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Abstract: FK506-binding protein 22 (FKBP22) from the psychrotophic bacterium Shewanella sp. SIB1

(SIB1 FKBP22) is a homodimeric protein with peptidyl prolyl cis-trans isomerase (PPIase) activity.
Each monomer consists of the N-terminal domain responsible for dimerization and C-terminal

catalytic domain. To reveal interactions at the dimer interface of SIB1 FKBP22, the crystal structure

of the N-domain of SIB1 FKBP22 (SN-FKBP22, residues 1-68) was determined at 1.9 Å resolution.
SN-FKBP22 forms a dimer, in which each monomer consists of three helices (a1, a2, and a3N). In the

dimer, two monomers have head-to-head interactions, in which residues 8–64 of one monomer form

tight interface with the corresponding residues of the other. The interface is featured by the
presence of a Val-Leu knot, in which Val37 and Leu41 of one monomer interact with Val41 and Leu37

of the other, respectively. To examine whether SIB1 FKBP22 is dissociated into the monomers by

disruption of this knot, the mutant protein V37R/L41R-FKBP22, in which Val37 and Leu41 of SIB1
FKBP22 are simultaneously replaced by Arg, was constructed and biochemically characterized. This

mutant protein was indistinguishable from the SIB1 FKBP22 derivative lacking the N-domain in

oligomeric state, far-UV CD spectrum, thermal denaturation curve, PPIase activity, and binding
ability to a folding intermediate of protein, suggesting that the N-domain of V37R/L41R-FKBP22 is

disordered. We propose that a Val-Leu knot at the dimer interface of SIB1 FKBP22 is important for

dimerization and dimerization is required for folding of the N-domain.

Keywords: FKBP22; Shewanela sp. SIB1; crystal structure; N-domain; PPIase; dimer interface;
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Introduction

FK506-binding proteins (FKBPs), cyclophilines, and

parvulins are three structurally unrelated families

of peptidyl prolyl cis-trans isomerase (PPIase), which

catalyzes cis-trans isomerization of Xaa-Pro peptide

bonds of proteins.1 This isomerization is intrinsically

slow and therefore has been regarded as a rate lim-

iting step of folding reaction of proteins.2 FKBP22

from the psychrotrophic bacterium Shewanella sp.

SIB1 (SIB1 FKBP22) is a member of the macro-

phage infectivity potentiator (MIP)-like FKBP sub-

family.3 It shows the amino acid sequence identities

of 56% to Escherichia coli FKBP22 (accession no.

AAC77164), 20% to Neurospora crassa FKBP22
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(accession no. O60046), 43% to E. coli FkpA (acces-

