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Abstract: Carnosine dipeptidase II (CN2/CNDP2) is an M20 family metallopeptidase that hydrolyses

various dipeptides including b-alanyl-L-histidine (carnosine). Crystallographic analysis showed that

CN2 monomer is composed of one catalytic and one dimerization domains, and likely to form
homodimer. In this crystal, H228 residue of the dimerization domain interacts with the substrate

analogue bestatin on the active site of the dimer counterpart, indicating that H228 is involved in

enzymatic reaction. In the present study, the role of intradimer interaction of CN2 in its catalytic
activity was investigated using electrospray-ionization time-of-flight mass spectrometry (ESI-TOF

MS). First, a dimer interface mutant I319K was prepared and shown to be present as a folded

monomer in solution as examined by using ESI-TOF MS. Since the mutant was inactive, it was sug-
gested that dimer formation is essential to its enzymatic activity. Next, we prepared H228A and

D132A mutant proteins with different N-terminal extended sequences, which enabled us to monitor

dimer exchange reaction by ESI-TOF MS. The D132A mutant is a metal ligand mutant and also
inactive. But the activity was partially recovered time-dependently when H228A and D132A mutant

proteins were incubated together. In parallel, H228A/D132A heterodimer was formed as detected

by ESI-TOF MS, indicating that interaction of a catalytic center with H228 residue of the other sub-
unit is essential to the enzymatic reaction. These results provide evidence showing that intradimer

interaction of H228 with the reaction center of the dimer counterpart is essential to the enzymatic

activity of CN2.

Keywords: metallopeptidase; reaction mechanism; electrospray ionization mass spectrometry;

protein complex; dimer exchange

Outline:

In order to clarify the role of dimer formation in

the catalytic action of an M20 family metalloenzyme, car-

nosine dipeptidase II, dimer formation, and dimer

exchange reaction were examined using electrospray ion-

ization time-of-flight mass spectrometry. Consequently,
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we obtained evidence showing that intradimer interac-

tion of H228 residue with the active center of another

subunit is essential to its catalytic activity.

Introduction
Carnosine dipeptidase II (CN2 or CNDP2) is a dinu-

clear metallopeptidase classified into M20F family of

clan MH in MEROPS peptidase database.1,2 It is pres-

ent in the cytosol of a wide variety of mammalian tis-

sues including the brain and kidney, and is likely to

have essential roles in peptide and amino acid metab-

olism in the tissues.3 CN2 hydrolyses b-Ala-L-His

(carnosine) as well as certain dipeptides such as Leu-

His and Gly-Phe1,2 in the presence of Mn21, while it is

inhibited by a substrate analogue, bestatin. These

enzymatic properties indicated that CN2 is identical

to the enzyme that was previously referred to as tis-

sue carnosinase or cytosolic nonspecific dipeptidase.4

In mammals, carnosine is also hydrolyzed by a closely

related enzyme, CN1, which has been suggested to be

identical to that known as serum carnosinase.1

Crystallographic analysis of CN2 showed that it

was present as a homodimeric structure in the crys-

tal.5 Each subunit is composed of one catalytic domain

and one dimerization domain, the latter of which pro-

vides the main dimer interface for homodimer forma-

tion. Each catalytic domain has one active center with

two Mn21 or Zn21 ions, where a substrate analogue

bestatin was associated in this crystal. These are con-

sistent with basic features of M20 family member of

enzymes.

The metallopeptidase M20 family contains a vari-

ety of enzymes that are expressed in a wide range of

organisms from bacteria to mammals. Most of these

are essential components in fundamental pathways of

amino acid, peptide and nucleic acid metabolism.

These include peptidases that hydrolyze dipeptides

(CN1, CN2, PepV,6 PepD,7 and Sapep8), tripeptides

(PepT9), and both (Dug1p10). In addition, there are

several non-peptidase enzymes such as aminoacylase-

1 (Acy-1),11 b-alanine synthetase,12 acetylornithine

deacetylase (ArgE),13 and N-succinyl-L,L-diamino-

pimelate desuccinylase (DapE),14 which share struc-

tural features with M20 family metallopeptidases.

The majority of M20 family members including CN2

have one catalytic domain and one dimerization

domain in a monomer, and possibly form a homodimer

in solution, while in PepV, PepD, and Sapep, the sec-

ond domain called the lid domain has a structure like

a dimer of dimerization domains, and act as a mono-

mer or form a homodimer of a different conformation

of quaternary structure.6–8 These two groups of pro-

teins show similar folding patterns in the catalytic as

well as the dimerization/lid domains.

