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An Asp/His catalytic site of 10-formyltetrahydrofolate

dehydrogenase (FDH) was suggested to have a similar

catalytic topology with the Asp/His catalytic site of serine

proteases. Many studies supported the hypothesis that

serine protease inhibitors can bind and modulate the

activity of serine proteases by binding to the catalytic site

of serine proteases. To explore the possibility that soybean

trypsin inhibitor (SBTI) can recognize catalytic sites of

FDH and can make a stable complex, we carried out an

SBTI-affinity column by using rat liver homogenate.

Surprisingly, the Rat FDH molecule with two typical liver

proteins, carbamoyl-phosphate synthetase 1 (CPS1) and

betaine homocysteine S-methyltransferase (BHMT) were

co-purified to homogeneity on SBTI-coupled Sepharose

and Sephacryl S-200 followed by Superdex 200 FPLC

columns. These three liver-specific proteins make a protein

complex with 300 kDa molecular mass on the gel-filtration

column chromatography in vitro. Immuno-precipitation

experiments by using anti-FDH and anti-SBTI antibodies

also supported the fact that FDH binds to SBTI in vitro

and in vivo. These results demonstrate that the catalytic

site of rat FDH has a similar structure with those of serine

proteases. Also, the SBTI-affinity column will be useful for

the purification of rat liver proteins such as FDH, CPS1

and BHMT.
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Introduction

10-formyltetrahydofolate dehydrogenase (FDH) converts 10-

formyltetrahydrofolate (10-formyl-THF) to tetrahydrofolate

(THF) in a nicotinic acid dinucleotide phosphate (NADP+)-

dependent dehydrogenase reaction or an NADP+-independent

hydrolase reaction (Bailey and Gregory, 1999). The hydrolase

reaction is known to occur in a 310-amino-terminal domain of

FDH, whereas the dehydrogenase reaction requires the full-

length enzyme (Cook et al., 1991). The amino-terminal

domain of FDH shares some sequence identity with several

other enzymes utilizing 10-formyl-THF, such as glycinamide

ribonucleotide formyltransferase (GART) and 10-formyltetrahy-

drofolate- L-methionyl- tRNA formyltransferase (FMT)

(Krupenko et al., 1997). Interestingly, as shown in Fig. 1,

these enzymes have two strictly conserved amino acid

residues, His and Asp in the putative catalytic center (Cook et

al., 1991). The fact that the conserved Asp and His are

essential amino acid residues for several 10-formyl-THF-

utilizing enzymes, implies that these enzymes might have

similar catalytic mechanisms (Inglese et al., 1990; Cook et al.,

1991).

Serine proteases are one of the four major classes of

proteolytic enzymes and have been studied in great detail in

several physiological systems including digestion, coagulation,

immune and endocrine function and fertilization (Perona and

Craik, 1995; Iwanaga and Lee, 2005). The crystal structures

of several serine proteases also revealed the importance of the

three residues, Asp, His and Ser, which form the “catalytic

triad” of serine proteases (Fig. 1), suggesting that 10-formyl-
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THF-utilizing enzymes and serine proteases may have

common structural elements for their enzyme catalysis

(Murthy et al., 1999; Chumanevich et al., 2004). However,

this hypothesis was not tested and not proved. Serine protease

inhibitor (SPI) is serine protease-specific and binds tightly to

the activated enzyme, blocking its protease activity (Prezelj et

al., 2007). The SPIs can be divided into two functional classes

on the basis of their interaction with the target serine

proteases: irreversible ‘trapping’ reactions and reversible

tight-binding reactions (Christeller, 2005). The former are

specific to endopeptidases because their action depends on the

cleavage of an internal peptide bond in the inhibitor that

triggers a conformational change which traps the proteinase.

The reversible tight-binding inhibitors form high-affinity but

reversible interactions at the active site of the target enzyme,

and are exemplified by serine and aspartyl protease inhibitors

(Rawlings et al., 2004).

