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SUMMARY: During our human heart cDNA sequencing project, we have obtained a novel
cDNA clone which is very similar in DNA and amino acid sequences to a rat/mouse cysteine-rich
intestinal protein (1). Sequence analysis has shown that this human cysteine-rich heart protein
(hCRHP) is a protein of 77 amino acids and possesses a LIM motif which is considered to be able
to bind zinc. Northern blot analyses have shown that its mRNA level in rat heart is regulated
developmentally. We have expressed hCRHP in E. coli using pAED4 as the vector and the cDNA
was engineered so that the authentic protein is produced. The protein was partially purified and
was shown to be a basic protein. ¢ 1994 acagemic press, inc.

Zinc finger proteins can be classified into at least 2 different classes based on the
consensus sequences (2). One of the classes of zinc finger proteins bears a LIM motif which is
constituted from a CLHC and a C4 motif (3-4). LIM is an abbreviated form derived from the
names of three genes which share a consensus cysteine-rich sequence: lin-11 (3), Isl-1 (4) and
mec-3 (5). Each LIM motif can accommodate two zinc atoms (6) and it is thought that some
proteins bearing LIM motif may be involved in zinc transport (7) and/or DNA binding (3-4).
Usually, LIM-containing proteins carry two LIM motifs and a homeodomain (8). However, a
protein isolated from the small intestine of rat/mouse called cysteine-rich intestinal protein (CRIP)
has only one LIM motif and has no homeodomain (1). Apart from the small intestine of rat/mouse,
CRIP can also be found in other tissues, such as lung, adrenal, testis and spleen (1). DNA
sequences similar to the CRIP gene may be existent in many different organisms (1).

We have initiated a human heart cDNA sequencing project which is aimed at revealing the

expression profile of human heart and to identify novel, previously uncharacterized genes active in
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the human heart (9-11). A number of cDNA clones identified matched with some non-human
DNA sequences. One of the these has DNA sequence resembling rat/mouse CRIP. We report here
the cloning, sequencing, tissue distribution, change in expression level of hRCRHP in heart during
development and the expression of hCRHP in E. coli .

MATERIALS AND METHODS

DNA sequencing of hCRHP ¢DNA clone. Partial sequencing of cDNA clones isolated
from a human adult heart cDNA library (Agtl1 vector, Clontech) was conducted as described
previously (10-11). Briefly, A bacteriophage cDNA clone was first amplified by PCR using
Aprimers flanking the EcoRI site of the vector (Forward: SATTGGTGGCGACGACTCC
TGGA3’; Reverse: STTTGACACCAGACCAACTGGTA3Z'). The PCR product was sequenced
using a cycle sequencing kit purchased from Stratagene. The sequencing products were run in a
Pharmacia ALF DNA sequencer. Sequence comparisons against the GenBank and EMBL
nucleotide and protein databases were performed using the BLAST electronic mail server (12).
The complete sequence of a cDNA clone named human cysteine-rich heart protein (hCRHP)
which matches with the mouse CRIP was then determined by cycle sequencing and was verified
by manual sequencing using dideoxy chain termination method (13). The DNA and the predicted
amino acid sequences were analysed by MacDNASIS from Hitachi.

Subcloning and expression of hCRHP. PCR of hCRHP c¢cDNA clone was done by using
the hCRHP cloning primer (5TAGGGCCATATGCCCAAGTGTCCCAAGTGC3') and an oligo
dT primer (STAGGGCGAATTCTTTTTTTTTTTTTTTTTT3"). An Ndel site and an EcoRI site is
present in the hCRHP cloning primer and the oligo dT primer respectively and are underlined in
the DNA sequence shown above. After cutting with Ndel and EcoRI, the PCR fragment was
subcloned into the expression vector pAED4 (a gift from Doering and Matsudaira). The
recombinant plasmid pAED4-hCRHP was transformed into E. coli BL21(DE3),
BL21(DE3)pLysE and BL21(DE3)pLysS strains. The induction of expression with 0.4mM IPTG
was performed essentially as previously described (14), except that 0.2 mM ZnSO4 was
supplemented during expression (15) to increase the efficiency of expression. The bacterial crude
extract was electrophoresed on a 15% SDS-PAGE (16).