sion no. AAC76372), and 41% to Legionella pneumo-

phila MIP (accession no. S42595). Because the cellu-

lar content of SIB1 FKBP22 in SIB1 increases at

4�C as compared to that at 20�C, SIB1 FKBP22 is

thought to be involved in cold adaptation of SIB1 by

accelerating folding rate of proteins, that is, signifi-

cantly retarded by slow prolyl isomerization at low

temperatures.3

SIB1 FKBP22 exists as a homodimer, in which

each monomer (205 residues) consists of the N-ter-

minal domain (N-domain) responsible for dimeriza-

tion and the C-terminal domain (C-domain) respon-

sible for PPIase activity.3,4 According to a tertiary

model of SIB1 FKBP22 constructed based on the

crystal structures of L. pneumophila MIP5 and

E. coli FkpA,6 which highly resemble to each other,

SIB1 FKBP22 assumes a non-globular V-shaped

homodimeric structure.4,7 In this structure, each

monomer forms one ‘‘arm’’ of the V-shaped structure

and two monomers interact with each other at their

N-domains. The N- and C-domains of each monomer

are connected by a 40-residue-long a3-helix, such

that the N-terminal one-third and C-terminal one-

third of the a3-helix are involved in the N- and

C-domains, respectively. SIB1 FKBP22 has an abil-

ity to bind to a folding intermediate of protein as

well,8 as does E. coli FkpA.6,9 A V-shaped dimeric

structure of SIB1 FKBP22 is required for efficient

binding to a folding intermediate of protein and

maximal PPIase activity for protein substrate.7

The N-domain, which is unique to the MIP-like

FKBP subfamily proteins, consists of the a1-helix,

a2-helix, and the N-terminal region of the a3-helix

in the SIB1 FKBP22 structure model. Of various

interactions at the dimer interface, those at the

interface between two a2-helices are most intrigu-

ing, because these helices are packed together in an

antiparallel fashion at the core region of the dimeric

structure of the N-domain. A Val-Leu knot, in which

Val37 and Leu41 of one monomer interact with

Leu41 and Val37 of the other, respectively, is present

at this interface. This knot is conserved as a Met

knot (Met38 and Met42) in the L. pneumophila MIP

structure5 and a Leu-Val knot (Leu55 and Val59) in

the E. coli FkpA structure.6 It has been suggested

that these knots provide strong hydrophobic interac-

tions and therefore contribute to the stabilization of

the dimer interface. However, it remains to be deter-

mined whether MIP-like FKBP subfamily proteins

with a homodimeric structure are dissociated into

monomers by disruption of these knots. It also

remains to be determined whether a Val-Leu knot is

formed at the dimer interface of SIB1 FKBP22 as

seen in the structural model.

In this study, we determined the crystal struc-

ture of the N-domain of SIB1 FKBP22 (SN-FKBP22,

residues 1–68). The structure resembles those of the

N-domains of L. pneumophila MIP and E. coli FkpA

and a Val-Leu knot is present at the interface

between two a2-helices at the core region of the di-

meric structure. To examine whether SIB1 FKBP22

is dissociated into the monomers by disruption of

this knot, the double mutant protein of SIB1

FKBP22, V37R/L41R-FKBP22, was constructed.

This mutant protein was monomeric and its bio-

chemical properties were indistinguishable from

those of the isolated C-domain of SIB1 FKBP22 con-

taining the entire a3-helix, suggesting that a Val-

Leu knot at the interface between two a2-helices is

important for dimerization of SIB1 FKBP22 and

dimerization is required for folding of the N-domain.

Results and Discussion

Protein preparation and crystallization

According to a tertiary model, the N-domain of SIB1

FKBP22 consists of the a1-helix, a2-helix, and N-ter-

minal region of the a3-helix. To reveal interactions

at the dimer interface of SIB1 FKBP22 by X-ray

crystallographic analyses, a His-tagged form of the

isolated N-domain containing the N-terminal region

of the a3-helix (SN-FKBP22, residues 1-68) was con-

structed. This protein was constructed because

attempts to crystallize SIB1 FKBP22 and the iso-

lated N-domain containing the entire a3-helix

(N-domainþ, residues 1–94) have so far been unsuc-

cessful. N-domainþ exists as a dimer and retains an

ability to bind to a folding intermediate of protein,

suggesting that it is folded into a correct struc-

ture.4,8 The primary structure of SN-FKBP22 is

schematically shown in Figure 1 in comparison with

those of SIB1 FKBP22 and N-domainþ. SN-FKBP22

accumulated in E. coli cells in a soluble form upon

overproduction and was purified to give a single

band on SDS-PAGE (data not shown). The amount

of the protein purified from 1 L culture was typically

4.3 mg, which was comparable to that of N-domainþ.

When SN-FKBP22 was screened for crystallization

conditions using the kits available from commercial

sources, it gave crystals suitable for X-ray crystallo-

graphic analyses.

General features of the structure

The crystal structure of SN-FKBP22 was determined

at 1.9 Å resolution. SN-FKBP22 crystal contains one

monomer per asymmetric unit with solvent content

of 49% and Mathews coefficient of 2.4, calculated

based on the molecular weight of the protein. The

monomer of SN-FKBP22 contains 65 residues (Asp3-

Arg67) with a His-tag, Met1-Ser2, and Leu68 miss-

ing. These N- and C-terminal residues should be

present but were not observed in the structure prob-

ably due to a structural disorder. The calculated

total surface of monomer was 6009.4 Å2. The mono-

mer of SN-FKBP22 consists of three a-helices, a1
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(Thr7-Ala26), a2 (Ile34-Ala46), and a3N (Met54-

Arg66) [Fig. 2(A,B)]. The third helix is termed a3N,

because this helix is expected to extend to the C-ter-

minal catalytic domain in the entire protein mole-

cule. These helices are connected by seven-residue

loops (Asn27-Asp33 between a1- and a2-helices and

Gly47-Ser53 between a2- and a3N-helices).

