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A human creatine transporter (hCRT-BS2M) cDNA clone was isolated from a human
brainstem/spinal cord using a PCR and phage plaque hybridization based technique. This clone
included an open reading frame of 1,905 base pairs(bp) within a 2,283bp cDNA. Northern blot
hybridization detected the expression of corresponding mRNAs most prominently in the skeletal
muscle, heart and kidney. Peptide sequence analysis of the hCRT-BS2M protein product revealed
12 putative transmembrane domains. The predicted protein sequence further demonstrates that the
hCRT-BS2M has highly conserved amino acid identity with the other members of the sodium
dependent plasma membrane transporter family. Transient expression of the hCRT-BS2M in
COS-7 cells demonstrates sodium dependent [!4Clcreatine uptake with a KM value of 14.9+ 3.0
uM (n=5) that is attenuated by creatine and selective structural analogues of creatine.  © 1994

Academic Press, Inc.

Phosphocreatine is an important energy transducer in the heart, brain and skeletal muscle. In these
tissues, creatine kinase catalyzes the reversible transfer of high-energy phosphate from adenosine
triphosphate(ATP) to creatine to form creatine phosphate(1, 2). Cellular transport mechanisms of
creatine are important for the metabolism of creatine in several tissues. The uptake system for
creatine has been studied in a number of tissues and cell types, and revealed a sodium and chloride
dependence(1-5). Complimentary DNAs encoding transporters for the gamma-amino butyric acid
(GABA)(6-8), noradrenaline (NE) (9), dopamine (DA) (10-14), serotonin (SHT) (15-17), glycine
(18, 19), proline (20) and taurine (21) have been cloned. They are all members of a growing
family of plasma membrane bound wransporters (22, 23). While trying to isolate a cDNA encoding
a novel human choline transporter, we identified a transporter clone (hCRT-BS2M) present in a
human brainstem/spinal cord cDNA library. Although the protein presented in this paper is related
in sequence to the putative rat choline transporter (CHOT) (24), choline failed to be transported by
this protein when expressed in cultured cells. During the characterization and expression of the
hCRT-BS2M, the sequence of the rabbit creatine transporter (tbtCRT) was reported by Guimbal et
al.(25). The high degree of homology between the hCRT-BS2ZM and the rabbit clone further
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confirms our hypothesis that we have cloned a human creatine transporter. Here, we report the

structural and functional characterization of the human creatine transporter.

MATERIALS AND METHODS

Screening of the human brainstem/spinal cord ¢DNA_library. In order to screen a human
brainstem/spinal cord cDNA library (Stratagene), a probe was amplified using degenerate primers
in a polymerase chain reaction (PCR). Primers were designed flanking a region of high homology
between transmembranes (TMs) Il and VI after examining the amino acid alignment of selected
transporters (i.e. the NE, GABA, DA, SHT, proline and glycine transporters). The primer
sequences were as follows:
Sense, 5'-
QACGGCGGAGGTG(T/C)(G/C)TTC(A/T JCOYT(G/ATICNG/A/T/OT(G/T/CYCC(G/A/T /C)TA 3'
ntisense
GGCATAAGAGAAGAA(G/A/T/O)A(TIC)CTG(G/AXG/A)G/AT/ICHA/T/CYCC(G/A/T )GC(G/A
/T)TC-3'. PCR amplification conditions were as follows: 94°C for 1 min., 55°C for 2 min. and
72¢C for 3 min. for 35 cycles. The expected 0.7 kb PCR product was obtained using the human
brainstem/spinal cord cDNA A ZAP library as a template. The PCR product was then subcloned
into the TA vector, pCRII (Invitrogen). Sequencing the PCR product was achieved by the dideoxy
method. A human brainstem/spinal cord cDNA & ZAP library (Stratagene) was screened with the
[32P]dCTP labeled insert of the pCRII vector. Hybridization was carried out overnight at 65°C in
a 0.05 M NaH;PO4, pH 7.4, buffer containing 5X Denhardt's solution, 6X SSC, salmon sperm
DNA (0.01 mg/ml) and [32P] labeled probe (1 X 107 cpm/ml). Filters were washed for 30 min. in
2X SSC/0.1% SDS buffer at room temperature, and then in 0.1X SSC/0.1% SDS buffer, at 65°C.
Bluescript plasmid was rescued from purified positive A phage clones by an in vivo excision
method. Sequencing was achieved by the dideoxy method. The same screening procedures were
performed on a human striatal cDNA library (Stratagene).