Northern hybridization. Total RNA was isolated from rat tissues using guanidine thiocyanate
coupled with cesium chloride centrifugation (17). About 30ug total RNA from each tissue was
resolved in 1.5% agarose/2.2M formaldehyde gel. The RNAs were then transferred onto Nylon
membranes (Amersham) and fixed by baking under vacuum at 80°C for 2 hours. A pair of
primers within the coding region of the hCRHP cDNA was designed to give a PCR product of
204 base pairs. Radioactive random-primed probe was made using the purified PCR product as
template. Northern hybridization was done by hybridizing the membrane with the [32P]-labelled
probe at 420C in the presence of 50% formamide for 20 hours. The membrane was washed to
remove nonspecific annealing. Autoradiography was performed at -709C. Densitometry of the
autoradiographs and peak area integration provided relative quantification of the amount of bound
cDNA probe.

RESULTS AND DISCUSSION

The DNA and protein sequences of hCRHP. Among the various non-human match clones
that we sequenced, a cDNA clone which matches with a rat/mouse CRIP was identified. It was
named the human cysteine-rich heart protein (h\CRHP) (Fig.1). Excluding the vector sequence and
the poly A region, the cDNA insert is 416 base pairs in length. The initiation codon was found at
nucleotide number 65. The stop codon is at the nucleotide number 296. The consensus initiation
sequence CCRCCAUG (R represents purine) (18) is present in the start of the open reading frame
(ORF). By aligning the DNA sequences of the ORF of rat/mouse CRIP and hCRHP, they were
found to have a similarity of 88.7% (Fig. 2). We believe that rat/mouse CRIP and hCRHP are
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TCT CGC ACT GTA GCC CGT GCC GCC CCA GEC GCT GCC GCC TGC 46
M P K C P K € N K E 10

CCC GGA GCC GCC ATG CCC ARG TGT CCC AAG TGC AAC AAG GAG 94
F A E R V T 8 1L G K D W H R 26
TTC GCC GAG AGG GTG ACC TCT CTG GGC AAG GAC TGG CAT CGG 142
L K ¢ E K ¢ 6 K T L T S§ G & 42
CTG AAG TGC GAG AAR TGET GGG AAG ACG CTG ACC TCT GGG GGC 190
E B E 8 K P Y € N H P C Y V 58
GAG CAC GMA GGC AAA CCC TAC TGC AAC CAC CCC TGC TAC GTA 238
F 6 P K G F G R G G A E S8 H 74
TTT GGG CCT AMA GGC TTT GGG CGG GGC GGA GCC GAG AGC CAC 286
K w 78
AAG TAA ACC AGG TGG TGG AGA CCC ATC CTT GGC TGC TTG CAG 334
GTC CAG GCA BAT TCC AGG CCT TGT CCC AGA TGC CAG GAT CCC 382
CCT AAT GCT CTA GTA ACC TGA CAT TGG A 416

Fig. 1. The cDNA and amino acid sequences of hCRHP. In the amino acid sequence, the amino
acid residues underlined (CCHCCCCC) constitute the LIM motif. In the DNA sequence, the start
(ATG) and stop (TAA) codons are underlined. The poly A tail at the end is not shown.

structurally and functionally related because they share a high degree of similarity in their ORF.
Unlike the ORF region, when the 5' untransiated region (5'UTR) and the 3' untranslated region
(3'UTR) of the two genes were aligned, only 52% (32 out of 61 bps) and 48% (54 out of 112
bps) homology were obtained respectively.
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GTCTCGCACTGTAGCCCGTGCCGCCCCAGCCGCTGCCGCCTGCACCGGACCCGGAGCCGC
et o1t XKoo
TCCAGAGCCTACAACCTACTTCCTTCTAGCTGCAGCCACTTGTGCAGGACCAGGTGCCGC
1o 20 30 40 SO 60