In several M20 family proteins, it has been pro-

posed that the dimerization/lid domain is involved in

the enzymatic reaction. This possibility was first

raised in PepV, in which H269 of the lid domain inter-

acts with the active site as shown by X-ray crys-

tallography.6 In addition, in human aminoacylase-1, a

dimerization domain mutant, H226A, showed de-

creased activity, while this activity was partially

recovered when it was incubated with another inac-

tive mutant with metal-ligand mutation, possibly due

to formation of a functional reaction site as a result of

dimer exchange.11,15 In CN2, previous crystallo-

graphic analysis showed that H228 of the dimeriza-

tion domain interacted with the substrate analogue

bestatin at the active site of the dimer counterpart.5

In addition, H228A mutation of CN2 resulted in loss

of enzymatic activity.5 These indicate that H228A of

the dimer counterpart is essential to the enzymatic

reaction of CN2. However, it could not exclude the

possibility that the loss of enzymatic activity in the

CN2 mutant protein was due to some other reason

such as structural changes induced by the mutation.

Therefore, further evidence should be required to

clarify the role of intradimer interaction in the reac-

tion mechanism.

In the present study, we investigated the role of

intradimer interaction in the enzymatic reaction of

CN2 with the help of electrospray-ionization time-of-

flight mass spectrometry (ESI-TOF MS). It has been

demonstrated that noncovalent protein complexes

such as protein oligomers and protein-ligand com-

plexes can be detected by using ESI-MS.16,17 Because

of its high mass accuracy, high throughput, and high

sensitivity, mass spectrometry has great advantages in

analyzing the composition and dynamics of non-

covalent protein complexes.18–21 This technique has so

far been applied to a variety of studies and provided

valuable information on non-covalent protein interac-

tions in solution.22–25 In this study, we used ESI-TOF

MS to analyze the oligomeric states of CN2 and to

monitor its dimer exchange reaction in solution.

In the present study, first we prepared a mutant

CN2 protein having a point mutation in the dimer

interface (I319K), and examined its oligomeric state

and enzymatic activity to test if monomeric enzyme is

enzymatically active. Next, we prepared two inactive

mutants, H228A and D132A with different length of

N-terminal additional sequences so that H228A/

H228A, D132A/D132A, and D132A/H228A dimers

could be distinguished by ESI-TOF MS. These

mutants allowed us a new approach to monitor dimer

exchange reaction of homodimer proteins. Using this

system, we attempted to determine if interaction of

H228 to the active site of the dimer counterpart is

essential to the enzymatic activity of CN2.

Results

Structure of CN2 and possible interaction

of H228 with dimer counterpart

Crystal structure of CN2 in complex with a competi-

tive inhibitor bestatin has been reported previously,5
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and some structural features were summarized in

Figure 1. CN2 was present as a homodimeric form

in this crystal [Fig. 1(A)]. Single CN2 molecule is

composed of one catalytic domain and one dimeriza-

tion domain, the latter of which provides the inter-

face for homodimer formation. In a homodimeric

complex, each subunit has a dinuclear metal binding

site composed of amino acids including D132 [Fig.

1(B)]. Bestatin molecules found on the metal-binding

sites indicate the position of substrate binding.

Enzymatic activity of CN2 was tested at various pH

using carnosine as the substrate, and confirmed that

CN2 hydrolyses carnosine under neutral or weakly

basic pH conditions (pH 7.5–10) in the presence of

Mn21 (Supporting Information Fig. S1).

In this crystal, a bestatin molecule interacted

not only with the metal binding site of the reaction

center, but also with several residues of the dimeri-

zation domain of the dimer counterpart [Fig. 1(B)].

Among them, H228 was found at the position in

which the imidazole nitrogen forms a hydrogen bond

with the carbonyl oxygen of the substrate. In addi-

tion, mutation of H228 to alanine resulted in loss of

enzymatic activity, indicating the possibility that

Figure 1. Overall structure of CN2 and its active site. (A)

Overall structure of CN2 in complex with Mn21 (magenta)

and bestatin (green) (PDB: 2ZOF) (5). The yellow and blue

strands represent individual subunit of a homodimer. Each

subunit is composed of one catalytic and one dimerization

domains. (B) Structure of the active center of CN2. The bes-

tatin molecule on the active site of one subunit (yellow) is

interacted with His 228 of the other subunit (blue) in this crys-

tal through hydrogen bonding (red dashed line). In the active

center, there is a dinuclear metal binding site, where one of

the metal ligands, D132 (orange), binds to the two metal ions

through carboxyl oxygen molecules. Pictures were drawn

using PYMOL.26

Figure 2. ESI-TOF MS spectra of CN2 prepared in non-

denaturing and denaturing solutions. (A–C) Recombinant

wild-type CN2 was prepared in ammonium acetate, pH 7.5

(A), 100 mM ammonium acetate, pH 7.5/20% acetonitrile (B),

or 100 mM acetic acid/20% acetonitrile, pH 2.8 (C), and sub-

jected to ESI-TOF MS analysis. Predicted charge numbers

were shown on the top of the peaks. Predicted folding states

and molecular weights were schematically drawn on the right

side of the graphs. (D) The samples used in (A) and (B) (red

and blue, respectively) were applied on size exclusion chro-

matography. The column was operated using an HPLC sys-

tem at a flow rate of 0.35 mL/min, and monitored by

absorbance at 280 nm. Elution positions of standard proteins

were shown on top of the panel.
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interaction of H228 with the reaction center of the