Northern Blot Analysis. The Sacl-HindlII fragment corresponding to the downstream region of
the hCRT-BS2M was radiolabeled with [32P|dCTP and was hybridized to a Human Multiple
Northern Tissue Blot (Clontech). The blot was hybridized in 5X SSPE, pH 7.4, 10X Denhardt's
solution, 2% SDS and 100 pug/ml denatured salmon sperm for 18 hrs. at 65°C. The blot was
washed with 2X §SC/0.05% SDS buffer at room temperature for 40 min., followed by two rinses
at 50°C in 0.1X SSC/0.1% SDS buffer for 40 min. each, and then exposed to Hyperfilm MP
(Amersham) for one week.

Transient Expression of ¢DNA and ['4C]Creatine Uptake in COS-7 Ceils. An EcoRI-HindIII
fragment of the hCRT-BS2M was subcloned into the expression vector pSV-SPORT1 (GIBCO-
BRL). COS-7 cells were transfected with the hCRT-BS2M/pSV-SPORT1 using either the calcium
phosphate or DEAE-dextrane transfection method and incubated at 37°C for 72 hours. The cells
were then washed once with HEPES-buffered saline (150mM NaCl, 10mM HEPES, 1mM CaCl,,
10mM glucose, SmM KCI, ImM MgCl,, (pH 7.4]) and allowed to equilibrate for 10 minutes in
the same buffer at 37°C. The medium was then removed and saturation studies were conducted
with solutions containing [4C]creatine(5-120 pM, 2.8 mCi/mmol, Amersham) For inhibition
studies, [14C]creatine (50 mM) and the appropriate inhibitors were added to the cells in HEPES-
buffered saline. Plates were incubated at 37°C for 20 minutes, then washed rapidly three times
with HEPES-buffered saline. Cells were solubilized overnight with 1 ml of 10% SDS; 0.5 mi
aliquots were removed, and radioactivity was determined by scintillation counting.

RESULTS AND DISCUSSION

To identify novel transporter proteins expressed in mammalian brain, synthetic degenerate
primers derived from conserved amino acid sequences flanking TMs II and VI from previously
published neurotransmitter transporters (NE, GABA, DA, 5HT, proline and glycine) were
synthesized. A single PCR reaction product was obtained from human the human brainstem/spinal
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cord cDNA library. The size of the PCR product was 700bp, which is the expected size based on
the sequences of the previously published neurotransmitter transporters. The nucleotide sequence
of the PCR product had highest homology (97%) with a rat creatine transporter (ratCRT) recently
cloned in our laboratory (Fig. 3). Using plaque hybridization techniques, twenty-two clones were
isolated from the human brainstem/spinal cord cDNA library. One unique clone, hCRT-BS2M,
was sequenced and further characterized.

Fig. 1 shows the nucleotide and predicted amino acid sequence of the human creatine
transporter (RCRT-BS2M)..The clone included an open reading frame of 1,905 bp within a 2,283
bp cDNA. The first ATG in the cDNA was assigned as the initiation codon on the basis of the
initiation consensus sequence of Kozak (26). The predicted open reading frame encodes a protein
of 635 amino acids with a molecular mass of 70,706 Da. Searches performed through Genbank
and EMBL databases revealed that the nucleotide sequence was novel. The amino acid sequence
analysis revealed that the hCRT-BS2M had the highest homology to the ratCRT (99%) and rbtCRT
(97%) and moderate homology to the taurine (53%), GABA/betaine transporters(48-50%), and the
glycine, proline, catecholamine and serotonin transporters(40-43%). When compared with a
second clone that we isolated from a human striatum cDNA library (hCRT-ST5), the sequence of
the hCRT-BS2M from human brainstem showed only two different amino acid residues (Asp!93
present in the brainstem clone to Ala!%? in the striatum clone and Thr378 in the brainstem clone to
Ala’78 in the striatum clone).

