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ABSTRACT: Neuroglobin (Ngb) is a recently discovered vertebrate heme protein that is expressed in the
brain and can reversibly bind oxygen. We previously demonstrated that ferric human Ngb binds to the
o-subunits of heterotrimeric G proteins@sand acts as a guanine nucleotide dissociation inhibitor (GDI)

for Ga. Here we have investigated the interaction between Ngb anéhGnore detail. We report that
zebrafish Ngb, which shares about 50% amino acid sequence identity with human Ngb, does not have a
GDI activity for Go.. By carrying out exon swapping between zebrafish and human Ngb and site-directed
mutagenesis, we have identified several residues that are crucial for the GDI activity of human Ngb.

Globins are iron porphyrin complex (heme)-containing found to protect the brain from experimentally induced stroke
proteins that bind reversibly to oxygen and, as such, play anin vivo (10).

important role in respiratory function. Neuroglobin (Nyb The mechanism by which Ngb affords neuroprotection
is a recently discovered globin of mammalian brain that has ynder conditions of oxidative stress such as ischemia and
a high affinity for oxygen {). Ngb can reversibly bind  reperfusion remains unclear. Recently, we tried to clarify
oxygen (—3). The iron atom in the heme prosthetic group the neuroprotective role of Ngb under oxidative stress in vitro
of Ngb exists in either the ferrous (F¢ or the ferric (Fé") (11—13). We previously found that ferric human Ngb, which
redox state. In the absence of exogenous ligands, both thes generated spontaneously as a result of rapid autoxidation,
ferric and the ferrous forms of Ngb are hexacoordinated to pinds exclusively to the GDP-bound form of thesubunit
endogenous distal and proximal histidine residues within the of heterotrimeric G protein (&) and acts as a guanine
protein @). Oxygen (Q) or carbon monoxide (CO) can  nycleotide dissociation inhibitor (GDI) by inhibiting the rate
displace the distal histidine of ferrous deoxy-Ngb to produce of exchange of GDP for GTP ond3(11). The interaction
ferrous oxygen-bound Ngb (ferrous;Ngb) or ferrous  of GDP-bound @; with ferric Ngb liberates @y, leading
carbon monoxide-bound Ngb (ferrous-CO NgB). ( to protection against neuronal death)

Ngb is widely expressed in the cerebral cortex, hippo-  Although Ngb was originally identified in mammalian
campus, thalamus, hypothalamus, cerebellum, and retina ( species, it is also present in nonmammalian vertebrates,
4-8). Recently, it has been suggested that Ngb is involved incjuding the pufferfishTetraodon nigreiridis and the
in the neuronal response to hypoxia and ischer8jal(). zebrafishDanio rerio (15, 16). Mammalian and fish Ngb
Expression of Ngb has been reported to increase in respons@yoteins share about 50% amino acid sequence identity
to neuronal hypOXia in vitro and to focal cerebral ischemia (Figure 1) Fish Ngb proteins are also hexacoordinated
invivo (9, 10). Neuronal survival following hypoxia can be  globins with similar oxygen-binding kinetic&€). The genes
reduced by inhibiting Ngb expression with an antisense encoding fish Ngb reveal a mammalian-type pattern of exons
oligodeoxynucleotide and can be enhanced by Ngb overex-and introns in the coding region (B12.2 (i.e. between codon
pression, supporting the notion that Ngb protects neuronspositions 2 and 3 of the 12th amino acid of the globin helix
from hypoxic—ischemic insults¥). Moreover, Ngb has been B), E11.0, and G7.0) (Figure 11%, 16). Exons 1, 2, 3, and