dimer counterpart is involved in the catalytic mech-

anism of this enzyme.5

ESI-TOF MS of CN2 in aqueous solutions

In the present study, in order to clarify the role of

intradimer interaction of CN2, ESI-TOF MS was used

to detect CN2 dimer in aqueous solutions. First, to

test if CN2 dimer can be detected by ESI-TOF MS,

wild-type CN2 was prepared in nondenaturing or

denaturing solution and applied on ESI-TOF MS. The

mass instruments were optimized so that high m/z

ions from native proteins can be detected efficiently

(see Materials and Methods). Expected m/z values of

wild-type CN2 dimer and monomer were shown in

Supporting Information Table S1A and S1B, respec-

tively. When CN2 was prepared in 100 mM ammo-

nium acetate solution at neutral pH, five major peaks

were observed between 4000 and 6000 m/z [Fig.

2(A)]. Since the average mass value of recombinant

wild-type CN2 monomer is 53,477, these five peaks

were assigned to 124, 123, 122, 121, and 120

charged ions of CN2 dimer, respectively (Supporting

Information Table S1A). Consistent with this, in size

exclusion chromatography operated in the same

buffer, CN2 was eluted around the elution position of

100 kDa protein [Fig. 2(D)]. Size exclusion chromatog-

raphy was also carried out with lower concentrations

of CN2. However, even at 100 nM, which was nearly

the detection limit of this system, CN2 monomer

accounted for only about 15% of the total peak area

(Supporting Information Fig. S2).

Next, CN2 was prepared in a neutral pH

acetonitrile-containing solution (100 mM ammonium

Figure 3. Oligomeric states and enzymatic activities of wild-type and I319K mutant proteins of CN2. (A) Hydrophobicity of the

dimer interface of CN2. The upper picture shows a CN2 dimer in which one subunit was drawn in gray, while the other subunit

drawn in colors that reflect the hydrophobicity index of Kyte and Doolittle;28 red: index >3.0 (Ile, Val, Leu), magenta: index >1.5

(Phe, Cys, Met, Ala), light blue: index >22.0 (Gly, Thr, Ser, Trp, Pro), and blue: index >3.0 (His, Glu, Gln., Asp, Asn, Lys, Arg).

The lower picture shows the surface of CN2 monomer drawn in the same color. In this picture, the surface of the dimer inter-

face is visible. The position of I319 is indicated by an arrow. (B) Mass spectrometric analysis of subunit composition of CN2.

Wild-type CN2 and I319K mutant protein were prepared in 100 mM ammonium acetate, pH 7.5, and analyzed by ESI-TOF MS.

(C) Size exclusion chromatography of wild-type and I319K mutant proteins of CN2. Each sample was analyzed by HPLC in the

same condition as described in Figure 2(D). (D) Enzymatic activities of wild-type and I319K mutant of CN2. Activities were

determined using carnosine as the substrate. Data represent mean 6 SE of triplicated determinations.
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acetate/20% acetonitrile) and analyzed by ESI-TOF

MS. In this case, major peaks were detected between

3000 and 4500 m/z [Fig. 2(B)], and were assigned to

be 116, 115, 114, and 113 charged ions of CN2

monomer (Supporting Information Table S2B). Con-

sistent with this, size-exclusion chromatography

showed that CN2 was eluted at around the position

of 50 kDa protein [Fig. 2(D)].

In contrast to these neutral pH conditions, CN2

prepared in acetonitrile-containing acidic solution

(20% acetonitrile/100 mM acetic acid solution, pH

2.8) exhibited more than 25 mass peaks in lower

m/z region [Fig. 2(C)]. These peaks corresponded to

118 to 143 charged ions of CN2 monomer. The pres-

ence of large number of highly charged ions is a typ-

ical feature of ESI-MS spectra of denatured

proteins.21,27 Taken together, these results indicate

that subunit composition and overall folding state of

CN2 can be estimated and monitored using this

ESI-TOF MS system.

Oligomeric state and enzymatic activity

of dimer interface mutant, I319K

Using this system, the role of dimer formation in

CN2 was examined by two different ways. First, we

prepared a mutant CN2 protein having an amino

acid substitution in the dimer interface (I319K), and

examined its oligomeric state together with enzy-

matic activity. In a CN2 dimer, two subunits are

interacted mainly with the hydrophobic surface of

the dimerization domain [Fig. 3(A)]. This region is

mainly composed of hydrophobic amino acids includ-

ing Val, Leu, Ile (Kyte-Doolittle score28 >3.0, shown

in red) and Phe, Cys, Met, Ala (Kyte-Doolittle score

>1.5, shown in magenta). Among them, I319 is

located at the center of the hydrophobic region, thus

we prepared a mutant protein in which I319 was

replaced by Lys (I319K), and analyzed it using ESI-

TOF MS [Fig. 3(B)]. The major peaks observed were

those corresponded to 114 to 116 charged ions of

CN2 monomer (Supporting Information Table S2).