Biological assembly
The Protein Interfaces, Surfaces, and Assemblies

(PISA) analysis10 showed that SN-FKBP22 forms a

biological dimer with calculated free energy for dis-

sociation (DGdiss) of 39.7 kcal mol�1, indicating that

this dimer cannot be spontaneously dissociated into

monomers due to a strong interaction between two

monomers. The dimeric structure of SN-FKBP22, in

which two monomers have a head-to-head interac-

tion, was generated from two adjacent monomers via

the crystallographic twofold symmetric axis [Fig.

2(A,B)]. The dimer interface spans almost the entire

region of each monomer (Met8-Ile64), and the

a1- and a2-helices of one monomer interact with the

a1- and a2-helices of the other, respectively, in an

antiparallel manner. The area of the dimer interface

is 4132.1 Å2, which is 34% of the total dimer surface.

Despite the similarities in the amino acid sequences

between SN-FKBP22 and L. pneumophila MIP and

between SN-FKBP22 and E. coli FkpA, the root-

mean-square deviation (rmsd) values between these

two structures are relatively high (3.2 Å between

SN-FKBP22 and L. pneumophila MIP and 2.5 Å

between SN-FKBP22 and E. coli FkpA).

The dimer interface is stabilized by hydrophobic

interactions and hydrogen bonds, but mainly by

hydrophobic interactions. Only four direct hydrogen

bonds (non water-mediated hydrogen bonds) are

formed between Gln10 Ne2 of one monomer and

Asp33 Od1 of the other and between Arg18 Ng1 and

Ng2 of one monomer and Lys O of the other [Fig.

2(A,B)]. In contrast, 23 hydrophobic residues inter-

act with one another at the dimer interface [Fig.

2(A,B)]. They are Met8, Ala12, Val16, Met20, Leu24,

Ala25, Phe29, Ile32, Ile34, Ala36, Val37, Ala39,

Leu41, Ala42, Ala44, Phe45, Ala51, Val52, Leu57,

Val59, Ala60, Phe61, and Ile64.

Validity of three-dimensional model

The crystal structure of SN-FKBP22 highly resem-

bles a tertiary model of SIB1 FKBP22 [Fig. 2(C)],

suggesting that this model is valid. The N-domain

provides a platform for a V-shaped dimeric structure

of SIB1 FKBP22. However, the orientations of two

a3N-helices in the SN-FKBP22 structure are slightly

different from those in the tertiary model. This dif-

ference may be caused by removal of the entire C-do-

main including the C-terminal half of the a3-helix or

great flexibility of the a3-helix that controls plastic-

ity of a V-shaped structure. It has been proposed

that flexibility of a V-shaped structure is required

for binding of various types of protein substrates.11

Further structural studies will be required to under-

stand the role of the a3-helix for SIB1 FKBP22

function.

Val-Leu knot
An interesting feature of the dimer interface is the

presence of a Val-Leu knot between two a2-helices.

In this knot, Val37 and Leu41 of one monomer inter-

act with Leu41 and Val37 of the other, respectively

[Fig. 2(D)]. The accessible surface areas (ASAs) of

Figure 1. Schematic representations of the primary structures of SIB1 FKBP22 and its derivatives. A His-tag attached to the

N-termini of the proteins is represented by shaded box. The a-helices and b-strands are represented by open boxes and

arrows, respectively. These secondary structures are arranged based on tertiary models of SIB1 FKBP22 and its derivatives.

Numbers indicate the positions of the residues relative to the initiator methionine residue of the proteins without a His-tag.

The locations of the mutated residues and the ranges of the N- and C-domains are also shown.
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Val37 and Leu41 are calculated to be 2.71 and 4.69%

of their total surface areas, respectively, indicating

that these residues are almost fully buried inside

the structure. The knot is facilitated by a series of

the C-C contacts between Val37 of one monomer and

Leu41 of the other. For example, Val37 Cb of one

monomer contacts Leu41 Cd2 of the other. The dis-

tance between these atoms is 4.87 Å. Likewise,

Val37 Cc1 of one monomer contacts the Cd2, Cc, and

Cd1 atoms of Leu41 of the other. The distances

between Val37 Cc1 and these atoms are 4.85 Å for

Leu41 Cd2, 4.09 Å for Leu41 Cc, and 4.34 Å for

Leu41 Cd1. Thus, this knot would greatly contribute

to the stabilization of the dimer interface. A series of

the similar C-C contacts are also present at both

ends of the interface of two a2-helices, where Ile34

of one monomer interacts with Ala42 and Phe45 of

the other. These contacts may also contribute to the

stabilization of the dimer interface.