4 of Ngb correspond to compact protein structural unit
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Human 1l MER---PEPELIRQSWRAVSRSPLEHGTVLFARLFALEPDLLPLFQYNCRQFSSPEDCLS 57
Mouse 1 MER---PESELIRQSWRVVSRSPLEHGTVLFARLFALEPSLLPLFQYNGRQFSSPEDCLS 57
Rat 1 MER---PESELIRQSWRAVSRSPLEHGTVLFSRLFALEPSLLPLFQYNGRQFSSPEDCLS 57
Zebrafish 1 MEKLSEKDKGLIRDSWESLGKNKVPHGIVLFTRLFELDPALLTLFSYST-NCGDAPECLS 59
pufferfish 1 MEKLSSKDKELIRGSWDSLGKNKVPHGVILFSRLFELDPELLNLFHYTT-NCGSTQDCLS 59
*kk Kk kk  kk kkk k Kk Kkk Kk * *k ok
Human 58 SPEFLDHIR LVIDAAVTNVEDLSSLEEYLASLGRKHRAVGVKLSSFSIVGESLLYML 117
Mouse 58 SPEFLDHIR LVIDAAVTNVEDLSSLEEYLTSLGRKHRAVGVRLSSFS[IVGESLLYML 117
Rat 58 SPEFLDHIR LVIDAAVINVEDLSSLEEYLATLGRKHRAVGVRLSSFS[I'VGESLLYML 117
Zebrafish 60 SPEFLEHVT LVIDAAVSHLDDLHTLEDFLLNLGRKHQAVGVNTQSFALVGESLLYML 119
Pufferfish 60 SPEFLEHVT LVIDAAVSHLDDLHSLEDFLLNLGRKHQAVGVKPQSFAMVGESLLYML 119
kkkkk Kk kkkkkkkkkk kk  kk Kk kkkkk kkkk *k  kkkkkkkokk
Human 118 EKCLGPAFTPATRAAWSQLYGAVVQAMSRGWDGE------ 151
Mouse 118 EKCLGPDFTPATRTAWSRLYGAVVQAMSRGWDGE------ 151
Rat 118 EKCLGPDFTPATRTAWSQLYGAVVQAMSRGWDGE------ 151
Zebrafish 120 QSSLGPAYTTSLRQAWLTMYSIVVSAMTRGWAKNGEHKSN 159
Pufferfish 120 QCSLGQAYTASLRQAWLNMYSVVVASMSRGWAKNGEDKAD 159

* % * *  kk * * %

* Kk kk

Ficure 1: Alignment of the amino acid sequence of Ngb from various species. Multiple sequence alignment was performed by Clustal W
with manual adjustments. Consensus amino acids are indicated by an asterisk. Numbers on the left and right of the sequences correspond
to those at the beginning and the end of the sequences, respectively. Gaps in the sequences are indicated by dashes. Intron positions in the
human, zebrafish, and pufferfish Ngb (at B12.2, E11.0, and G7.0) are indicated by atrd@s 16).

EXPERIMENTAL PROCEDURES

Samples The rat myristoylated &-subunit (Gy; Cal-
biochem, San Diego, CA) was used in GDI activity assays.
[33S]GTPYS (> 1000 Ci/mmol) and [8H]GDP (10-15 Ci/

mmol) were purchased from Amersham Pharmacia Biotech

(Buckinghamshire, England).

Preparation of Proteins Amplification of human Ngb
cDNA was performed by PCR using human universal Quick-
clone cDNA (Clontech, Palo Alto, CA)1(l). The complete

zebrafish Ngb cDNA sequence was obtained from a clone

provided by Open Biosystems (Huntsville, AL) (clone ID
4200323). The human or zebrafish Ngb cDNA was cloned
into plasmid PET20b (Novagen, Madison, WI) and was
sequenced by an ABI 3100 genetic analyzer (Applied
Biosystems, Foster City, CA). Overexpression of Ngb was
induced inEscherichia colistrain BL 21 (DE 3) (Novagen)
by treatment with isopropys-p-thiogalactopyranoside. The

soluble cell extract was loaded onto a DEAE Sepharose

anion-exchange column equilibrated with 20 mM FisCl
(pH 8.0). Ngb was eluted from the column with buffer

containing 75 mM NaCl and was further purified by passage

through a Sephacryl S-200 HR gel filtration column. Deoxy-
Ngb samples were prepared by first equilibrating Ngb with
N> gas and then reducing the heme with sodium dithionite.

Ferrous-CO Ngb samples were obtained by equilibrating Ngb
with CO gas and then adding an excess of sodium dithionite.

GTPyS Binding Assay3dVe incubated 100 nM & for 3
min at 25°C in buffer A (20 mM Tris-HCI, 100 mM NacCl,
and 10 mM MgS@ pH 8.0) plus 1Q«M GDP in the absence
or presence of Ngb (&M). Binding assays were initiated
by the addition of 50 nM¥S]GTP/S (>1000 Ci/mmol).
Aliquots (10uL) were withdrawn from the binding mixtures
and were passed through nitrocellulose filters (Ou4B)
(Millipore, Bedford, MA). The filters were then washed three
times with 1 mL of ice-cold buffer A and were counted in
a liquid scintillation counter (LSC-6100; Aloka, Tokyo,
Japan). The apparent rate constaky,( values for the
binding reactions were calculated by fitting the data to the
following equation: GTRS binding (%)= 100(1— e™).