One of the well-known reversible SPIs is soybean trypsin

inhibitor (SBTI) that contains the domain of a Kunitz trypsin

inhibitor or a Bowman-Birk inhibitor. Many studies demonstrated

that both inhibitors could inhibit the activity of several

different serine proteases (Odani et al., 1979), indicating that

SPIs can bind to several different serine enzymes and make

the serine protease-inhibitor complex in vitro. These data

allow us to hypothesize that FDH of rat liver can be obtained

by using an SBTI-affinity column, because FDH may have a

similar Asp/His pair as the active sites of a number of serine

proteases. Here, we show for the first time that FDH binds to

SBTI with another two rat liver proteins, carbamoyl-

phosphate synthetase 1 (CPS1) and betaine homocysteine S-

methyltransferase (BHMT) and that these three proteins

subsequently make a complex in vitro and in vivo.

Materials and Methods

Animals. Male rats (200-300 g) were obtained from Harlan

Sprague-Dawley and were maintained on a standard laboratory

chow ad libitum. Animals were anesthetized with sodium

pentobarbital (50 mg/kg of body weight) before removal of the

livers. 

Preparation of rat liver homogenate. Rat livers were minced with

a razor blade in homogenization buffer (0.25 M sucrose, 50 mM

Tris/HCl, pH 7.6, 14 mM 2-mercaptoethanol and 2 mM dithiothreitol

containing 1 µg/ml each of antipain and leupeptin, 25 µM

amidinophenylmethanesulfonyl fluoride, and 10 µg/ml aprotinin).

The minced livers were then homogenized four times (2-3 min/one

time) by Polytron homogenizer (Brinkman) on an ice bath. The

homogenates (7.6 g protein/190 ml) were centrifuged at 40,000 × g

for 2 h at 4oC. The supernatant was then ultra-centrifuged

(Beckman, 450,000 × g for 2 h at 4oC), and this solution was loaded

onto SBTI-immobilized Sepharose CL-4B column for the purification

of SBTI-binding proteins.

Preparation of SBTI-coupled Sepharose CL-4B resin. SBTI

(Kunitz type, Sigma) was cross-linked to CNBr-Sepharose beads as

described previously (Lee et al., 2004). Briefly, CNBr-Sepharose

beads (Amersham Pharmacia Biotech) were swollen and washed in

1 mM HCl. Beads (1 g) were transferred to coupling buffer

(100 mM NaHCO3, pH 8.3, and 500 mM NaCl) and added to 5 mg

of SBTI in coupling buffer. Coupling was carried out at room

temperature for 1 h. Residual active groups were blocked with 1 M

Tris-HCl, pH 8.0, for 2 h at room temperature. Beads were then

washed successively and extensively four times in coupling buffer

and acid wash buffer (0.1 M sodium acetate, pH 4.0, and 500 mM

NaCl).

Purification and characterization of SBTI-binding proteins

from rat liver homogenate. To purify proteins that can recognize

SBTI in the rat liver homogenate, the prepared homogenate

solution was applied to an SBTI-immobilized Sepharose CL-4B

column (3.0 × 15 cm) equilibrated with 25 mM Tris-HCl, pH 7.6

(buffer A) at 0.5 ml/min. After washing the column with buffer A

until no absorbance at 280 nm was evident, bound proteins were

eluted with a 0-300 mM NaCl linear gradient. Fractions containing

the 90 kDa rat FDH protein were pooled, concentrated by

ultrafiltration, and were then loaded onto a Sephacryl S-200 gel

filtration column (2.0 × 130 cm) equilibrated with buffer A

containing 150 mM NaCl, pH 7.6 (buffer B) and washed with the

same buffer. Fractions containing FDH were concentrated on a

Centricon concentration filter (Amicon, Inc.) to a final volume of

0.5 ml. As a final purification step, a Superdex 200 FPLC gel

filtration column (0.8 × 100 cm) equilibrated with buffer B was

used. The fractions containing SBTI-binding proteins were pooled

and were analyzed by SDS-PAGE under reducing and non-

reducing conditions. To determine partial amino acid sequences of

the purified three proteins with molecular mass of 140 kDa, 90 kDa

and 43 kDa, each band was cut out from the gel and then extracted

by electro-elution with 250 mA for 3 h at 4oC according to the

manufacturer’s instructions. Finally, the purity of the electro-eluted

three proteins was checked by SDS-PAGE under reducing conditions.