In addition, size exclusion chromatography analysis

showed that I319K mutant was eluted near the posi-

tion of CN2 monomer [Fig. 3(C)]. Taken together,

I319K mutant protein was likely to be present as a

folded monomer in solution. In this condition, the

enzymatic activity was examined using carnosine as

the substrate, but less than 5% of that of wild-type

CN2 was detected [Fig. 3(D)]. These results indicate

that a monomeric form of CN2 is inactive even when

it has a folded structure.

Role of H228 in enzymatic reaction of CN2
In order to clarify the role of H228 in the enzymatic

reaction, we next prepared D132A in addition to

H228A mutant proteins with different N-terminal

additional sequences so that different homo- and

heterodimers could be clearly distinguished on ESI-

TOF MS (Fig. 4). The mutant proteins were pre-

pared by cloning the corresponding cDNAs into

pGEX-6P3 and pGEX-4T3 vectors, respectively. The

resultant H228A protein is calculated to be 245 Da

larger than D132A protein. The calculated average

mass values of D132A/D132A, D132A/H228A, and

H228A/H228A dimers are 106,331 Da, 106,577 Da

and 106,822 Da, respectively.

The D132A mutant protein had no enzymatic

activity [Fig. 5(A)], possibly because the D132 resi-

due is coordinated with two metal ions in the cata-

lytic center in wild-type CN2 [Fig. 1(B)], and thus

the D132A mutant protein would not have metal

binding activity. On the other hand, H228A mutant

protein was also inactive [Fig. 5(A)], but was

expected to retain metal-binding activity. The Mn21-

binding activities of the two mutants were experi-

mentally tested using ESI-TOF MS (Supporting

Information Fig. S3). When wild-type apo-CN2 was

incubated with 50 lM Mn21, each ion peak showed

a mass shift that nearly corresponded to four Mn21

ions per dimer. In H228A mutant, incubation with

Mn21 also induced a peak shift to similar extent. In

contrast, D132A mutant did not show a peak shift

after Mn21-addition. These results confirmed that

H228A protein, but not D132A protein, has Mn21-

binding activity.

Although H228A and D132A mutant proteins

were both inactive as mentioned, enzymatic activity

was partially recovered in at least 3 hours after mix-

ing the two mutants [Fig. 5(A)]. This can be

explained if the catalytic domain of H228A mutant

had a functional conformation and that subunit

Figure 4. Preparation of H228A and D132A mutant proteins

of CN2 with different N-terminal additional sequences. cDNAs

encoding inactive CN2 mutants, H228A, and D132A, were

cloned into pGEX-6P3 and pGEX-4T3 vectors, respectively

(Supporting Information Fig. S2), and expressed in E. coli as

GST-fusion proteins. The recombinant proteins were then

trapped on glutathione-Sepharose beads and digested with

PreScissionTM or thrombin protease, respectively. The yielded

proteins have expected average molecular weights of 53,411

and 53,166 Da, respectively.
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exchange reaction resulted in formation of D132A/

H228 heterodimer in which the active center of the

H228A subunit interacted with the H228 residue of

D132A subunit [Fig. 5(B)].

To examine if H228A/D132A heterodimer was

actually formed during the incubation period, time-

dependent formation of heterodimer was monitored

by ESI-TOF MS. The spectral patterns showed that,

before mixing, each protein was present as folded

homodimer in solution [Fig. 6(A), left panel]. The

highest peak of H228A homodimer was the 121

charged ion whose observed m/z value at the peak

apex was 5090.5 [Fig. 6(A), right panel]. This is in

good agreement with the calculated value of 5087.8

(Supporting Information Table S3). Similar spectral

pattern was observed with D132A protein solution

[Fig. 6(B)]. The m/z value of its 121 ion at the apex

was 5065.3, which is also in good agreement with

the calculated value, 5064.4 (Supporting Information

Table S3). In both cases, m/z values of the peak

apexes were slightly higher than the calculated val-

ues. In addition, these peaks had a tailing toward

the higher mass region. These could be ascribed to

the adduct of solvent molecules due to incomplete

desolvation,18 and are commonly seen in ESI-MS

spectra of proteins in aqueous solutions.

Next, in order to monitor the subunit exchange

reaction, the two mutant proteins were incubated

together and analyzed by ESI-TOF MS [Fig. 7(A)].

The overall spectral patterns did not change

throughout the incubation period, but each charge-

state of the peak envelopes showed that, in addition

to the peaks of H228A/H228A and D132A/D132A

homodimers, a third peak appeared between these

two peaks and was increased in a time-dependent

manner [Fig. 7(A)]. The mass value of the third

peak was in agreement with the predicted value of

H228A/D132A heterodimer.