GDP Dissociation Assay&a; complexed with H]GDP
(0.3 uM) was prepared by incubating 08V Gao; with 2

1M [3H]GDP in buffer A for 1.5 h at 25C. Excess unlabeled

GTP (200uM) was added to monitor the dissociation ]
GDP from Gy in the absence or presence of Nghu(9).
Aliquots were withdrawn at the indicated times and were
passed through nitrocellulose filters (0.461) (Millipore).
The filters were then washed three times with 1 mL of ice-
cold buffer A and were counted in a liquid scintillation
counter (LSC-6100; Aloka).

Module Substitution and Site-Directed Mutagenegie
prepared human Ngb, in which the module M1 was
truncated, and chimerjgHHH or ZHHH Ngb, in which the
M1 module of human Ngb was replaced by that of the human
hemoglobinS-subunit or zebrafish Ngb, respectively, by
using PCR. The chimerigHHH and ZHHH Ngb proteins
both possessed an additional Arg (B12) to Lys mutation due
to introduction of the restriction site foHindlll. A
QuikChange site-directed mutagenesis system (Stratagene,
La Jolla, CA) was used for site-directed mutagenesis. The
sequences were confirmed by DNA sequencing using a
BigDye Terminator Cycle Sequencing FS kit (Applied
Biosystems) and an ABI 3100 genetic analyzer (Applied
Biosystems).

IH NMR Spectra Proton NMR experiments were per-
formed on a Bruker Avance DRX500 spectrometer at@2
The PRESAT pulse sequence was used to minimize the water
signal. Samples were dissolved in 50 mM sodium phosphate
buffer (pH 7.4) containing 10% . Protein concentrations
were 20QuM on the basis of the heme content. Proton shifts
were referenced with respect to the proton resonance of 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS).

Calculation of Relatie Sobent Accessibility of Amino
Acids. The water accessibility of each amino acid was
computed on the basis of the crystal structures of human
and mouse Ngb by using SwissPdbViewer. In brief, relative
accessibility was defined as the ratio of the exposed surface
area of an amino acid residue X in the actual structure to
the maximum possible exposed surface area of the same
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FIGURE 3: Schematic representation of the wild-type, truncated,
and module-substituted Ngb proteins used in this study.

Preparation of Truncated Ngb and Module-Substituted
Ngh Gilbert and Blake previously proposed that exons
encode functional and structural units and that new functional
proteins evolve through the selection of various combinations
of these units that are produced by unequal crossing-over
on introns—a process that is termed “exon shuffling2((

21). Furthermore, by using a diagonal plot of all of the

0 5 1010 5 1010 5 10 distances betweea-carbon atoms, Go demonstrated that
None  +Human + Zebrafish there is a correlation between the structure of a protein and
ferric Ngb _ ferric Ngb its exon pattern and found that exons correspond to compact

Ficure 2: GDI activity of the human and zebrafish Ngb. (A) Effects  structural unit modulesl().

of human and zebrafish Ngb on G¥® binding to @. Binding R .
of GTPyS to 100 nM Gy in the absence (open circle) or presence  AS shown in Figure 1, the genes of human and zebrafish
of 5 uM ferric human (closed circle) or ferric zebrafish (closed Ngb are made up of four exons interrupted by three introns,
triangle) Ngb was initiated by the addition of 50 nf#$]GTP/S and exons 1, 2, 3, and 4 correspond to modules M1, M2,

(>1000 Ci/mmol). @-bound GTR'S was counted by withdrawing  \13 and M4 respectivelyl{ 16—19). On the basis of the
aliquots at the indicated times and passing them through nitrocel- =’ Its of h, | h dules M24. but not
lulose filters (0.45um). (B) Effects of zebrafish Ngb on the results of homology searches moaules » but no

dissociation of GDP from GDP-boundo@ Experiments were ~ module M1, of human Ngb share 285% amino acid
performed in the presence of an excess amount of unlabeled GTPsequence homology with RG31). To narrow down the
Go; complexed with H]GDP was obtained as described in the regjons that are important in the human-specific contacts