To determine the partial amino acid sequences of the purified 140

Fig. 1. Amino acid sequences similarities between rat FDH, E. coli FMT, E. coli GART, bovine trypsin (Try) and bovine chymotrypsin

(Chy). Gaps (-) are inserted to maximize the sequence alignment. The conserved Asp and His residues were highlighted by red color.
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kDa, 90 kDa and 43 kDa proteins, the purified proteins (25 µg

each) were reduced, alkylated, and digested with 2 µg of

lysylendopeptidase at 37oC for 13 h. The digested peptides were

separated by HPLC on a C18 reverse phase column (Gilson) with a

linear gradient between 0.05% trifluoroacetic acid (TFA) in water

and 0.052% TFA in 80% acetonitrile (Ju et al., 2006). The amino-

terminal amino acid sequences of the purified proteins and the

internal peptides from HPLC were determined on an Applied

Biosystem Procise automated gas-phase amino acid sequencer.

Antibody, immunoblotting and immuno-precipitation experiment.

Polyclonal antibodies against rat FDH and SBTI were raised by

injecting 20 µg of the purified proteins into a male albino rabbit

with complete Freund’s adjuvant and giving a booster injection of

the same amount of protein 14 days later. The resulting antibodies

were affinity-purified as previously described (Cho et al., 1999).

For immunoblotting, the proteins separated on the gel by

electrophoresis were transferred electrophoretically to a

polyvinylidene fluoride (PVDF) membrane and the membrane was

immersed in 5% skim milk solution containing 1% horse serum for

12 h, after which they were transferred to rinse solution I (20 mM

Tris/HCl, pH 7.5, containing 150 mM NaCl, 0.1% Tween 20 and

2.5% skim milk) containing affinity-purified antibody against FDH

or SBTI protein (50 ng/ml) and kept at 4oC for 2 h. The bound

antibodies were identified using the ECL western blotting reagent

kit (Amersham Life Science kit). Immuno-precipitation by anti-

FDH or anti-SBTI antibody was performed with 5 mg proteins of

rat liver homogenate, anti-FDH or anti-SBTI antibody and protein

A-Sepharose (100 µl of 50% suspended solution) at 4oC for 1 h.

The protein A-Sepharose beads were then washed extensively with

washing buffer and then eluted with 2 × SDS-PAGE loading buffer.

The bound proteins eluted from the beads were separated on SDS-

PAGE and subjected to immunoblot.

Complex formation by SBTI injection in vivo. Male rats (200-

300 g) were injected in the tail vein with SBTI (100 mg/kg) in

100 µl of saline. After 30 min, the rat was killed by CO2 inhalation

and then liver homogenate was obtained as described above. As a

control, we have injected dimethylnitrosamine (DMN) with 50 mg/

kg body weight in 100 µl of saline (Guo et al., 2006). The SBTI- or

DMN-treated liver homogenates was separated on SDD-PAGE and

subjected to immunoblot with anti-SBTI antibody.

Calibration curve. A calibration curve was prepared, following the

instructions of the manufacturer of the column, by running blue

dextran 2000, cytochrome c (12 kDa), ovalbumin (43 kDa), bovine

serum albumin (67 kDa), aldolase (158 kDa), and catalase (232

kDa), all from Amersham Biosciences. The elution of these markers

was monitored by UV spectrophotometry (280 nm) with the full

scale set to 0.05 absorbance units, and the elution volume was

measured from the start of the sample application to the apex of the

elution peak. Prior to the injection of a sample, a set of three

markers (cytochrome c, ovalbumin, and catalase) was injected to

test the performance of the column.

Fig. 2. Biochemical characterization of SBTI-binding proteins on SBTI-affinity column. (A), elution pattern of SBTI-affinity column.