Construction of mutant protein

To examine whether SIB1 FKBP22 with a homodi-

meric structure is dissociated into the monomers by

disruption of a Val-Leu knot, the mutant protein

V37R/L41R-FKBP22, in which Val37 and Leu41 of

SIB1 FKBP22 are simultaneously replaced by Arg,

was constructed. These mutations should greatly

reduce the stability of the dimer interface, because

they not only remove the Val-Leu knot but also

introduce electrostatic repulsion into the dimer

interface. The primary structure of this mutant pro-

tein is schematically shown in Figure 1 in compari-

son with that of the isolated C-domain containing

the entire a3-helix (C-domainþ, residues 47–205). C-

Figure 2. Three-dimensional structrue of SN-FKBP22. (A) Stereo view of the main chain folding of SN-FKBP22 is shown. One

monomer is colored deep green, while the other is colored light green. The amino acid residues that make hydrophobic

interactions (23 residues for each monomer) and those that form hydrogen bonds (Gln10, Asp33, Arg18, Lys48) at the dimer

interface are indicated by stick models, in which the oxygen, nitrogen, and sulfer atoms are colored red, blue, and yellow,

respectively. These hydrophobic residues are determined using PISA (Protein Interfaces, Surfaces, and Assemblies) service.10

The side chains of Val and Leu, which form a Val-Leu knot, are colored deep magenta for one monomer and light magenta

for the other. The hydrogen bonds, which are formed between Gln10 (Ne1) and Asp33 (Od1) and between Arg18 (Ng1, Ng2) and

Lys48 (main chain O), are shown by broken lines. N and C represent the N- and C-termini, respectively. (B) The same figure

as Figure 2(A) with different view angle [view angle from the top of the structure shown in Fig. 2(A)]. (C) Comparison with

tertiary model. Crystal structure of SN-FKBP22 (green) is superimposed onto the tertiary model of SIB1 FKBP22 (red). Inset

shows superposition of the crystal structure of SN-FKBP22 and the equivalent region of the tertiary model of SIB1 FKBP22.

One monomer is colored dark, while the other is colored light. (D) Stereo view of electron density around the Val-Leu knot.

The 2Fo – Fc map contoured at the 1.5 r level is shown. Val37 and Leu41 are indicated by stick models. One monomer is

deeply-colored, while the other is lightly-colored. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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domainþ exists as a monomer and retains PPIasepep

activity, but loses more than 90% of binding ability

to a folding intermediate of protein and PPIasepro ac-

tivity.4,8 V37R/L41R-FKBP22 was overproduced in

E. coli at 10�C in a His-tagged form. The protein

accumulated in E. coli cells in a soluble form and

was purified to give a single band on SDS-PAGE

(data not shown). The amount of the protein purified

from 1 L culture was typically 3.6 mg, which was

comparable to that of SIB1 FKBP22. The molecular

mass of V37R/L41R-FKBP22 was estimated to be 22

kDa from gel filtration column chromatography,

which was carried out as described previously.4 This

value is comparable to the calculated one (24,047),

indicating that this mutant protein exists as a mono-

mer as does C-domainþ.

CD spectra
To examine whether the mutations affect the protein

conformation, the far- and near-UV CD spectra of

V37R/L41R-FKBP22 were measured. These spectra

are shown in Figure 3 in comparison with those of

SIB1 FKBP22 and C-domainþ. The far-UV CD spec-

trum of V37R/L41R-FKBP22 is similar to that of

C-domainþ but is considerably different from that of

SIB1 FKBP22 [Fig. 3(A)]. The helical content was

calculated to be 26% for V37R/L41R-FKBP22, 49%

for SIB1 FKBP22, and 21% for C-domainþ from

these spectra using the method of Wu et al.12

According to a tertiary model, the N- and C-domains

of SIB1 FKBP22 are characterized by the high (53%)

and low (17%) helical contents. Therefore, great

reduction in the helical content of V37R/L41R-

FKBP22 as compared to that of SIB1 FKBP22

strongly suggests that the N-domain of V37R/L41R-

FKBP22 is mostly disordered. The helical content of

C-domainþ is also greatly reduced as compared to

that of SIB1 FKBP22 because it lacks the N-domain.

