15 min at room temperature.
RNase T1 (15 U; Ambion) was then added for 10 min,
followed by incubation with heparin (5 mg/ml; Sigma) for an
additional 10 min at room temperature. The entire reaction
sample was resolved on a 4% non-denaturing polyacrylamide
[acrylamide/methylenebis (acrylamide)/60:1] gel (gel dimen-
sions, 15 3 17 cm) for ~30 min at 500 V. Gels were dried and
then exposed to Kodak XMR ®lm (Eastman Kodak Company,
Rochester, NY) and visualized by autoradiography.

Competition experiments were performed with human
recombinant DHFR protein (42.6 pmol) and 32P-radiolabeled
DHFR mRNA (3.8 fmol; 100 000 c.p.m.). These conditions
were selected based on control experiments using a ®xed
amount of radiolabeled DHFR mRNA with varying concen-
trations of DHFR protein to determine the linearity of binding.

Nitrocellulose ®lter-binding assay

The nitrocellulose ®lter-binding assay was performed using a
modi®cation of previously described methods (22). Each
reaction (total volume, 20 ml) contained 18 mM HEPES
pH 7.5, 0.9 mM MgCl2, 18 mM KCl, 100 mM 2-ME, 40 U
Prime RNase Inhibitor, 20 mg/ml BSA, 25 mg/ml yeast tRNA,
32P-radiolabeled DHFR mRNA and DHFR protein. The initial
reaction was performed for 15 min at room temperature, after
which 15 U RNase T1 were added for 15 min, followed by
incubation with heparin (5 mg/ml) for an additional 10 min at
room temperature. The mixtures were ®ltered through a
nitrocellulose 0.22 mm ®lter (Millipore, Bedford, MA)
supported in a Millipore glass-fritted 25-mm ®lter apparatus.
After washing the nitrocellulose ®lters twice with 30 mM
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HEPES (pH 7.5), the bound radiolabeled RNA retained on the
®lter was counted in a scintillation counter in 10 ml of Bio-
Safe IIÔ scintillant (Research Product International Corp.,
Mt. Prospect, IL).

In vitro translation

In vitro translation reactions were performed using a rabbit
reticulocyte lysate system (Promega) as previously described
(21). In brief, rabbit lysates were incubated with human DHFR
mRNA in the presence or absence of recombinant DHFR
protein along with 16 mCi [35S]methionine (NEN Dupont) and
0.4 U Prime RNase Inhibitor (Eppendorf-5 Prime). Reactions
(total volume, 25 ml) were incubated for 1 h at 30°C, after
which two volumes of Laemmli Sample Buffer (Bio-Rad
Laboratories, Hercules, CA) were added to the reaction mix,
followed by a 10-min incubation at 65°C. The reaction
samples were resolved on 12.5% SDS±PAGE according to the
method of Laemmli (23), and the gels were processed as
previously described. After drying for 1 h, the in vitro
translation products were visualized by autoradiography.

UV cross-linking analysis

32P-radioabeled DHFR RNA (3.8 fmol) and human His-Tag
DHFR protein (42.6 pmol) were incubated at room tempera-
ture for 15 min in an RNA-binding reaction as described
above. The DHFR ribonucleoprotein (RNP) complexes were
UV cross-linked for 15 min at 254 nm (Stratalinker 1800 UV
crosslinker; Stratagene, La Jolla, CA) and then digested with
RNase A (0.1 mg/ml; Qiagen) for 15 min at 37°C. The
complexes were resolved on an SDS±15% PAGE. The gel was
dried and subjected to autoradiography.

Isolation of bound RNAs from the DHFR RNP complex

32P-radiolabeled DHFR mRNA probe corresponding to
DHFR:1±564 (3 000 000 c.p.m.; 114 fmol) was incubated
with His-Tag DHFR protein (128 pmol) in a standard RNA-
binding reaction as previously described (19±21). After
incubation at room temperature for 15 min, the reaction
mixture was incubated with 300 U RNase T1 and 50 ng of
RNase A for 15 min, after which heparin was added for an
additional 10 min. The mixtures were ®ltered through a
0.22 mm nitrocellulose ®lter (Millipore). After washing the
®lters with 5 ml of 30 mM HEPES pH 7.5, the radiolabeled
RNA retained on the ®lter was eluted with an RNA elution
buffer (0.6 M sodium acetate, 1 mM EDTA and 0.1% SDS) at
37°C overnight. The supernatant was then extracted with
phenol/chloroform (1:1), chloroform/isoamyl alcohol (24:1)
and precipitated with 2.5 volumes of ethanol. The pelleted
RNAs were resuspended in molecular biology grade water
(Eppendorf-5 Prime) and resolved on a 15% poly-
acrylamide±8 M urea gel at 500 V for 1.5 h. The gel was
then subjected to wet autoradiography.