The increase in the peak intensity of H228A/

D132A heterodimer was compared with carnosine-

hydrolyzing activity [Fig. 7(B)]. Heterodimer peak

were detected within 30 min after mixing, and fur-

ther increased over 6 h. In parallel with this, enzy-

matic activity was increased in a similar time course

[Fig. 7(B)]. The rate of dimer exchange reaction

depends on dissociation and association rates of

CN2. If monomer concentrations are constant during

incubation, heterodimer formation rate would be

constant, while heterodimer dissociation rate would

depend on the heterodimer concentration. Under the

conditions, a simple exponential equation can be

built as described in the Materials and Methods sec-

tion, and a nonlinear regression analysis was carried

out using this equation [Fig. 7(B)]. The regression

line reflected the time course of heterodimer forma-

tion, although a few residual difference between the

regression line and actual data was observed. The

rate constant for dimer dissociation calculated from

the regression analysis was 0.0081 (min21). On the

other hand, the rate constant for dissociation calcu-

lated from enzymatic activity was 0.012 (min21),

which was in good agreement with that from ESI-

TOF MS analysis. These results suggest that the

time-dependent recovery of enzymatic activity was

due to the formation of H228A/D132A heterodimer.

Conservation of H228 of CN2 among

M20 family metalloenzymes

The H228 residue of CN2 is located in a loop region

between b11 and a11 strands of the dimerization

domain [Fig. 8(A)]. To examine if this residue is con-

served among the M20 family, M20 family members

whose three-dimensional (3D) structures are avail-

able in the PDB database were subjected to

sequence alignment analysis [Fig. 8(B)]. These

included CN2 from mouse5 (PDB: 2ZOF), CN1 from

human (3DLJ), PepV from Lactobacillus delbrueckii6

Figure 5. Compensation of enzymatic activities of two inac-

tive mutant proteins, H228A and D132A. (A) Recovery of

enzymatic activity in H228A and D132A mixture. Enzymatic

activity of wild-type, H228A, D132A, and H228A/D132 mix-

ture of CN2 were determined using carnosine as the sub-

strate. (B) Schematic representation of H228A (green)

homodimer, D132A (pink) homodimer and H228A/D132A het-

erodimer. In H228A/D132A heterodimer, enzymatic activity

could be recovered when the metal binding site of H228A

subunit was interacted with H228 of the D132A subunit.
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(1LFW), Xaa-His dipeptidase from Vibrio alginoly-

ticus7 (3MRU), Sepap from Staphylococcus aureus

(3KI9),8 PepT from Escherichia coli9 (1VIX), acetylo-

rnithine deacetylase, ArgE, from Bacteroides

thetaiotaomicron (3CT9), succinyl-diaminopimelate

desuccinylase, DapE, from Neisseria meningitidis14

(1VGY), and b-alanine synthetase from Saccharomy-

ces kluyveri30 (2V8H). To compare the sequences

around the His residue, the 3D structure of each

enzyme was browsed to identify the amino acids cor-

responding to the b11-loop-a11 region of CN2. Then

the sequences of this region were subjected to

sequence alignment analysis. Consequently, it was

found that a histidine residue was present in the

loop regions of the M20 family member proteins

examined.

The conserved histidine residues were mapped

in representative crystal structures of M20 family

enzymes (Supporting Information Fig. S4). As men-

tioned in the introduction section, there are two

types of enzymes with different quaternary struc-

tures in this family. The majority of M20 family pro-

teins are composed of one catalytic and one

dimerization domains as in the case with CN2, and

are likely to be present as a dimer. On the other

hand, PepV, Sapep, and Xaa-His dipeptidase are

composed of one catalytic domain and one lid

domain that is unlikely to form CN2-like structures

of homodimeric complex. In all these structures, the

histidine residue was located in the loop region cor-

responding to the loop between b11 and a11 of CN2.

Discussion

In the present study, we examined the reaction

mechanism of metallopeptidase CN2 using native

ESI-TOF MS, which enabled us to distinguish folded

dimer, folded monomer and denatured monomer in

solution. We then developed a method to monitor di-

mer exchange reaction of CN2 using ESI-TOF MS in

combination with recombinant DNA technology, and

obtained evidence showing that intradimer interac-

tion of H228 of the dimerization domain with the

active site of the dimer counterpart is essential to

the catalytic activity of CN2.