The fractions with red bars were collected and used for the next purification. (B), SDS-PAGE analysis pattern of (A). Lane H indicated

the crude liver homogenate. The numbers on top of the gel indicate the fraction numbers of (A). (C), SDS-PAGE pattern of three

SBTI-binding proteins after electro-elution. (D), the determined N-terminal amino acid sequence of 90 kDa protein and partial amino

acid sequences of 140 kDa, 90 kDa and 43 kDa proteins.
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Results and Discussion

Purification of SBTI-binding proteins from rat liver

homogenate. To examine whether rat FDH can bind SBTI,

we first carried out an SBTI-coupled Sepharose CL-4B

column with rat liver homogenate. The bound proteins on the

SBTI-coupled column were eluted with a 0-0.3 M NaCl linear

gradient (Fig. 2A) and then each fraction was analyzed by

SDS-PAGE under reducing conditions (Fig. 2B). A 90 kDa

protein band (band A) was enriched on several fractions

(fraction No. 19 to 34). When we determined the amino

terminal sequence of the 90 kDa protein after transferring to

PVDF membrane, the determined MKIAVIGQSLFGQEVY

sequence was perfectly matched to the amino-terminal

sequence of rat FDH (Fig. 2D), indicating that rat FDH

protein can bind to SBTI. Interestingly, another two protein

bands (bands B and C) with molecular masses of 140 kDa and

43 kDa were also co-eluted with rat FDH from the SBTI-

affinity column. To characterize these two proteins, we have

purified these two proteins to homogeneity by the electro-

elution method and then examined their purity by SDS-PAGE

(Fig. 2C). When we determined the partial amino acid

sequence of the 140 kDa protein (band B), three partial amino

acid sequences were perfectly matched to rat carbamoyl-

phosphate synthetase 1 (CPS1, Fig. 2D). The 40 kDa protein

(band C) was identified as rat betaine homocysteine S-

methyltransferase (BHMT, Fig. 2D). CPS1 is a rate-limiting

enzyme catalyzing the first step of ureagenesis through the

urea cycle in liver (Rubio and Cervera, 1995; Huo et al.,

2005). This cycle is the body’s main system for removing

waste nitrogen produced by the metabolism of endogenous

and exogenous protein. CPS1 is highly tissue specific, with

function and production limited to the liver. BHMT is known

to contribute to the regulation of homocysteine levels in

plasma, which is deeply related with cardiovascular diseases

(Pajares and Perez-Sala, 2006). Most plasma homocysteine is

generated through the liver methionine cycle, in which

BHMT metabolizes approximately 25% of this non-protein

amino-acid. The liver is suggested as a main regulator of

homocysteine levels (Jacobs et al., 2005). These results

suggested that three liver enzymes, FDH, CPS1 and BHMT

can be co-purified by an SBTI-coupled affinity column.

Rat FDH, CPS1 and BHMT make a complex on size

exclusion column. To address a possibility that rat FDH,

CPS1 and BHMT can make a protein complex in vitro, we

further purified the FDH/CPS1/BHMT complex to homogeneity

by gel-filtration columns. When the collected fractions

containing FDH on the SBTI-affinity column (indicated by a

red bar in Fig. 2A) were loaded onto a Sephacryl S-200 gel-

Fig. 3. The purification procedure of CPS1/FDH/BHMT complex by gel-filtration columns. (A), elution pattern of Sephacryl S-200

column. Each eluted peak is indicated as (a), (b) and (c). (B), SDS-PAGE pattern of (A). Lanes 1 and 6, the crude liver homogenate;

lanes 2 and 7, the collected solution of SBTI-column (Fraction No. 22th-31th); lanes 3 and 8, 4 and 9, 5 and 10 indicated peak (a), (b)

and (c) of Fig. 3A, respectively. (C), elution pattern of Superdex 200 FPLC column. (D), SDS-PAGE analysis patterns of the fractions

indicated by red bar in Fig. 3C.
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filtration column, three peaks were generated (Fig. 3A) and

SDS-PAGE analysis was carried out under reducing and non-

reducing conditions (Fig. 3B). Among them, peak a contained

three proteins as major protein components with molecular

masses of 140 kDa, 90 kDa and 43 kDa under reducing

conditions (indicated by red arrows on lane 3 in Fig. 3B).

However, the same peak showed as a major band at ~300 kDa

molecular mass under non-reducing conditions (lane 8 in Fig.