RESULTS

Characterization of the interaction between human
recombinant DHFR protein and human DHFR mRNA

Previous work from this laboratory had shown that human
recombinant DHFR protein speci®cally interacted with its
own DHFR mRNA (15). The DHFR protein that had been

used in this original series of experiments had been puri®ed to
homogeneity by isoelectric focusing. Unfortunately, this
source of human recombinant DHFR protein was no longer
available for further studies, and it was necessary to identify
an alternate source of protein. As a result, we puri®ed wild-
type, human recombinant DHFR protein that expressed a His-
Tag sequence located immediately upstream of the DHFR
coding sequence. This human His-Tag DHFR was puri®ed by
af®nity chromatography using the TALON metal af®nity
resin. The purity of this recombinant protein was shown to be
>95% pure by Coomassie blue staining.

A 32P-radiolabeled, human DHFR mRNA (564 nt), corres-
ponding to the protein-coding sequence, was then used in
RNA gel shift and nitrocellulose ®lter-binding assays. As seen
in Figure 2A, wild-type, human His-Tag DHFR protein
formed a complex with the radiolabeled DHFR mRNA with a
delayed migration on the non-denaturing gel (Fig. 2A, lanes
2±4). An identical complex was observed when the radio-
labeled DHFR mRNA probe was incubated with wild-type
human recombinant DHFR protein (data not shown), and we
have previously published these results (15). In contrast, no
complex formation was observed when radiolabeled human
DHFR mRNA was incubated in the presence of other proteins
including His-Tag E.coli DHFR, His-Tag human TS, GST and
GST-p53 (Fig. 2A, lanes 5±8). Competition experiments
revealed that the addition of unlabeled human DHFR RNA
corresponding to the coding region (DHFR:1±564) inhibited
complex formation in a dose-dependent manner (Fig. 2B,
lanes 3±5). However, the addition of unrelated RNAs,
including yeast tRNA, GAPDH mRNA, 18S rRNA, TS30
and b-actin antisense RNA was unable to reduce the level of
complex formation (Fig. 2B, lanes 6±10).

Figure 2. (A) Speci®city of human DHFR protein binding to human DHFR
mRNA. 32P-radiolabeled human DHFR RNA (100 000 c.p.m.; 3.8 fmol)
was incubated in the absence (lane 1) or presence of 21.3 pmol (lane 2),
42.6 pmol (lane 3), 85.2 pmol (lane 4) of His-Tag recombinant human
DHFR protein as described in the Materials and Methods. Radiolabeled
DHFR mRNA was also incubated in the presence of 238 pmol of His-Tag
E.coli DHFR (lane 5), 139 pmol of His-Tag human TS (lane 6), 192 pmol
of GST (lane 7) and 63.3 pmol of GST-p53 (lane 8). (B) RNA gel-shift
competition experiment to show speci®city of binding of DHFR protein to
DHFR mRNA. A radiolabeled DHFR mRNA probe was incubated in the
absence (lane 1) or presence (lanes 2±10) of His-Tag DHFR protein
(42.6 pmol) as described in the Materials and Methods. Competition studies
were performed with a 25- (lane 3), 125- (lane 4) and 250-fold (lane 5)
molar excess of unlabeled DHFR mRNA and a 250-fold molar excess of
yeast tRNA (lane 6), GAPDH mRNA (lane 7), 18S rRNA (lane 8), TS30
(lane 9) or b-actin antisense RNA (lane 10).
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To con®rm the results observed with the RNA gel shift
assay, we employed the nitrocellulose ®lter-binding assay.
Using this method, we were able to more precisely quantify
the relative binding af®nity of the various competitor RNAs.
As seen in Table 1, the addition of cold, unlabeled DHFR:
1±700 RNA, a sequence corresponding to the full-length
DHFR mRNA, signi®cantly reduced the level of binding of
the radiolabeled probe to the DHFR protein with an IC50 of
3.16 nM. An RNA sequence corresponding to the 564-nt
coding region of DHFR mRNA (DHFR:1±564) displayed a
nearly identical relative binding af®nity as the full-length
RNA sequence (IC50 = 3.64 nM). In contrast, sequences
corresponding to the respective 5¢- and 3¢-UTRs of DHFR
mRNA had markedly reduced binding af®nities, with IC50

values >200 nM. Unrelated RNAs, including a 30-nt RNA
corresponding to nucleotides 80±109 of the TS mRNA (TS30)
and yeast tRNA were unable to compete for binding. These
studies provided further support for the speci®c nature of the
interaction of human DHFR protein and its own human DHFR
mRNA.