It has now been considered that ESI-TOF MS is

one of the strategies to analyze non-covalent protein

complexes in aqueous solution.18–21,25 To analyze a

protein complex with ESI-TOF MS, however, the

interaction should be strong enough so that the com-

plex is kept during measurement. Thus we first

tested if CN2 homodimer, which is formed mainly

through hydrophobic interaction, is detected actu-

ally as a homodimer in ESI-TOF MS analysis. As

the result, CN2 prepared in a neutral pH non-

denaturing solution was detected predominantly as

a dimer in ESI-TOF MS as well as in size exclusion

Figure 6. Representative ESI-TOF MS spectra of H228A and D132A mutant protein. The H228A and D132A mutant proteins of

CN2 were prepared in 100 mM ammonium acetate, pH 7.5, and subjected to ESI-TOF MS analysis. The overall spectra were

shown in the left panel. Right panels are magnified graphs around 121 charged ions. Arrows indicate the positions of calcu-

lated m/z values.
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chromatography (Fig. 2). These indicated that ESI-

TOF MS spectra of CN2 reflects its oligomeric states

in an aqueous solution.

CN2 dimer seems to be a stable complex in solu-

tion. At 10 mM, which is the concentration of sam-

ples used for ESI-TOF MS analysis, CN2 was

detected almost exclusively as a dimer in size exclu-

sion chromatography [Fig. 2(D)]. We tried to analyze

lower concentrations of CN2, but even at 0.1 mM,

CN2 monomer accounted for about 15% of the total

peak area (Supporting Information Fig. S2). There-

fore, more sensitive method would be required to

determine the binding constant of the homodimer

precisely. However, from the present result, a rough

estimation of Kd value was calculated to be 2.6 nM.

It has previously been shown that, in a CN2

crystal, H228 of the dimerization domain physically

interacts with the substrate analogue on the cata-

lytic domain.5 Such interaction of a dimerization/lid

domain residue with the active site was first found

in PepV-inhibitor complex (6), and then also shown

in several other M20 family proteins including b-

alanine synthetase (28) and Dug1p (10). We con-

firmed in this study that a his residue corresponding

to H228 of CN2 is conserved in most other known

structures of M20 family proteins including CPG2,

PepT, ArgE, and DapE (Fig. 8). M20 family proteins

are present either as “closed” or “open” form, possi-

bly due to domain motion upon substrate binding.9,19

Crystal structures of closed forms of various

enzymes show that the histidine residue could inter-

act with the active site (Supporting Information Fig.

S4), indicating that this is a feature shared by many

M20 family enzymes. In some proteins, however,

structure of the closed form has not been available

yet, and thus are waited to be solved.

Involvement of dimerization/lid domain in enzy-

matic reaction was also suggested by biochemical

analyses of aminoacylase-1 (Acy-1), where activity

of a dimerization domain mutant H206N was signifi-

cantly reduced, and was partially recovered by in-

cubation with a metal ligand mutant such as

E147A.11,15 Although the 3D structure of dimeriza-

tion domain was not available, sequence similarity

between Acy-1 and PepV, together with the crystal

structure of PepV induced a conclusion that H206 is

essential to the enzymatic reaction.11,15

In CN2, H228A mutant protein showed no enzy-

matic activity, indicating that H228 is essential to

its activity.5 However, it could not exclude the possi-

bility that the loss of enzymatic activity was due to

some changes in three dimensional structure in the

catalytic domain or the overall structure induced by

the mutation. To clarify this problem, in the present

study, H228A mutant of CN2 was incubated with

another inactive mutant, D132A, and shown that

this resulted in partial recovery of enzymatic activ-

ity (Fig. 5). This can be explained by the formation

of H228A/D132A heterodimer, in which a metal

binding site from H228A mutant and the His228

residue from D132A mutant interacted to form a cat-

alytically active reaction center. In other words, the

catalytic domain of H228A mutant has a functional

conformation, and its reaction center is enzymati-

cally active when H228 residue from the dimer coun-

terpart is available.

Although the recovery of activity could be

explained by H228A/D132A heterodimer formation,

it is still to be clarified if the heterodimer was

actually formed in the solution. So far, several meth-

ods have been reported to prepare proteins with

which dimer exchange reaction could be monitored

by mass spectrometry. For example, protein

Figure 7. Time-dependent homodimer exchange of CN2

analyzed by ESI-TOF MS. (A) Detection of dimer exchange

reaction. The H228A and D132A mutant proteins of CN2 pre-

pared in 100 mM ammonium acetate, pH 7.5, were mixed at

equimolar concentration and incubated for indicated time

periods. Then, aliquots of samples were applied on ESI-TOF

MS. This figure shows the mass region around the 120,

121, and 122 ions of CN2 dimer. Time course of H228A/

D132A heterodimer formation and enzymatic activity. Relative

amounts of three CN2 dimers (H228A/H228A, H228A/D132A,

and D132A/D132A) were estimated from the ESI-TOF MS

spectra using a peak-fitting program, Peakfit (Seasolv,

Framingham). The ratio of heterodimer relative to the whole

dimer peak area was plotted (red triangle). The enzymatic

activity was determined using carnosine as the substrate

(blue square). Enzymatic activities were represented as

mean 6 SEM of triplicated determinations.
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preparations of an enzyme from two different bacte-

rial species were used for monitoring dimer

exchange reaction by mass spectrometry.31 Another

study showed that preparation of normal and N15-

labeled proteins were applicable to mass spectro-

metric analysis of dimers.32 In this study, we have

prepared H228A and D132A mutant proteins with

different N-terminal additional sequences. This was

achieved by subcloning cDNAs into pGEX-6P3 and

pGEX-4T3 vectors, whose final products after prote-

ase digestion had an N-terminal additional sequen-

ces of GPLGSPN and GSPN, respectively (Fig. 4).