Experimental Procedures. An excess of unlabeled GTP 4200 ;
was added to the &—[3H]GDP complex in the absence or presence between Ngb and @& we generated expression constructs

of 5 uM human or zebrafish Ngb. Aliquots were withdrawn at 0, €ncoding a human Ngb variant in which module M1 was

5, and 10 min and passed through nitrocellulose filters (@m%. truncated, termed M1-truncated Ngb, as well as two human
Each error bar represents the standard deviatior-dfidependent Ngb variants in which module M1 was substituted, termed
experiments. chimericBHHH and ZHHH (Figure 3). The chimerjgHHH

and ZHHH proteins consist of the N-terminal M1 module
of the human hemoglobif-subunit or the zebrafish Ngb
jointed to the C-terminal M2M4 modules of human Ngb,
respectively.

RESULTS M1-truncated Ngb and the chimergHHH and ZHHH

Functional Analyses of the Zebrafish Ngio determine Ngb pr_otei_ns were expressedin coli and were subjected
whether ferric zebrafish Ngb functions as a GDI, we to purification by the same protocols used for wild-type Ngb.

performed GTRS (a nonhydrolyzable analogue of GTP) We succeeded in purlfylng. chlmenc ZHHH Ngb; hoy\(ever,
binding experiments. As a control, the rate of GBbinding M1-truncated Ngb and chimerigHHH were not purified

to Go; in the presence of ferric human Ngb was reduced Pecause of structural instability.

(Figure 2A), showing that ferric human Ngb functions as a  Structural Analyses of M1-Substituted Nglisible ab-
GDI for Ga, as previously reported.{). In contrast, ferric sorption spectra of the ferric, ferrous deoxy, and ferrous-
zebrafish Ngb had no effect on the rate of GBPhinding CO forms of the chimeric ZHHH Ngb were almost identical
to Go,; (Figure 2A). Next, to examine the effects of Ngb on to those of human and zebrafish wild-type Ngb (data not
the release of GDP fromds, we measured the rates of GDP shown), suggesting that the substitution of module M1 does
dissociation in the absence or presence of ferric forms of not perturb the electronic state of the heme. To examine the
the two proteins. In the presence of an excess amount ofeffects of module M1 substitution on the globin structure,
unlabeled GTP,3H]GDP release from®H]GDP-bound Gy we measured the far-UV circular dichroism (CD) spectra of
was inhibited by ferric human Ngb (Figure 2B); however, the ferric forms of the Ngb proteins. Thehelical content
ferric zebrafish Ngb did not affect the release #fJGDP of the chimeric ZHHH Ngb was estimated as 68%, which is
from [*H]GDP-bound @ (Figure 2B). the same as that of human Ngb (68%) (data not shown).

amino acid. This maximum surface area is the surface
accessible to water of X in a pentapeptide, GGXGG, in
extended conformation.
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Ficure 4: H NMR spectra (500 MHz) of ferric Ngb: (A) human None + ZHHH Ngb

Ngb, (B) zebrafish Ngb, (C) chimeric ZHHH Ngb. Spectra were FIGURE 5: GDI activity of chimeric ZHHH Ngb. (A) Effects of
recorded in 50 mM sodium phosphate buffer (pH 7.4) containing M1-substituted Ngb on G5 binding to @. Binding of GTB/S

10% D,O at 22°C. The concentration of each Ngb was 204 to Go; in the absence (open circle) or presence (closed circle) of
on the basis of the heme content. Superscript A or B denotes theferric chimeric ZHHH Ngb was initiated by the addition 6f$]-
heme orientation isomer A or B, respectively. GTPyS. Gaj-bound GTR'S was counted by withdrawing aliquots

at the indicated times. Experimental conditions were the same as

:«in Figure 2A. (B) Effects of chimeric ZHHH Ngb on dissociation
These resuits show that the secondary structure of Ngb 'Sof GDP from GDP-bound @;. Experimental conditions were the

insensitive to substitution of the M1 module. same as in Figure 2B.