We also tested the effect of substrate binding on the ability
of DHFR protein to interact with its own DHFR mRNA. For
these studies, we employed the ®lter-binding assay, and
incubated DHFR protein with varying concentrations of MTX.
As seen in Table 2, incubation of DHFR with MTX effectively
abrogated the RNA binding of DHFR in a dose-dependent
manner, and an IC50 value of 0.29 mM was obtained. In
contrast, incubation with the ¯uoropyrimidine 5-FU (IC50 >
5000 mM) did not affect the RNA-binding activity of DHFR
and other antifolate analogs such as ZD1694 (IC50 = 6.6 nM),
ZD9331 (IC50 = 16.8 nM) or 1843U89 (IC50 = 48.5 nM) were
signi®cantly less effective at abrogating the RNA-binding
activity of DHFR when compared with MTX.

Identi®cation of amino acid residues involved in RNA
recognition

Previous studies identi®ed several point mutations within the
active site of human DHFR protein as playing a major role in
the development of a cellular drug resistant to the antifolate
analog MTX and the related compound trimetrexate. Of note,
several mutant proteins have been expressed that display
signi®cantly reduced binding af®nity to these respective
antifolate analogs, but as yet maintain intact catalytic activity.
Such mutant proteins include I7F, L22Y, F34S and R70K
(24±27). Recently, mutant proteins with substitutions at Leu22
and/or Phe31 were shown to retain RNA-binding activity (28).

In the present report, we focused our initial attention on
investigating the potential RNA-binding activity of these well
characterized mutant proteins. In addition, we expressed and
puri®ed proteins with mutations at the sole cysteine amino
acid residue at position 6 of the protein, as cysteine residues
have been documented to play a critical role in RNA
recognition (29±34).

For this series of experiments, we used site-directed
mutagenesis to express and purify 14 different His-Tag
DHFR mutant proteins. These mutant proteins are listed in
the Materials and Methods. As seen in Figure 3A, mutation at
the Cys6 residue with either an alanine (C6A) or serine (C6S)
residue almost completely abrogated the RNA-binding
activity. Of note, the catalytic activity of each of these
cysteine mutant proteins was reduced by only 20±25%
(Fig. 3B). Three other mutant proteins, I7A, R28A and
F34S, were signi®cantly impaired in their ability to bind
DHFR mRNA. In contrast, mutant proteins E30A, E30Q and
F31A showed a signi®cant increase in their respective RNA-
binding properties.

To begin to determine the potential functional signi®cance
of these mutations, the effect of these mutant proteins on
DHFR mRNA translation was investigated by means of the
in vitro rabbit reticulocyte lysate translation system. When
human DHFR mRNA was included in the rabbit lysate, a band
corresponding to the His-Tag DHFR protein was observed,
resolving at a molecular weight of ~24 kDa (Fig. 4, lane 1).
Translation of DHFR mRNA was completely repressed upon

Table 2. Effect of antifolate drugs on RNA-binding activity of His-Tag
recombinant DHFR protein

Anti-folate drug IC50 (mM) 6 SD

MTX 0.29 6 0.140
TDX 6.60 6 2.25
ZD9331 16.8 6 4.13
ZD1843 48.5 6 2.50
5-FU >5000

Effect of inhibitor compounds on binding of human recombinant His-Tag
DHFR protein to full length, human DHFR mRNA was determined by
comparing the concentration of anti-folate drug that inhibited speci®c
binding of 32P-radiolabeled human DHFR mRNA by 50%. The experiments
were performed as described in the Materials and Methods. Each value
represents the mean 6 SD of at least three experiments.