Therefore, the mass value of H228A monomer was

245.3 Da larger than D132A monomer. Since adding

different N- or C-terminal sequences is applicable to

any recombinant proteins, and the short chain

added to the terminus might scarcely affect the fold-

ing of a native form, this method could be a general

strategy to monitor subunit exchange reaction of

homodimeric proteins.

The mass spectrometric analysis showed that

dimer exchange reaction of CN2 was a slow event,

taking at least several hours to reach near-

equilibrium (Fig. 7). Since this time course of dimer

formation was closely similar to that of enzymatic

activity, it was supported that the recovery of enzy-

matic activity was due to the formation of a hetero-

dimer. This slow dissociation rate also allowed us to

analyze its dimer-monomer ratio by size exclusion

HPLC, in which samples are in general diluted sev-

eral folds, and thus the equilibrium could be shifted

to the monomeric state.

From these results, it was concluded that H228

of CN2 is essential in enzymatic reaction. It is to be

noted that the present data were mainly obtained

from mutant CN2 proteins, which may have some

properties different from wild-type CN2. Since

amino acid sequences of dimer interfaces were

unchanged both in D132A and H228 mutants, and

the overall structure of the mutants were main-

tained during dimer exchange reaction, it was sup-

posed that the experiments using the mutant

proteins reflect the properties of wild-type CN2.

However, further attempts may be desirable to

determine the properties of CN2. From this point of

view, preparing 15N-labeled wild type protein may

allow us to examine dimer exchange in more native-

like conditions. It would also be valuable to deter-

mine the crystal structures of H228A/H228A, H22

8A/D132A, and D132A/D132A dimers to confirm

that the mutants retain the structure of wild-type

CN2.

This mechanism described here is possibly

shared by several other M20 family enzymes (Sup-

porting Information Fig. S4). There are some differ-

ences, however, in reaction mechanisms among

enzymes. In PepD, a histidine residue is also present

at the corresponding position of the lid domain, but

Figure 8. Conservation of histidine residues corresponding to H228 of CN2 among M20 family metalloproteins. (A) One subunit

of a CN2 dimer was drawn as a ribbon model. Location of the loop containing His228, together with neighboring b11 and a11

strands were shown in red. The side chain of His228 was drawn in red sticks. (B) The amino acid sequence of b11-loop-a11

region of CN2 was subjected to sequence alignment analysis with eight other members of M20 family proteins whose struc-

tures have been reported in a published paper or deposited to PDB database. Sequence alignment was carried out using the

Clustal omega program.29 Histidine residues corresponding to H228 of CN2 were shown in red.
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its replacement to alanine does not affect its enzy-

matic activity, instead, an arginine residue located

in the adjacent loop is essential to the enzymatic

activity.7 Furthermore, M28 family enzymes, which

share the feature of catalytic domain and active site

structure with M20 family, do not have dimeriza-

tion/lid domain and active as a monomeric form.33

Therefore, the mechanism may have been acquired

and modified during the evolution to adapt for envi-

ronments and substrates to be digested.

The results in this study also demonstrated that

ESI-TOF MS in combination with recombinant DNA

technology allows us to monitor dimer exchange

reaction of a homodimer. Sample preparation is rela-

tively simple, thus the procedure would be applica-

ble to various studies concerning non-covalent

protein complexes.

Materials and Methods

Preparation of wild-type and mutant

CN2 proteins

A cDNA encoding wild-type mouse CN2 was cloned

into the EcoRI and XhoI sites of pGEX-6P3 vector

(GE Healthcare, Little Chalfont, UK).2 Using this

plasmid, cDNAs encoding I319K, H228A, and D132A

mutant proteins were prepared by the method of

QuickChange (Stratagene, La Jolla). The cDNA

encoding D132A mutant protein was further sub-

cloned into pGEX-4T3 vector (GE Healthcare) using

EcoRI and XhoI. Each recombinant protein was

expressed in E. coli and purified from the soluble

extracts as described previously34 with a few modifi-

cations. Briefly, bacterial pellets were sonicated in a

buffer containing 25 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM

phenylmethylsulfonyl fluoride, and 10 lL/mL aproti-

nin on ice. After centrifugation, GST-CN2 fusion pro-

tein was trapped on Glutathione-Sepharose resin

(GE Healthcare), washed with the same buffer, and

incubated with PreScission protease (GE Health-

care) for 12 to 16 h on ice with constant shaking.