On the other hand, the near-UV CD spectra of

V37R/L41R-FKBP22, SIB1 FKBP22, and C-domainþ

highly resemble with one another [Fig. 3(B)], sug-

gesting that the conformation around the tryptophan

and tyrosine residues of these proteins are similar

with one another. SIB1 FKBP22 contains one trypto-

phan and seven tyrosine residues and all of them,

except one tyrosine residue, are located in the C-do-

main. Therefore, the conformation of the C-domain

of SIB1 FKBP22 might not be seriously changed by

the mutations at the N-domain or removal of the N-

domain.

Thermodynamics of unfolding
Heat induced unfolding of SIB1 FKBP22 and V37R/

L41R-FKBP22 was analyzed by differential scanning

calorimetry (DSC). These DSC curves were repro-

duced by repeating thermal scans, indicating that

thermal unfolding of these proteins is reversible.

The DSC curves of these proteins are shown in Fig-

ure 4 in comparison with that of C-domainþ previ-

ously reported.4 The DSC curve of SIB1 FKBP22

shows two well separated transitions. The melting

temperatures (Tm) of these transitions are 33.0�C for

Figure 3. CD spectra of V37R/L41R-FKBP22. The far-UV (A) and near-UV (B) CD spectra of V37R/L41R-FKBP22 (dotted line)

are shown in comparison with those of SIB1 FKBP22 (thick line) and C-domainþ (thin line). All spectra were measured at 10�C

as described under Materials and methods.

Figure 4. DSC curve of V37R/L41R-FKBP22. The DSC

curve of V37R/L41R-FKBP22 (dotted line) is shown in

comparison with those of SIB1 FKBP22 (thick line) and C-

domainþ (thin line). These curves were measured at a scan

rate of 1�C min�1. These proteins were dissolved in 20 mM

sodium phosphate (pH 8.0) at approximately 1 mg mL�1.
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the first one and 46.8�C for the second one, which

have been reported to reflect thermal unfolding of

the C-domain and N-domain, respectively.4 In con-

trast, the DSC curve of V37R/L41R-FKBP22 shows

only single transition as does C-domainþ. The Tm

value of this transition (36.8�C) is slightly higher

than but comparable to that of the first transition of

FKBP22. It is also comparable to that of C-domainþ

(35.6�C). These results are consistent with the CD

spectra of the protein, which suggests that the C-do-

main of V37R/L41R-FKBP22 is correctly folded

while the N-domain is mostly disordered.

PPIase activity

The PPIase activity for peptide substrate (PPIasepep)

was determined at 10�C by the protease coupling

method using N-succinyl-Ala-Leu-Pro-Phe-p-nitroa-

nilide (Suc-ALPF-pNA) as a substrate. The catalytic

efficiency (kcat/Km) of V37R/L41R-FKBP22 was esti-

mated to be 1.13 6 0.034 lM�1 s�1, which is 1.5-fold

higher than that of SIB1 FKBP22 [Fig. 5(A)]. In con-

trast, when the PPIase activity for protein substrate

(PPIasepro) was determined at 10�C by the RNase T1

refolding assay, V37R/L41R-FKBP22 exhibited much

less activity as compared to that of SIB1 FKBP22

[Fig. 5(B)]. The catalytic efficiency (kcat/Km) of V37R/

L41R-FKBP22 was estimated to be 0.05 6 0.008

lM�1 s�1, which was 10-fold lower than that of SIB1

FKBP22. Interestingly, the PPIasepep and PPIasepro

activities of V37R/L41R-FKBP22 were comparable to

those of C-domainþ [Fig. 5(A,B)].

Binding to reduced a-lactalbumin

SIB1 FKBP22 has an ability to bind to reduced a-

lactalbumin,8 which has been used as a folding in-

termediate of protein.9,13 To examine whether V37R/

L41R-FKBP22 and SN-FKBP22 retain an ability to

bind to reduced a-lactalbumin, binding of reduced a-

lactalbumin to SIB1 FKBP22, V37R/L41R-FKBP22,

C-domainþ, and SN-FKBP22 was analyzed using

surface plasmon resonance (Biacore). Reduced a-lac-

talbumin was injected onto the sensor chip on which

either one of these proteins was immobilized. The

sensorgrams obtained by injecting 100 lM of

reduced a-lactalbumin are shown in Figure 6.