To gain further insight into the environment surrounding
the heme in chimeric ZHHH Ngb, we examined the NMR  release from3H]GDP-bound @; was inhibited by chimeric
spectra of the ferric forms of the Ngb proteins. As depicted ZHHH Ngb (Figure 5B). The inhibition of GDP dissociation
in Figure 4, several prominent hyperfine-shifted signals from py ferric Ngb suggests that ferric Ngb diminishes the rate
the heme peripheral groups were observed for the ferric Ngb.of spontaneous GRS binding to @y by blocking the
We assigned the hyperfine-shifted signals of human Ngb onrelease of GDP.
the basis of spectra recorded for mouse N£@),(as labeled Functional Analyses of Site-Directed Ngb Mutart®
in Figure 4. Hyperfine-shifted resonances from the heme delineate the region in modules M214 of the human Ngb
methyl groups in the chimeric ZHHH Ngb were observed that is responsible for GDI activity, we pinpointed key
at almost the same position as those in human Ngb, differences between the human and zebrafish Ngb sequences,
suggesting that the chimeric ZHHH Ngb forms almost the jith a particular focus on exposed residues with positive or
same structure around the heme environment as the humafhegative charges. We identified Arg47, Glus3, Arg97,
Ngb. Lys102, Glu118, Lys119, Asp149, and Glul51 (amino acid

M1-Substituted Ngb Acts as a GOlo determine whether  numbering is based on that of human Ngb) as potential
ferric chimeric ZHHH Ngb functions as a GDI, we performed candidate residues, and prepared the site-directed Ngb
GTPyS binding experiments. As shown in Figure 5A)sG =~ mutants R47A, E53Q, R97Q, K102N, E118Q, K119N,
bound GTR'S, as assessed by the spontaneous exchange ob149A, and E151N. The electronic absorption spectra and
guanine nucleotidekfy, = 0.075 mir?). In the presence of  CD spectra of these mutants verified that the mutations did
ferric chimeric ZHHH Ngb, the rate of GBS binding to not induce significant structural changes (data not shown).

Go,; was reduced 5-foldkg,, = 0.016 mint) (Figure 5A), To determine whether the mutant Ngb proteins retained
implying that ferric chimeric ZHHH Ngb functions as a GDI  GDI activity, we measured G binding to G, and GDP
for Go; as does human Ngb. dissociation from @, in the absence or presence of the ferric

We considered that ferric chimeric ZHHH Ngb might form of each mutant. As shown in Figure 6, like human wild-
inhibit GTPyS binding to G via a mechanism involving a  type Ngb, R47A, K102N, K119N, and D149A Ngb inhibited
reduction in the rate of nucleotide exchange. Therefore, to GTPyS hinding to Gy and inhibited {H]GDP release from
examine the effects of ferric chimeric ZHHH Ngb on the [3H]GDP-bound @ in the presence of an excess amount
release of GDP from @&, we measured the rates of GDP of unlabeled GTP, implying that ferric forms of these mutants
dissociation in the absence or presence of ferric Ngb. In theretained GDI activity toward . In contrast, E53Q, R97Q,
presence of an excess amount of unlabeled GHIGDP E118Q, and E151N Ngb did not function as a GDI (Figure
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Ficure 6: GDI activity of site-directed human Ngb mutants. (A)
Effects of site-directed Ngb mutants on GA% binding to Gy.
The binding of GTRS to Gu; in the absence or presence of the
ferric forms of each mutant Ngb was initiated by the addition of
[33S]GTP/S. Guoi-bound GTRS was counted by withdrawing

aliquots at 10 min. Experimental conditions were the same as in
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Ficure 7: Surface residues of human Ngb that are required for its
GDI activity. The essential residues (Glu53, Arg97, Glul118, and
Glul51) of human Ngb are indicated as red space-filled balls.
Module M1 and modules M2M4 are highlighted in blue and
yellow, respectively.

to a flavin domain of 2,4-dinitrotoluene (DNT) dioxygenase
(24).

In the present study, we have demonstrated that a
negatively charged residue Glu53 in the CD-D region of
human Ngb is involved in the interaction witho§s(Figure
7). Moreover, site-directed mutagenesis experiments clarified
that some Ngb residues (Arg97, Glull8, and Glul51) in
modules M3 and M4 are also involved in the regulation of

Figure 2A. (B) Effects of site-directed Ngb mutants on dissociation G by Ngb (Figure 7). Further studies by using zebrafish

of GDP from GDP-bound &. Percentages ofti]GDP-bound Gy

Go. will be necessary to elucidate the molecular evolution

at 5 min are shown. Experimental conditions were the same as inof Ngh as a GDI.

Figure 2B.