To define the distribution of the mRNA encoding the creatine transporter, we carried out
Northern blot analysis of polyA* RNA isolated from several human tissues (Fig. 2). Under high
stringency conditions, a 4.3 kb mRNA species was detected in the human tissues. The strongest
hybridization signals were detected in the skeletal muscle, heart and kidney with weaker signals
detected in the brain, placenta and lung. There were no signals in the liver or pancreas. The
pattern of tissue expression of the hCRT-BS2M mRNAs matched closely that of the rbtCRT (25).

The alignment of amino acid sequences encoded by the ratCRT, the hCRT-BS2M and the
rbtCRT is shown in Fig. 3. Hydropathy analysis using the method of Kyte and Doolittle (27)
indicates the presence of twelve hydrophobic domains that may represent membrane-spanning
segments. Interestingly, the human clones had sixteen amino acid residues that were different
from the rabbit clone while only two amino acids were different from the rat clone. The glutamate
residues in TMs Il and IX were conserved in the rat, rabbit and human creatine
transporters(Glu!®, Glu*4) and are conserved in all members of the sodium dependent plasma
membrane transporter family (23). The glycine residue (Gly’!) in TM I is conserved in all of the
creatine transporters and the amino acid-like subfamily of transporters (taurine, glycine,
GABA/betaine, L-proline). However, the glycine residue is substituted by aspartate in dopamine,
norepinephrine and serotonin transporters suggesting that the position and identity of this amino
acid is a critical determinant for specific classes of transporters.

The rat and human creatine transporters have two consensus sites for N-glycosylation (28)
in a large putative extracellular region between TMs I1I and IV (Asn192 and Asn197) that matched
the published rabbit creatine transporter (25) (Fig. 3). Another potential site of N-glycosylation
(Asn338) is found in the extracellular loop between TMs X1 and XII. The presence of multiple (2-
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-1% CTCGIGGCTCCAGGGGOT -1
i ATGGCGAAGAAGAGCGC TGRAAACGGTATCTATAGCG TG TC WEGAGACGAGRAGAAGGGT 60
1 M A K K S A ENGTI Y sV S G D EZKZKG 20

61 CC’I‘C’YCA'T‘CG’IV"’TY“CGGGC(.CGA’TGG’IV‘,( CCOGTCCAAGGGCGATGGCCCTGCGGGCCTG 120
21 L 1 ¥ $§ G P DGAF S K G D G P A G L 40

121  GGGGCGCCCAGCAGCTGCCTTGC TGTGCOGL M GAGAGAC TIGGACACGCCAGATGGALD 180
4 G A P § 8§ R L AV P P R ETWTU R QMD 60

181  TTCATCATGTCGTGCGTEGEC TTCGCCETGGHCC TCGGTAACG TG TGGCGCTTCCCCTAC 240
€F F I M $§ ¢ V G F AV G L G NV WRTF P Y 30

241  CTGTGCTACAAGAACGGCGGAGGTCTGTTCCTTATTCCCTATG TCC TGATTGCCCTGGTT 300
1 L ¢ Y ¥ N 6 G G V F L 1 P Y VL I A L V 100

301 GGAGGAA’K(‘LLAW’H‘LT‘ICuT&MTC”‘CACmCCAGTWA”GAAwCLGGFAGC 360
101 G G 1 I F F L ETI &L GQFMZEKNMBAWG S 120
361 ATCAATGTCTGGAACATC TG TCCCCTATTCAAAGGTC TGGGCTATGCCTCCATGS TGATT 420
13 T N vV W N I ¢ P L F XK G L G Y A 5 M Vv I 140