Figure 3. (A) RNA-binding activity of wild-type and mutant DHFR proteins
using the nitrocellulose ®lter-binding assay. 32P-radiolabeled DHFR mRNA
(100 000 c.p.m.; 3.8 fmol) was incubated with 42.6 pmol of wild-type or
mutant His-Tag recombinant DHFR proteins using the nitrocellulose ®lter-
binding assay as described in the Materials and Methods. Each value repre-
sents the mean 6 SD of at least three experiments. (B) Enzyme activity of
wild-type and mutant human DHFR proteins. The enzyme activity of wild-
type and mutant DHFR proteins was determined using the spectro-
photometric assay, as outlined in the Materials and Methods. Each value
represents the mean 6 SD of at least three experiments.
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the addition of human His-Tag DHFR protein (Fig. 4, lane 2).
In contrast, the addition of mutant proteins C6A, C6S, I7A,
R28A and F34S did not result in translational inhibition (Fig. 4,
lanes 3±7). Incubation of DHFR mRNA with mutant proteins
E30Q, F31A and I7F resulted in a signi®cant degree of
translational repression, to nearly the same degree as observed
with the wild-type DHFR protein (Fig. 4, lanes 8±10).
Finally, the addition of a DHFR protein isolated from a
different species, namely E.coli DHFR, was unable to inhibit
translation of human DHFR mRNA (Fig. 4, lane 11).

UV cross-linking analysis

A UV cross-linking analysis was performed to determine the
approximate molecular weight of the DHFR RNP complex. As
seen in Figure 5, a complex resolving at a molecular weight of
~29 kDa was observed when the 564-nt radiolabeled probe
was incubated with wild-type, His-Tag DHFR protein (Fig. 5,
lane 3). UV cross-linking was absolutely essential for
visualization of this complex, as an identical reaction mixture
not subjected to UV cross-linking did not reveal such a
complex (Fig. 5, lane 2). A complex was also observed when
the radiolabeled probe was incubated with the mutant E30A
mutant protein (Fig. 5, lane 5). In contrast, the C6A mutant
DHFR protein and a GST protein were unable to form a
complex with the radiolabeled probe (Fig. 5, lanes 4 and 6). As
the His-Tag DHFR protein resolves at a molecular weight of
~24 kDa, these ®ndings suggest that the main RNA sequence
protected from RNase digestion is ~16 nt in length.

Isolation of bound RNAs from the DHFR RNP complex

We next performed a footprinting analysis to determine the
approximate size of the DHFR RNA sequence bound by the
DHFR protein. For this set of experiments, we used the
nitrocellulose ®lter-binding assay. A standard RNA-binding
reaction was performed, and the RNAs bound to the human
DHFR protein were eluted from the nitrocellulose ®lter and
subsequently resolved on a denaturing 15% polyacrylamide±
8 M urea gel. As seen in Figure 6, three distinct RNA species
were identi®ed, ranging in size from 16 to 45 nt.

DISCUSSION

In this study, we present evidence that demonstrates a speci®c
interaction between human His-Tag DHFR protein and its

cognate human DHFR mRNA. This interaction was con®rmed
by using two different experimental approaches, an RNA gel
mobility shift assay and a nitrocellulose ®lter-binding method.
The human DHFR initially studied by our laboratory was a
recombinant protein that had been puri®ed to homogeneity by
isoelectric focusing (15), and was therefore completely
substrate-free. In contrast, the DHFR protein employed by
Erickan-Abali et al. (16) was only ~20% pure. Nevertheless,
the ®ndings described herein are entirely consistent with those
previously observed by our group and by Ercikan-Abali et al.
(16). Our studies with the recombinant His-Tag DHFR protein
suggest that the presence of the His-Tag does not adversely
affect the RNA-binding activity of DHFR. McPherson et al.
(28) also observed that a human His-Tag DHFR fusion protein
retained the ability to bind to its target DHFR mRNA. These
®ndings suggest that the recombinant His-Tag DHFR fusion
protein can be used as an appropriate source of human DHFR
in future studies to identify the speci®c RNA-binding
domain(s) on the protein. In addition, the original His-Tag
DHFR cDNA construct used to express this recombinant
protein can be used as a template for site-directed mutagenesis
studies to generate mutant DHFR proteins.