70 80 90 100 110 120
CATGCCCAAGTGTCCCAAGTGCAACAAGGAGGTGTACTTCGCCGAGAGGGTGACCTCTCT

CATGCCGAAGTGCCCCAAGTGCGACAAGGAGGTGTATTTCGCTGAGCGAGTGACGTCACT
80 90 100 110 120

130 140 150 160 170 180
GGGCAAGGACTGGCATCGGCCCTGCCTGAAGTGCGAGAAATGTGGGAAGACGCTGACCTC

AGGCAAGGACTGGCATCGTCCCTGCCTGAAGTGCGAGAAATGTGGAAAGACACTGACCTC
130 140 150 160 170 180

180 200 210 220 230 240
TGGGGGCCACGCTGAGCACGAAGGCAAACCCTACTGCAACCACCCCTGCTACGTAGCCAT

TGGGGGTCATGCTGAGCATGAAGGCAAGCCCTACTGCAACCATCCCTGCTACTCCGCCAT
190 200 210 220 230 240
250 2860 270 280 290 300
GTTTGGGCCTAAAGGCTTTGGGCGGGGCGGAGCCGAGAGCCACACTTTCAAGTAAAC CA
GTTTGGGCCCAAAGGCTTTGGGCGAGGTGGAGCTGAAAGCCACACTTTCAAGTAGACTGA
250 260 270 280 250 300
310 320 330 340 3580 360
GGTGGTGGAGACCCATCCTTGGCTGCTTGCAGGCCACTGTCCAGGCAAATTCCAGGCCTT

GGTTGTGGAAACTC TCCCTACCCGC-~CCAGGCGAGTG CCAGGCCTTGTCCCTAGACA
310 320 330 340 350
370 380 390 400 411

GTCCCAGATGCCAGGATCCCTTGTTGCCTAATGCTCTAGTAACCTGACA

G CAGGGCTCTCCGCAGCCCTCCATGCCTTTAATAAACTTGATCTTTGG
360 370 380 330 406

Fig. 2. Alignment of DNA sequences of CRIP and hCRHP. The alignment was performed using
MacDNASIS. Nucleotides that are identical between the two sequences are marked by "' while
those that are different are left blank.
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hCRHP MPKCPKCNKEVYFAERVTS LGKDWHRPCLKCEKCGKTLTSGGHAEHEGKPYCNHPCYVAM
D SIS S S A I S S S S S T 1 2 A T A
MOUSE CRIP MPKCPKCDKEVY FAERVTS LGKDWHRPCLKCEKCGKTLTSGGHAEHEGKPYCNHPCY SAM
10 20 30 40 50 60
70
hCRHP FGPKGFGRGGAESHTFK
HER SRR ERE RS R 4
MOUSE CRIP FGPKGFGRGGAE SHTFK

Fig. 3. Alignment of amino acid sequences of CRIP and hCRHP. The alignment was performed
using MacDNASIS. Amino acids that are identical between the two sequences are marked by '
while those that are similar were marked by '.". Those amino acids that are different between the
two sequences are left blank.

After translating the ORF of the hCRHP ¢cDNA clone, a protein sequence of 77 amino
acids was obtained. When the amino acid sequences of CRIP and hCRHP were aligned, 97.4%
identity between these two proteins was found (Fig. 3), with only a difference of two amino
acids. At position 8, asparagine (N) in hCRHP was replaced by aspartic acid (D). At position 58,
valine (V) in hCRHP was replaced by serine (S). The two proteins have an even higher homology
than that of the DNA. The calculated molecular weight is 8561 daltons. It possesses a LIM motif
which is constituted by 7 cysteines and 1 histidine. The first finger is at position cysteine 4 to
cysteine 28 and the second one is at position cysteine 3! to cysteine 56. The hydrophobic residues
phenylalanine 13 and leucine 20 are invariant in most zinc fingers having two cysteine residues
and two histidine residues, such as TFIIIA (finger one to three) and Xfin 31 (19). hCRHP has an
excess of basic residues (10 lysyl, S histidyl and 3 arginyl) over acidic ones (1 aspartyl and 6
glutamyl). Therefore the estimated pl as determined by the software MacDNASIS (Hitachi) was
8.83. The amino acid sequences of the two fingers is 75.5% identical (40 out of 53) and 83.0%
similar (44 out of 53) to the rat 178-estradiol-stimulated protein (ESP1) gene (20). Another
striking similarity between these two proteins is that administration of dexamethasone to neonatal
rat caused the rise of CRIP mRNA content (21) while estradiol can increase the mRNA level of
ESP1 in brain of adult rat (20).