Because no increase of resonance unit (RU) was

detected when reduced a-lactalbumin was injected

onto the sensor chip on which V37R/L41R-FKBP22

or C-domainþ was immobilized, the binding affinity

of V37R/L41R-FKBP22 to a folding intermediate of

protein is greatly reduced by more than 20-fold com-

pared with that of SIB1 FKBP22, as is that of

C-domainþ. In contrast, increase of RU was detected

when reduced a-lactalbumin was injected onto the

sensor chip on which SIB1 FKBP22 or SN-FKBP22

was immobilized. The dissociation constants, KD, of

reduced a-lactalbumin for binding to SIB1 FKBP22

Figure 5. PPIase activities of V37R/L41R-FKBP22. The PPIasepep (A) and PPIasepro (B) activities of V37R/L41R-FKBP22,

which were determined at 10�C and pH 7.8 using Suc-ALPF-pNA and RNase T1 as a substrate, respectively, are shown in

comparison with those of SIB1 FKBP22 (WT) and C-domainþ. Relative activities were calculated by dividing the catalytic

efficiency (kcat/Km) of V37R/L41R-FKBP22 or C-domainþ by that of SIB1 FKBP22. The experiment was carried out in

duplicate. Each value represents the average value and errors from the average values are shown.

Figure 6. Binding of reduced a-lactalbumin to SIB1

FKBP22 and its derivatives. The sensorgrams from Biacore

X showing the binding of reduced a-lactalbumin (100 lM) to

immobilized V37R/L41R-FKBP22 (dotted line), SIB1

FKBP22 (thick line), C-domainþ (thin line), and SN-FKBP22

(dashed line) are shown. Injections were done at time zero

for 60 s.
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and SN-FKBP22, which were determined by meas-

uring the equilibrium-binding responses at various

concentrations of reduced a-lactalbumin, were 6.5

and 24.1 lM, respectively. This result indicates that

SN-FKBP22 retains binding ability to a folding in-

termediate of protein, although its binding affinity is

reduced by 3.7-fold compared with that of SIB1

FKBP22.

Importance of Val-Leu knot for dimerization and

folding of N-domain
In this study, we showed that a Val-Leu knot at the

hydrophobic core of the dimer interface is important

for dimerization of SIB1 FKBP22. This knot is simi-

lar to a hydrophobic zipper, if it is compared with a

portion of the zipper, in which two hydrophobic resi-

dues make a pairwise interaction. Hydrophobic

zipper has been reported to be important for dimeri-

zation of protein mediated by the interaction of

a-helices.14,15 It is also important for folding of glob-

ular proteins, which is initiated by the formation of

a coiled coil structure at the hydrophobic core.15

Although a variety of hydrophobic residues are

found at the zipper position, Leu is most frequently

found (Leu zipper).16,17 Leu-Val zipper, in which Val

is substituted for Leu in every two zipper positions,

has also been reported to be important for dimeriza-

tion of protein.18,19

The observation that the N-domain of this pro-

tein is almost fully disordered suggests that dimeri-

zation is required for folding of the N-domain. Asso-

ciation of two N-domains with a partially folded

structure may induce native structure, as reported

for staphylococcal nuclease.20 Intermolecular associ-

ation reflects specific interaction between a hydro-

phobic surface of one partially folded N-domain and

that of the other. In this respect, Val-Leu knot of

SIB1 FKBP22 is essential for facilitating the specific

interaction between two monomers. We have previ-

ously shown that a V-shaped structure is required

for efficient binding to a folding intermediate of pro-

tein and maximal PPIasepro activity.7 However, the

monomeric mutant protein of SIB1 FKBP22, NNC-

FKBP22, in which N-domain is tandemly repeated

through a flexible linker, retains approximately 15%

of the binding ability to a folding intermediate of

protein and PPIasepro activity of SIB1 FKBP22.7

NNC-FKBP22 is expected to assume a similar struc-

ture to that of SIB1 FKBP22, except that one ‘‘arm’’

of V-shaped structure (a3-helix and C-domain from

one of the two monomers) is removed. In contrast,

V37R/L41R-FKBP22 exhibits much lower binding af-

finity to a folding intermediate of protein and PPIa-

sepro activity than NNC-FKBP22. These proteins

differ in the conformation of the N-domain. The

N-domain of V37R/L41R-FKBP22 is mostly disor-

dered, while that of NNC-FKBP22 is folded. We pro-

pose that folding of the N-domain is a minimum

requirement for binding to a protein substrate, while

optimum function of SIB1 FKBP22 is achieved by

the formation of a V-shaped dimeric structure. In

fact, SN-FKBP22, which is folded into a similar

structure to that of the N-domain of SIB1 FKBP22

but does not assume a V-shaped structure, retains

30% of the binding affinity of SIB1 FKBP22 to a

folding intermediate of protein.