To begin to identify the amino acid residues on DHFR that
are required for RNA recognition, we used a site-directed

Figure 4. Effect of wild-type and mutant human DHFR proteins on transla-
tion of human DHFR mRNA. Human DHFR mRNA (0.24 nmol) was incu-
bated in the absence (lane 1) or presence of wild-type or mutant DHFR
proteins (85.2 pmol) as described in the Materials and Methods. Lane 1 con-
tains only DHFR mRNA; lane 2, wild-type human DHFR protein; lane 3,
C6A; lane 4, C6S; lane 5, I7A; lane 6, R28A; lane 7, F34S; lane 8, E30Q;
lane 9, F31A; lane 10, I7F; lane 11, His-Tag E.coli DHFR protein.

Figure 5. UV cross-linking analysis. 32P-radiolabeled human DHFR mRNA
(100 000 c.p.m.; 3.8 fmol) was incubated with 42.6 pmol of wild-type or
mutant human His-Tag DHFR protein as described in the Materials and
Methods. After UV cross-linking, the reaction mixture was incubated with
RNase A to digest the unprotected RNAs. The UV cross-linked complexes
were then resolved on SDS±12.5% PAGE. Lane 1, probe only; lane 2, His-
Tag DHFR protein without UV cross-linking; lane 3, His-Tag DHFR
protein; lane 4, C6A; lane 5, E30A; lane 6, GST.

Figure 6. Isolation of bound RNAs from DHFR RNP complexes. 32P-radio-
labeled human DHFR mRNA (3 000 000 c.p.m.; 114 fmol) was incubated
with wild-type, His-Tag human DHFR protein (127.8 pmol), followed by
digestion with RNase T1 and RNase A, and the addition of heparin. RNAs
bound to the DHFR protein were eluted and resolved on a 15%
polyacrylamide±8 M urea gel as described in the Materials and Methods.
Lane 1, RNA markers; lane 2, RNAs isolated from the DHFR RNP
complex.
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mutagenesis strategy to express and purify mutant DHFR
proteins. In contrast to wild-type protein, mutant proteins I7A,
R28A and F34S did not bind to the target DHFR mRNA and,
as a result, were unable to inhibit DHFR mRNA translation.
However, three mutant proteins E30Q, F31A and I7F, which
all bound with increased relative af®nity to DHFR mRNA,
repressed translation to nearly the same extent as the wild-type
protein. These studies identify Ile7, Arg28 and Phe34 as being
important amino acid residues involved in RNA binding and
suggest that the folate-binding site may represent an important
RNA-binding domain on DHFR protein. Moreover, the fact
that catalytically inactive mutant proteins retain RNA-binding
activity indicates that the functions of RNA binding and
enzyme catalysis are not mediated by the same domain(s) on
the protein. The speci®c mechanism(s) by which the folate-
binding region mediates RNA binding remains unclear. It is
conceivable that this site interacts directly with the target RNA
and that these three amino acids function as critical contact
points. However, an alternative possibility is that these amino
acids maintain the protein in a certain conformational state
that then allows for optimal RNA binding.

Several studies have focused on characterizing the
molecular elements that mediate the interaction between
RNA-binding proteins and their target RNAs. The R17
bacteriophage coat protein (29,30), aminoacyl-tRNA synthe-
tase (31), and iron-responsive element factor (32,33) represent
three well characterized RNA-binding proteins. In each case, a
free cysteine sulfhydryl group(s) on the RNA-binding protein
forms a covalent Michael adduct with the C-6 position on the
corresponding uracil ring of the target RNA. With this in
mind, we designed recombinant DHFR proteins with a
mutation at the sole cysteine residue located at amino acid
position 6. Substitutions at Cys6 with either an alanine or
serine residue resulted in nearly complete abrogation of RNA-
binding activity. Of note, the catalytic activity of each of these
mutant proteins was almost completely preserved. These
®ndings suggest then that the sulfhydryl residue at Cys6 is
critical for RNA binding. While the precise mechanism by
which this occurs remains unclear, there are, at least, three
possibilities to explain its role. First, the cysteine sulfhydryl
may form a direct Michael adduct with the C-6 position of a
uracil ring on DHFR mRNA. Secondly, occupation of the
cysteine moiety may result in altered RNA binding through a
steric hindrance mechanism. Finally, the cysteine residue may
be critical in maintaining the protein in a certain conform-
ational structure that then allows the true binding domain on
DHFR to be readily accessible to the target RNA.