Proteins liberated from the resin were collected and

further purified on a HiTrap Q column (1 mL bed

volume, GE Healthcare) with a linear gradient of 50

to 500 mM NaCl in a buffer containing 25 mM Tris-

HCl, pH 7.4, and 1 mM dithiothreitol (DTT). The

samples were then dialyzed against 100 mM ammo-

nium acetate, pH 7.5, and 1 mM DTT at 48C, con-

centrated to 2 mg/mL by ultrafiltration (Amicon

Ultra, Mw. 30 K cut off, Merck Millipore, Billerica)

and stored at 2208C.

Determination of enzymatic activity

An assay mixture containing 20 lg/mL CN2,

100 mM ammonium acetate, 10 mM DTT, 200 lM

MnCl2, and 25 mM Tris-HCl, pH 7.5 was incubated

for 30 min at 378C unless otherwise indicated. After

the reaction, free histidine was detected by the reac-

tion with o-phthalaldehyde in alkaline solution,35

and determined by the absorbance at 405 nm. When

pH-dependency of the enzyme was examined, the

same assay conditions were used except that the

buffer component was replaced with Tris-HCl, pH

8.0, 8.8, or 9.5, or sodium phosphate, pH 7.5, 6.5, or

5.5 for respective pH points.

Size exclusion chromatography

Size exclusion chromatography was carried out

using a SEC-3 column (4.6 3 300 mm, particle size

3 lm, pore size 300 Å, Agilent Technologies, Santa

Clara) equipped with an high-performance liquid

chromatography (HPLC) system (JEOL, Model 616,

Akishima, Japan). The column was equilibrated

with 100 mM ammonium acetate, pH 7.5, and then

5 mL of 10 mM sample protein was injected using a

manual injector. Proteins were separated at a flow

rate of 0.35 mL/min, and eluted proteins were moni-

tored by absorbance at 280 nm. Molecular weight

standards used were thyroglobulin (670 kDa), immu-

noglobulin G (180 kDa), bovine serum albumin (66

kDa), ovalbumin (45 kDa), myoglobin (17 kDa), cyto-

chrome c (12 kDa), and aprotinin (6.5 kDa).

Mass spectrometry

Electrospray ionization time-of-flight mass spec-

trometry (ESI-TOF MS) was carried out using

AccuTOFVR mass spectrometer (JEOL). To optimize

the transmission of high-m/z protein complex ions,

the radio-frequency (RF) power supply for the

quadrupole-type ion guide, situated between the

atmospheric pressure ionization interface and

the TOF mass analyzer, was modified to lower the

RF frequency from standard 3 MHz to 0.8 MHz, and

the pressure of the first differential pumping region

was raised from about 200 Pa to 320 Pa. Electro-

spray ionization was achieved using a nanospray tip

(30 lm tip ID and 50 lm tubing ID, SilicaTip̂TM,

New Objective, Woburn) connected to a microsyringe

set on a syringe pump, and positioned using an

XYZ-stage. Sample proteins were prepared at 10 mM

in a solution containing 100 mM ammonium acetate,

pH 7.5, and 1 mM dithiothreitol unless otherwise

indicated. The sample was injected into the electro-

spray ion source at a flow rate of 600 nL/min using

the syringe pump, and a voltage of 1650 volts was

applied to the nanospray tip. Mass measurement

was carried out on the TOF mass analyzer in the

positive ion mode.

Kinetic analysis
Formation of H228A/D132A heterodimer after mix-

ing of the same concentrations of H228A and D132A

homodimer solutions was subjected to regression

analysis. Given that the association and dissociation

rate constants of H228A-H228A, H228A-D132A, and
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D132A-D132A are indistinguishable, the expected

initial concentration of each component could be

expressed as follows:

½A�1½B� ��! ��kon

koff

½AA�1½BB� ð½AA� : ½AB� : ½BB�51 : 2 : 1Þ

where [A] and [B] are concentrations of H228A and

D132A monomers; [AA] and [BB] are those of

respective dimers; and kon and koff are association

and dissociation rate constants, respectively. When

the reaction is reached the equilibrium, the concen-

trations of the components can be expressed as:

½A�1½B� ��! ��kon

koff

½AA�1½AB�1½BB�

ð½AA� : ½AB� : ½BB�51 : 2 : 1Þ

Association of A and B to form AB would be at a

constant rate if [A] and [B] can be considered to be

constant throughout the reaction. On the other

hand, dissociation rate of AB is proportional to [AB].

Thus heterodimer formation rate can be described

as:

d½AB�
dt

5kon ½A�½B�2koff ½AB�

This could be converted to as follows:

r5
1

2
ð12e2koff tÞ

where r is the fraction of [AB] in the total dimer

concentration. Actual data of heterodimer concentra-

tion obtained from enzymatic activity and ESI-TOF

MS analysis were fitted to the equation by nonlinear

regression analysis using the function, nls, of the

software, R (The R Foundation for Statistical Com-

puting, Vienna, Austria).
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