421 G'ICTT( TAC’IG(_AACAC’I‘“ACTACATCAT\ZXS'I‘GC'IGGLCT()GG.,C’Y'FCTATTAF’C"GGTC 480
v CNT Y Y I MV L AWGF Y Y L V 160

481 AAC“I\“’"I'I'I‘AL FAL CAC'I'I'T‘GC(‘A'IGGGCTAA‘G’I‘(,’R:GLCALACC'IG(;AA(,A( TCCTGAT 540
161 K P A T C G H T W N TP D 180

541  TGTGTAGAGATCTTTCGATATGAAGAC TCTGOCAATGACAGCTTGGC CAACCTCACATGT 600
18l ¢ V E 1 F R H E D C A NUD S L ANTULTZC 200

601  GACCAGCTTGCTGACCGGOGGTCCTCTGTUATCGAGTTCTGGGAGAACARAGTC PTGAGG 660
200 D QL ADRERS PV I EFWENZEKVILR 220

1 CTCTC "A’Vr(‘("(‘GGAG(J’I'I‘C’"AGf‘AGL MCTCAACTGGGAGG TGACCCTGTSTCTRC TS 720
21 L 8 T G L vV P 3 A L NWEWVTLCLL 240

721 GCCTGCTGGGTGCTSGTC TACTTC TG TG TU T GGAAGG GO TCARATC I ACGGGAAAGATY 7480
241 A C W V L VY F C V W K G VY K S T G K I 60

781 GTGSTACTTCACTGCTACATICCCCTACGTGG TN TGO TOS TGO TEC TGO TGOS TGGAG TS 240
26 VY ¥ T A TF P Y V VLV VL L V¥V R GV 280

CTGGATGGCATC ATITACTATC TCAAGCCTOAC TR T AMAGCT: 900

281 L L P G 5] I 1 Y ¥ L ¥ P D W K L 330
201 CAGGTGTEGATAGA TCCGGGGAT CCAGATTTTCT Y CATCGGC 960
301 ¢ v W I DA G T O I F F S Y A 1 G 30

CTGCGGHICUTCACAGT CCTGEGCAGU TAUAATC GO TTCAACAACAACTGC TACAAGGAT 1020
L 6 AL T&a&a LG S Y NRVFWHNUHNINTICYZEKDUD 340

021 IGGTACTCATCRAL L% SCTTCTTTGCTGGUTTTGTGGTETTC 1080
341 AT 1 L A L I N G $ ¥ F A G F ¥ VvV F ki3
1081 TOTATCCOU TC AT T ACAGAG CAX Y S TG TGO ATAT '"1“ ‘A}\ et} 1140
36 s 1 1 F M A T E Q 5 VvV H I 340
1141 GGLOOTORTOTA TTTCATT 1200
301 SR F oI 400

1407 TOTGGE
401 I.

TOCCTTGTTOTTCTT
A L F F F

GOTGTGOA

261 [CATOAC
421 5V R

7

. STCCTACTASTTE
L P A S Y Y F

*1  TTTCAAAGGGAGATITCCGT CTETRTT CTCTGCTTTG PCA TOGATI Y.
1 F QR E I 5§ Vv A L 0 C a L CF VI O L

1381 ATGGTSACTERTGG]
461 M Y T D G

GTTTGACTACT
F DY Y & A 5§

1441 ACTACTOTGOTONG! 1500
431 T T L L W 520
1501 SACCGOTTCATGGACGACATTGOC 1560
501 B F M L o I A 520
1561 TOETGUTGLT ST AT G Y T T I A T G CATC TV AT 1600
521 W o w 3 F F T F L VY O MG I ¥ 1 540
1621 TATTATGA I"x( FTCTACAACART AT 1680
541 Y R vy NN TOY 60
1631  GGCTOHGTOTTCSCCTTG TV TICAT 1740
561 G W A F A L & 8 M L 580