3B), suggesting that FDH/CPS1/BHMT may make a complex

in vitro. To further confirm this possibility, we loaded peak a

of Sephacryl S-200 column onto a Superdex 200 FPLC gel-

filtration column (Fig. 3C and 3D). As expected, the main

peak showed three bands on reducing conditions (Fig. 3C)

and one band with ~300 kDa molecular mass was identified

(Fig. 3D). When each purified protein was independently

applied to the same column, each CPS1, FDH, and BHMT

corresponding to 140 kDa, 90 kDa and 43 kDa peak,

respectively, was observed (data not shown), indicating that

each protein exists as a monomer in solution. Taken together,

these results strongly demonstrated that CPS1/FDH/BHMT

formed a protein complex in vitro.

Complex Formation between SBTI and FDH was confirmed

by immuno-precipitation experiments. Immuno-precipitation

analyses were carried out to ascertain that rat FDH can bind to

SBTI in vitro. The rat liver homogenate, SBTI and anti-FDH

or anti-SBTI antibody were mixed and then the generated

complexes were precipitated by protein-A Sepharose resin.

The precipitates were separated by SDS-PAGE under reducing

conditions, and subsequently proteins were detected by

Western blot analysis (Fig. 4). Rat FDH and SBTI complex

was co-precipitated by anti-FDH (lane 2) or anti-SBTI

antibody (lane 5), suggesting that FDH directly interacts with

SBTI. On the other hand, the FDH-SBTI complex was not

precipitated in the absence of antibodies (lanes 3 and 6).

According to these observations, SBTI directly interacts with

FDH and then this complex may recruit CPS1 and BHMT in

liver homogenate.

Protein complex was also observed in liver homogenate

after injection of SBTI in vivo. In order to examine whether

the protein complex of FDH/CPS1/BHMT can be induced by

SBTI injection in vivo, we injected SBTI into rat tail vein.

After 30 min, liver homogenate was obtained and analyzed by

SDS-PAGE (12%) under non-reducing conditions. The

protein complex was identified with anti-SBTI antibody (Fig.

5). A 300 kDa protein complex band was only detected in the

liver homogenate after SBTI injection, but not after

dimethylnitrosamine (DMN) injection as a control. This result

ascertains our hypothesis that the Asp/His dyad catalytic site

of liver FDH may have similar topology with the Asp/His

catalytic site of serine proteases.

In this study, we found for the first time that SBTI can bind

to rat liver FDH and that FDH/CPS1/BHMT molecules can

make a complex in vitro and in vivo. We finally obtained ~200

µg of pure CPS1/FDH/BHMT complex from 1 g proteins of

crude rat liver homogenate as a starting material, indicating

that CPS1/FDH/BHMT proteins can be easily purified to

homogeneity by using SBTI-affinity column. It was reported

that the difficulties encountered in BHMT and CPS1 purification

precluded detailed molecular studies for determining new

biological functions (Pajares and Perez-Sala, 2006; Kothe et

al., 2005). Therefore, the present demonstration will be useful

information that has remained elusive in many previous

Fig. 4. The Western blot analysis after immuno-precipitation

experiments. (A), The evidence of FDH/SBTI complex was

obtained by using anti-FDH antibody. (B), anti-SBTI antibody

was used for detection of FDH/SBTI complex. Lane 1, the

purified FDH (0.5 µg); lane 2, FDH/SBTI complex was detected

with anti-FDH-antibody; lane 3, immuno-precipitation was

carried out without anti-FDH antibody; lane 4, SBTI (0.5 µg);

lane 5, FDH/SBTI complex was detected with anti-SBTI

antibody; lane 6, immuno-precipitation was carried out without

anti-SBTI antibody.

Fig. 5. CPS1/FDH/BHMT complex formation by SBTI injection

in vivo. Lane 1, liver homogenate was obtained after saline

injection; lane 2, liver proteins were obtained from SBTI-injected

rat; lane 3, liver homogenate from DMN-injected rat; lane 4,

after DMN injection, 30 min later, SBTI was injected; lane 5,

control SBTI (0.5 µg) only.
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studies regarding CPS1 and BHMT. Finally, our results

provide that the topology between His/Asp catalytic residues

of serine protease and His/Asp catalytic dyad residues of 10-

formyl-THF-utilizing enzymes may be similar in their

enzyme activities.
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