One issue that we wished to determine was the approximate
size of the DHFR RNA sequence bound by DHFR protein. For
this work, two different strategies were taken. The ®rst
approach was a UV cross-linking assay to isolate and
determine the molecular weight of the RNA±protein complex,
while the second one incorporated an RNA footprinting
analysis. In the UV cross-linking analysis, an RNP complex
was indeed observed when wild-type DHFR protein was
incubated with a radiolabeled DHFR mRNA probe and then
subjected to UV photochemical cross-linking. This complex
resolved at a molecular weight of ~29 kDa. This ®nding is in
sharp contrast to the 80 kDa RNP complex identi®ed
previously by Ercikan-Abali et al. (16). One potential
explanation for this rather sharp difference is that the DHFR

protein used in our experiments was nearly homogeneously
pure whereas the DHFR protein used by Ericikan-Abali et al.
(16) was only 20% pure. The use of only partially pure DHFR
protein, in their case, raises concerns for the speci®city of this
RNP complex and suggests binding of a cellular protein other
than DHFR to the DHFR mRNA. Another possibility is that a
signi®cantly longer sequence of RNA (200 nt) was bound to
the human recombinant DHFR protein puri®ed by Erickan-
Abali et al. (16) as a result of incomplete and/or insuf®cient
RNase digestion. In the present report, we were able to
document the speci®city of the DHFR RNP complex by the
inability of mutant DHFR protein-C6A and an unrelated GST
protein to form such a complex with the same radiolabeled
DHFR mRNA probe.

The molecular weight of the His-Tag DHFR protein, as
resolved on a denaturing SDS gel, is 24 kDa. If one assumes a
1:1 binding stoichiometry between DHFR protein and DHFR
RNA, the remaining 5000 molecular weight must be con-
tributed by the bound RNA. Based on these calculations, the
size of the RNA sequence bound to the protein would be ~16 nt
in length. As a complementary method, we used an RNA
footprinting analysis that resolved three main RNA species,
16, 30 and 45 nt in length, with the most intense signal being
observed at 16 nt. Taken together, these ®ndings suggest that a
core RNA sequence of 16 nt is bound to DHFR protein.
However, our results do not rule out the possibility that longer-
sized RNA sequences containing this 16-nt core sequence are
bound to DHFR protein or that there are, in fact, three different
RNA elements with which the DHFR protein speci®cally
interacts. Finally, a nearly 5-fold higher amount of RNase A
was included in the UV cross-linking analysis when compared
with what was used for the footprinting method. Thus, it is
conceivable that a more complete digestion of the unbound
RNA was achieved with the cross-linking method, thereby
yielding a smaller-sized RNA sequence bound to DHFR
protein. Further studies are in progress to more carefully
elucidate the RNA sequences bound to DHFR protein in the
RNP complexes both in vitro and in vivo.

One ®nal issue relates to whether the ability of DHFR to
recognize RNA is conserved in evolution. As presented
herein, recombinant E.coli DHFR protein was unable to bind
to human DHFR mRNA as well as to its own E.coli DHFR
mRNA. This result may not be entirely surprising, as the level
of homology between the human and E.coli DHFR is only on
the order of 27%. Moreover, when one compares the level of
amino acid similarity in the folate-binding region in which the
C6, I7, R28 and F34 amino acids reside, there is even less
homology (<20%). This ®nding is in marked contrast to TS in
which the RNA-binding activity is maintained across all
species studies to date (34). Despite these initial results,
further studies are needed to more precisely determine
whether the RNA-binding activity of DHFR is conserved
amongst the different species.

Further studies are needed to more carefully elucidate the
key molecular elements underlying the translational auto-
regulation of DHFR and the interaction between DHFR
protein and its target mRNA. Our laboratory is presently
dissecting the critical cis-elements on DHFR mRNA that are
required both in vitro and in vivo for RNA recognition. In
addition, studies are in progress to determine the precise
intracellular localization of the DHFR RNP complex in intact
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human colon cancer cells. Such work may help to further
characterize the biological signi®cance of this particular RNP
complex. While four different amino acids have been shown to
be important for RNA recognition, it remains unclear as to
whether these amino acids form direct contact points with the
target DHFR mRNA or whether they maintain the protein in a
certain conformational state that then allows for the proper
binding domain on the protein to interact with its target
mRNA. Studies are now planned to resolve the crystal
structure of the DHFR protein±DHFR mRNA complex in an
attempt to address this critical issue. Finally, as the process of
translational autoregulation is becoming an increasingly
recognized mechanism for the control of gene expression,
the studies described herein may provide new insights that can
be applied to other critical cellular genes.
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