1741  CTCAGGGCCAAG c TGO AGTACCTUACCCACCCCATY TGGGGS 1900
%81 L R A K G T M A H K W Q0 H L T2 F 1 WG 249

1801 CTCCACCACTIGGAGTAC CGAGITUAGGS THGGGGCT

TGACCACCCTGACC 1860

801 L H H L E Y R A U R s L T 7 L T 620
1861 CCAGTOSTCCGAGAGCAGCAAG ¥ GTCTUATGTCA MACTUAGI TCA 1920
627 P Y 8§ E § § K V v VvV ¥ E S V M * 63%
1901 ACCAGCTCACCTCTGGTAGI A TASCANBCCCCTGCTTCAGTS

1981 .:\GuGG(,C CTGCCTTTCCCTGACACTTTTGGGGTC TGC CTGOGGOAGGAGCGGAGAAAGT
2041 ACCATGAGTGCTCACTAAAACAACTTTTTCCATITTTAATAAAACGCCAAALATATUACA
2101 ACCCACCAAAAATAGATGCCTCTCOCCCTCCAGCCTAGCCGAGCTC TCGATATCAR
2160 GCTTATCGATACCGTOGACC TCGGAGGGGGLGHNCOGTACC CAATT G COTATAGTGAG
2221 TCGGTTTTACAAATTCAATTGGCCGTCGHGTTTTACAACGGTCGST

Figure 1. Nucleotide and deduced amino acid sequence of the hCRT-BS2M. The deduced amino
acid sequence is shown below the nucleotide sequence. Nucleotides are numbered in the §' to 3
direction beginning with the first residue of the codon for the putative initiator methionine. The
nucleotides on the 5' side of amino acid residue 1 are indicated by negative numbers. The stop
codon flanking the open reading frame is denoted with an asterisk.
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Figure 2, Northern blot analysis of several human tissues. Hybridization was performed as
described under "Experimental Procedures.” About 2 ug of polyA* RNA were applied to each
well. The size of the transcripts was determined by a RNA standard. The sources of human RNA
were as follows: 1) heart, 2)brain, 3)placenta, 4)lung, S)liver, 6)skeletal muscle, 7)kidney and
8)pancreas.

4) N-linked glycosylation sites in the different transporters also suggests the possibility that
variations in glycosylation patterns could contribute to transporter heterogeneity (23). According
to the consensus sequencing for phosphorylation sites (29), two putative sites for cAMP-
dependent protein kinase (c(AMP-PK) were found in the N-terminal region and in the second
intracellular loop (Fig. 3). The periodic repeat of leucine residues at every seventh position in the
putative third extracellular loop (Leu286, Leu?93, Leu3% and 11e307) was observed (Fig. 3). This
structual feature has been referred to as a "leucine zipper", and was observed in TM 1I of several
glucose transporter glycoproteins, and could be the basis for dimerization of subunits or the site of
interaction with other membrane-spanning domains (30). A pattern resembling a leucine zipper is
present in TM II of the human noradrenaline (9) and rat serotonin transporters (17), as well as TM

IX of the rat (11, 12) and human dopamine transporters (14).