A glycine-rich domain in human cysteine-rich protein (hCRP) and rat/mouse CRIP has
been reported (22). We have observed a special feature of the glycine-rich domain of hCRHP.
There are 7 hydrophobic residues, 5 glycine residues and 2 basic residues from valine 58 to
alanine 71. The arrangement is HHHHGH+GHG+GGH (H:hydrophobic; G:glycine; +:basic
residue). The two basic residues are located within the five glycine residues which are in turn
surrounded by hydrophobic residues.

A human protein hCRP has been characterized (22) and it has been proposed that the
adjacent finger in the finger doublet motif is a result of the duplication of the finger doublet region
of the rat/mouse CRIP gene. Also, rCRP2 was identified to be the rat homolog of hCRP (23). Our
report suggests that hCRHP is the homolog of rat/mouse CRIP and that hCRHP and hCRP are
distinct genes even though they may share a common evolutionary history (Fig. 4). The
percentage homology of the LIM motifs among various proteins is shown in Table 1.

Northern hybridization of hCRHP. It was found that hCRHP mRNA is expressed at a
high level in human fetal heart. By comparing the location of the band with that of 18S and 28S
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Fig. 4. Schematic representation of CRIP, hCRHP, hCRP and cCRP. The oval regions represent
the LIM motif of the proteins.( For details of each protein, please see the references. Crawford et
al., 1994 in reference no. 28.)

ribosomal RNA, we found that the mRNA has a size of about 670 nucleotides (Fig. 5A). It is of a
size similar to the hCRHP ¢cDNA sequence we have obtained. Since the DNA sequences between
rat/mouse CRIP and hCRHP were very similar, hCRHP ¢cDNA probe was hybridized with total
RNA of various rat tissues (Fig. 5B). It was shown that the small intestine has the highest signal.
Lower signals could be detected in adult heart and spleen. Virtually no signal could be detected in
skeletal muscle, kidney and liver. The results obtained agree with those previously published (21).
When rat neonatal (one day old) and adult heart RNAs were hybridized with the hCRHP cDNA
probe, only a weak signal for rat adult heart was observed (Fig. 5C); however, we found that the
mRNA level of hCRHP in neonatal heart is 5 times more than that of adult heart from
densitometry. Staining of the membrane with methylene blue shows that virtually equal amounts
of total RNA were loaded in the different lanes (data not shown). On the other hand, rat/mouse
CRIP mRNA level in small intestine of adult rat was six times more than that of one day old
neonatal rat (1).Our result suggests that the expression of hCRHP changes during development.

Table 1. Comparison of similarity of LIM motifs in various proteins. The LIM motif of proteins in
the left column were compared with that in the right row. The denominator represents the number
of amino acid residues compared while the nominator represents the number of amino acid
residues of the proteins in the right row that are identical to the amino acid residues of the proteins
in the left column.

CRIP hCRHP__|hCRP(LIM1)[nCRP(LIM2)| cCRP(LIM1)|cCRP(LIM2)
rCRIP - 49/51 21/51 24/51 21/51 24/51
hCRHP - - 21/51 25/51 22/51 25/51
hCRP(LIM1) - - - 27/50 47/50 27/50
hCRP(LIM2) - - - - 28/50 46/50
cCRP(LIM1) - - - - - 28/50
cCRP(LIM2) - - - - - -
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A B C

Fig. 5. Tissue distribution of hCRHP in human neonatal heart and in rat tissues. (A). Northern
hybridization of hCRHP probe to human neonatal heart total RNA. (B). Northern hybridization of
hCRHP probe to adult rat RNAs. Lane 1: rat heart. Lane 2: rat skeletal muscle. Lane 3: rat liver.
Lane 4: rat small intestine. Lane 5: rat kidney. Lane 6: rat spleen. (C). Northern hybridization of
neonatal and adult rat heart total RNA. Lane 1 is adult heart total RNA. Lane 2 is neonatal heart
total RNA.

Expression of hCRHP. hCRHP cDNA clone was successfully amplified using a tailor-made
cloning primer and an oligo dT primer (Fig. 6). Thus, the oligo dT primer can be used as a
common 3' cloning primer for amplifying and cloning interesting cDNA clones. This strategy is
especially suitable for a large cDNA sequencing and expression project. Since the oligo dT primer
can prime along the poly A region of the 3' end of the template, a set of PCR products of a range
of sizes were made. However, this will not introduce any problem for later experiments because,
after being subcloned into pAED4, a single hCRHP cDNA clone can be isolated easily.