Materials and Methods

Protein preparation

All proteins were prepared in a His-tagged form. Plas-

mid pSN-FKBP22, used to overproduce SN-FKBP22,

was constructed by ligating the DNA fragment ampli-

fied by PCR into the NdeI-BamHI sites of pET28a.

Plasmid pSIB1, used to overproduce a His-tagged

form of SIB1 FKBP22,3 was used as a template. The

sequences of the 50 and 30 PCR primers are 50-AGAGA-

GAATTCATATGTCAGATTTGTTCAG-30 (the NdeI

site is underlined) and 50-CGGGATCCCGTTATAAAC

GACGACTAAT-30 (the BamHI site is underlined),

respectively. Plasmid pV37R/L41R, used to overpro-

duce V37R/L41R-FKBP22, was constructed using the

PCR overlap extension method.21 Plasmid pSIB1 was

used as a template. The sequence of the 50 PCR primer

is the same as that used to construct plasmid pSN-

FKBP22. The sequence of the 30 PCR primer is 50-

GGCCACTGGATCCAACTACAGCAATTCTCA-30 (the

BamHI site is underlined). The mutagenic primers

were designed such that both codons for Val37 (GTT)

and Leu41 (CTT) are changed to CGT for Arg. The

DNA fragment amplified by PCR was ligated into the

NdeI-BamHI sites of pET28a. PCR was performed

with GeneAmp PCR system 2400 (Applied Biosys-

tems) using KOD polymerase (Toyobo). The nucleotide

sequences of the genes encoding the mutant proteins

were confirmed using a Prism 310 DNA sequencer

(Applied Biosystems). All oligonucleotides were syn-

thesized by Hokkaido System Science.

Overproduction and purification of SN-FKBP22

and V37R/L41R-FKBP22 were carried out as

described previously for SIB1 FKBP22.3 Selenome-

thionine-substituted SN-FKBP22 was overproduced

using methionine-auxotrophic E. coli strain

B834(DE3)pLysS in a defined medium.22 The purifi-

cation procedures were the same as those for the

native protein. SIB1 FKBP22, N-domainþ, and

C-domainþ were overproduced and purified as

described previously.3,4 Production levels of the

recombinant proteins in E. coli cells and their puri-

ties were analyzed by SDS-PAGE23 using 15% poly-

acrylamide gel, followed by staining with Coomassie

Brilliant Blue R250. Protein concentrations of SIB1

FKBP22 and its derivatives were determined from

the UV absorption on the basis that the absorbance

at 280 nm of a 0.1% (1 mg mL�1) solution is 0.68

for SIB1-FKBP22 and V37R/L41R-FKBP22, 0.75 for
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C-domainþ, and 0.17 for SN-FKBP22. These values

are calculated by using e ¼ 1576 M�1 cm�1 for Tyr

and 5225 M�1 cm�1 for Trp at 280 nm.24

Crystallization and data collection

Hexagonal crystals of native SN-FKBP22 were

obtained in drops containing 0.1 M Na/K phosphate

(pH 6.2) with 20% (w/v) PEG-1000 and 0.2 M NaCl af-

ter one-week incubation at 4�C. Native crystal of SN-

FKBP22 was first used to collect diffraction data that

extended to 1.9 Å resolution. The crystal was cryopro-

tected by soaking it in the reservoir solution contain-

ing 18% (v/v) ethylene glycol. The mounted crystal

was flash-frozen in a nitrogen gas stream at 100 K.

Diffraction data were collected at BL38B1 beam line

in SPring-8, Hyogo, Japan. A total 180 images were

collected with an exposure time of 20 s per image and

oscillation angle of 1.0�. Nevertheless, we could not

obtain the phases by molecular replacement method

using the available homologous structures.