Expression in COS-7 cells demonstrated that cells transfected with the hCRT-BS2M
exhibited an average of five-fold increase in [14C]creatine uptake when compared with the non-
transfected control (p<0.05). The non-transfected control was defined as COS-7 cells exposed to
calcium phosphate transfection procedure without DNA. This control had similar levels of
[14C]creatine uptake as two different controls which involved transfection of a plasmid without
insert, or with the human dopamine transporter cDNA insert (data not shown). Fig. 4 shows
[14C]creatine uptake into COS-7 cells transfected with the hCRT-BS2M compared with control
uptake in non-transfected cells. Nonlinear regression analysis indicated an average Michaelis
constant (Km) of 14.943.0 uM (n=5) for [14C]creatine transport, which is within the range of
values in several mammalian tissues and cell types (3-5). The replacement of Nat by Lit
significantly abolished [!4C]creatine uptake (95%) (Table 1). The uptake of [14C]creatine
significantly inhibited by creatine (91%) and by 3-guanidinopropionate (GP)(Table 1), a well
characterized, high affinity alternative substrate for creatine transport in several tissues (31). Other
compounds that are able to compete with [14C]creatine for transport were also examined (Table 1),
The rank order of potency at a concentration of 5mM was 3-guanidinopropionate (GP) > 4-
guanidinobutyrate (GB) > guanidinoacetic acid (GAA) > 2-amino-3-guanidinopropionate (AGP).
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Figure 3. Alignment of the amino acid sequence of the rat (ratCRT), human (hCRT-BS2M) and
rabbit (rbtCRT) creatine transporters. The conserved amino acids across all three creatine
transporters are indicated by asterisks. Solid lines above the rat creatine transporter sequence
reflect the locations of the putative twelve transmembrane domains. The three potential N-linked
glycosylation sites are indicated by closed circles (+). The two putative intracellular sites for
cAMP-dependent protein kinase (c(AMP-PK) phosphorylation are indicated by closed diamonds
(). The four open triangles (A) denote residues defining the conserved leucine zipper motif.
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Figure 4. [14C|Creatine uptake into COS-7 cells transfected with hCRT-BS2M (®) or non-
transfected cells (O). The assays were carried out with eight different concentrations of

[14C]creatine (5 mM to 120 mM). The Ky value for hCRT-BS2M in this experiment was 15.5
mM. The experiment was repeated three times and the average Ky value was 14.9£3.0 mM.

[*C]Creatine Uptake (nmol/108cells/20 min.)
[on)

Table 1. [14C]Creatine uptake into transfected C0S-7 cells

(*4ClCreatine Uptake

Treatment Control hCRT-BS2M

(nmol/106 cells/20 min.)

Untreated 0.82 *0.13" 3.45 *0.77°7
Lit 0.04 %0.01 0.16 #0.05
Creatine 0.10 #0.02 0.30 *0.11
Gp 0.06 *0.01 0.20 *0.08
GB 0.27 +0.06 1.07 #0.32
GAA 0.39 #0.08 1.42 20.37
AGP 0.45 0.08 1.68 %0.43
Choline 0.81 %0.14 2.96 *0.59

The uptake was examined using 50 puM {-‘C]Creatine in the absence (untreated)
or presence of inhibitors (5 mM). The inhibitors were creatine, 3-
guanidinopropionate (GP), 4-guanidinobutyrate (GB), guanidinocacetic acid
(GAA), and 2-amino-3-guanidinopropionate (AGP). The experiment was repeated 5
times in triplicate.

*[l4cicreatine uptake in the corresponding control and hCRT-BS2M transfected
cells was statistically different for each of the treatment groups (p<0.05).
t{l4C)Creatine uptake in treated cells was significantly different from
untreated cells within the control and within the hCRT-BS2M transfected group,
except for choline treatment (p<0.05}.
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The rank order of potency matches the pharmacological profile shown with the rbtCRT (25).
Choline did not significantly inhibit [!4C]creatine uptake at a concentration of SmM (p>0.05).
Preliminary pharmacological characterization of the second clone from a human striatal cDNA
library (hCRT-STS) revealed the same pharmacological profile as the hCRT-BS2M (data not
shown). The significance of the two differing amino acid residues in hCRT-STS is not known.
Thus, the hCRT-ST5 may represent allelic variation.

Our hCRT-BS2M sequence was 99% identical to the rat creatine transporter clone
(CHOT1) as published by Mayser er al. (24). We found a significant increase in sodium-
dependent [14C]creatine transport. Guimbal et al. (25) reported similar results regarding their
cloned rabbit creatine transporter. In conclusion, we have cloned a human transporter gene that
displays high sequence homology to the ratCRT and rbtCRT (25).
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