The success of the directional cloning was proven by restriction cutting of the putative
recombinant plasmid, PCR using primers complementary to the internal sequence of hCRHP
c¢DNA and manual sequencing. When we attempt to transform the recombinant plasmid (pAED4-
hCRHP) intoE. coli. BL21(DE3) strain, no transformed colony was obtained (data not shown). It
was suggested'that h(CRHP produced inside the bacteria chelated metal ions such as zinc and
copper and prevented the normal growth of bacteria. Thus, a high level of hCRHP was very toxic
to bacteria. In order to circumvent this problem, E. coli BL21(DE3)pLysE and BL21(DE3)pLysS
strains were used which guaranteed minimal production of hCRHP under uninduced conditions
(14). However, out of 16 randomly picked successful transformants, only one produced a minute
amount of cloned protein upon induction (data not shown). To overcome this problem, 0.2mM
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Fig. 6. Subcloning of hCRHP into an expression vector. Lane {: the &/HindIII-pUC18/Sau3Al
size marker. Lane 2: the PCR product of hCRHP using 2 PCR primers. Lane 3:.the PCR products
of hCRHP using specific cloning primer and an oligo dT primer. (a) and-(b) represent the focation
of PCR products containing hCRHP.

ZnS0O4 was supplemented during induction (15), and 8 out of 8 randomly picked successful
transformants produced large amounts of the cloned protein upon induction. A representative
clone is shown in Figure 6A. It could be inferred from our findings that zinc was required for the
successful production of hCRHP upon induction.

After resolving the crude bacterial extract in 15% SDS-PAGE, the proteins were
transferred onto a nylon membrane and stained with Coomassie Blue (Fig. 7A). It can be shown
that the intense band at about 8.5 kDa (lane 3, Fig. 7A) was the protein coded by hCRHP cDNA
and was absent when not induced by IPTG. Its identity has also been verified by sequencing 15
amino acid residues from the N-terminal of the protein (data not shown). When the crude bacterial
extract was extracted once with 0.25M HCI (24), hCRHP was mainly found in the acid soluble
fraction (Fig. 7B). It was shown that hCRHP is a basic protein and has a solubility property
similar to other histones and acid soluble nuclear proteins (24). By acid extraction, hCRHP can be

partially purified. It can serve as a first step for purifying hCRHP.

The possible roles of CRIP and hCRHP. CRIP was thought to be a zinc carrier which can
bind to zinc during transmucosal zinc transport of rats (7). Some results suggested that CRIP and
intestinal metallothionein competitively bind zinc during zinc transport (25). Alternatively, the
observation of zinc transport may be explained if CRIP has the properties of metal exchange (15).
Also, it has been shown that CRIP mRNA level is not primarily dependent on zinc level (26). On
the other hand, the administration of dexamethasone, a glucocorticoid, would lead to the
precocious rise of CRIP mRNA level in rat neonate (21). Together with the information that the
level of CRIP mRNA in the small intestine of rat changes with different developmental stages of
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Fig. 7. Expression of hCRHP. (A). SDS-PAGE of hCRHP with 15% polyacrylamide gel. Lane 1
is molecular size marker. Lane 2: uninduced recombinant bacterial crude extract. Lane 3: induced
recombinant bacterial crude extract. (B). Acid extraction of hCRHP. Lane 1: the molecular size
marker. Lane 2: the uninduced recombinant bacterial crude extract. Lane 3: the acid soluble
fraction of induced recombinant bacterial crude extract. Lane 4: the acid insoluble fraction of
induced recombinant bacterial crude extract.

small intestine (1), it was postulated that CRIP may mediate the action of glucocorticoid in the
development of the small intestine (27). At this moment, the exact function of CRIP is still under
intense investigation. Our results show that hCRHP, the human homolog of rat/mouse CRIP, is
developmentally regulated in rat heart in a pattern different from that of rat CRIP in the rat smali
intestine. This result supports the idea that CRIP or hCRHP is not a intestinal-specific protein.
The change in expression during development, excess of basic residues and existence of zinc
finger motifs suggect that hCRHP may be involved in transcriptional regulation of gene
expression during the development of heart.
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