Phasing and refinement

To facilitate phasing, selenomethionine-substituted SN-

FKBP22 (Se-Met SN-FKBP22) was produced and crys-

tallized in the same condition with that of the native pro-

tein. Three-wavelength MAD data extending to 1.9 Å

were collected in BL44XU beam line in SPring-8. Data

indexing, integration, and scaling were done using

HKL2000 suite with anomalous flag, followed by experi-

mental phasing using SHELX suite25 in HKL2MAP

GUI.26 Several cycles of structure refinement were done

using Refmac27 and Coot.28 The model has been refined

to 1.9 Å resolution with Rwork 20.39 and Rfree 26.42%.

The crystal belongs to space group P3221 with one dimer

in the asymmetric unit. The refinement statistics are

given in Table I. The figures were prepared using PyMol.

Protein data bank accession number

The coordinates and structural factors have been de-

posited in the Protein Data Bank under accession

code 3B09.

Table I. Data Collection and Refinement Statistic

Data collection k1 (peak) k2 (inflection) k1 (remote)

Resolution range (Å) 30.00–1.90 30.00–1.90 30.00–1.90
Outer shell (Å) 1.93–1.90 1.93–1.90 1.93–1.90
Wavelength (Å) 0.97888 0.97919 0.96500
Reflections

Total 87,939 90,221 97,029
Unique 7712 7739 7764

Redudancy 5.40 (5.30) 5.40 (5.30) 5.40 (5.30)
Completeness (%) 98.30 (100) 98.70 (100) 98.90 (100)
I/r2 18.18 (2.62) 19.81 (1.92) 19.02 (1.48)
Rmerge (%)a 11.40 (42.3) 10.60 (53.0) 10.90 (73.5)

Refinement

Space group P3221
Unit cell dimensions (Å) a ¼ b ¼ 39.70 c ¼ 101.90

(�) a ¼ b ¼ 90.00 c ¼ 120.00
Resolution range (Å) 34.38–1.90
Data cutoff (F/r (F)) None
Number of reflections working 7299
R-factor/R-free (%)b 23.39/27.60

Solvent content (%) 49
Mathews coefficient 2.4

Number of atoms/asymmetric unit
Protein 493
Water 28

R.m.s. deviations
Bond lengths (Å) 0.008
Bond angles (�) 1.02
B-factor (Å)

Main chain bonded atoms 27.0
Side chain bonded atoms 35.4

Ramachandran analysis (%)
Number of residues in favored region 58 (92.1%)
Number of residues in allowed regions 5 (7.9%)
Number of residues in outlier region 0 (0.0%)

a Rmerge ¼
P

;Ihkl — <Ihkl>;/
P

Ihkl, where Ihkl is the intensity measurement for reflection with indices hkl and <Ihkl> is
the mean intensity for multiply recorded reflections.
b Rfree was calculated using 5% of the total reflections chosen randomly and omitted from refinement.

1762 PROTEINSCIENCE.ORG Val-Leu Knot of SIB1 FKBP22



Enzymatic activity
The PPIase activity for peptide (PPIasepep) and pro-

tein (PPIasepro) substrates were determined at 10�C

and pH 7.8 using N-succinyl-Ala-Leu-Pro-Phe-p-

nitroanilide (Suc-ALPF-pNA) (Wako Pure Chemical)

and RNase T1 (Funakoshi) as a substrate, respec-

tively, as described previously.3

Circular dichroism (CD)

The far-UV and near-UV CD spectra were measured

at 10�C and pH 8.0 on a J-725 automatic spectropo-

larimeter (JASCO), as described previously.4 The

mean residue ellipticity, y, which has units of deg

cm2 dmol�1, was calculated by using an average

amino acid molecular mass of 110.

Differential scanning calorimetry (DSC)

The DSC measurement was performed on a high-

sensitivity VP-DSC controlled by the VPVIEWERTM

software package (Microcal) at a scan rate of 1�C

min�1. The sample was dissolved in 20 mM sodium

phosphate (pH 8.0) at approximately 1.0 mg mL�1.

Prior to the measurement, the protein solution was

filtered through 0.22 lm pore size membranes and

then degassed in a vacuum. The reversibility of ther-

mal denaturation was verified by reheating the

sample.

Surface plasmon resonance

Binding of reduced a-lactalbumin to SIB1-FKBP22

and its derivatives was analyzed at 10�C and pH 8.0

by surface plasmon resonance using the Biacore X

instrument (Biacore), as described previously.7,8 The

dissociation constant, KD, was determined using

steady-state affinity program of BIAevaluation Soft-

ware (Biacore) from the plot of the equilibrium bind-

ing responses as a function of the concentrations of

reduced a-lactalbumin.
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