Module M1 Substitution of Ngl®ur study has shown that
a chimeric ZHHH Ngb variant, in which module M1 of

6), suggesting that residues Glus3, Arg97, Glulls, and hyman Ngb is replaced by that of zebrafish Ngb, forms

Glul51 are crucial for the GDI activity of human Ngb.

DISCUSSION
Binding Sites of Human Ngb withoG In the present study,

almost the same structure as human Ngb and acts as a GDI

for Ga; as does human Ngb. By contrast, M1-truncated

human Ngb and the chimerfgHHH were very unstable.
Previous studies of myoglobin (Mb) by using NMR

we have shown that zebrafish Ngb, which shares about 50%spectroscopy, mutagenesis, and computer graphics suggested
amino acid sequence identity with human Ngb, does not havethat packing around the A (in module M1), G, and H helices

a GDI activity for Gu;. Furthermore, by module substitution

(in module M4) plays an important role in the protein folding

between zebrafish and human Ngb and site-directed mu-and stability, because the folding and packing of the A, G,
tagenesis, we have identified several residues that areand H helices are considered to be the first step in the

essential for GDI activity in modules M2M4 of the human
Ngb (Figure 7).

dominant folding pathway of apomyoglobi@5—28).
Our previous results of module substitution among the

Previously, we found that a human Ngb double mutant hemoglobin (Hb)a- and s-subunits and Mb also demon-

(C55S, C120S) homodimer that is linked by an intermo-

lecular disulfide bond at Cy% Cys'*¢ cannot function as a

strated that the interactions among the modules are crucial
for folding and stability of the proteins20—31). For

GDI, whereas its DTT-reduced monomeric form has GDI example, it was previously conjectured that the substitution

activity (11), suggesting that the CD-D region in which ¢%/s
exists is important for proteiAprotein interaction between
ferric human Ngb and & and may be involved in the GDI
activity for Ga.

of module M1 of Mb for that of the Hhax- or 5-subunit to
form an Mboaow or MbgSg chimera, respectively, would
have no influence on the association properties of the proteins
because the amino acid residues that are crucial for subunit

X-ray structural analyses of the ferric forms of human and contacts between the- and s-subunits are not located in

mouse Ngb have clarified that the CD-D region of mam-

malian Ngb is very flexible 18, 19). In addition, the CD-D
region connecting helices C and EVtreoscillaHb, which

M1 (32); however, the chimeric Moo and MBS variants
were subsequently found to have a lewhelical content
and to show altered association characteristics as compared

is synthesized under hypoxic conditions, is also disorderedto the wild-type globins 31). These results suggest that

in the crystal structure2@). Mutagenesis experiments on this

intermodular packing between module M1 and other modules

protein have shown that a negatively charged Glu residue (M2, M3, and/or M4) is essential for folding and stability in

in the CD-D region is involved iVitreoscilla Hb binding

globins.
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i 11.
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Human Ngb MERP- - -EPELIRQSWRAVSRSPLEHGTVLFAR 12.
Zebrafish Ngb MEKLSEKDKGLIRDSWESLGENKVPHGIVLFTR,
Human Hb B MVHLTPEEKSAVTALWGKV - -NVDEVGGEALGER,

Ficure 8: Correlation between the evolutionarily conserved
residues and residues with a low solvent accessibility in module
M1. Consensus amino acids between human and zebrafish Ngb
and between human Ngb and the hemoglopisubunit are
indicated in red. Residues with a relative water accessibility of less
than 5% in human Ngb are highlighted in yellow.

15.

As shown in Figure 8, all except one of the amino acid
residues that are buried by intermodular packing in module
M1 of human Ngb (i.e., lle9, Serl2, Trpl3, Gly24, Leu27,
and Phe28) are evolutionarily conserved residues between
human and zebrafish Ngb. The only exception, Vall6 of
human Ngb, is a hydrophobic amino acid residue and thus ;-
is similar to the corresponding Leu residue of zebrafish Ngb
(Figure 8). In contrast, some residues that are buried in M1
of human Ngb, in particular Serl2 and Leu27, differ from
the corresponding residues in the Aisubunit (Figure 8).
The instability of M1-truncated Ngb and chimeyfi¢iHH
Ngb suggests that the folding of these variants is perturbed
by the loss of some intermodular interactions that are central
to protein packing. Our present findings on chimeric ZHHH
Ngb allow us to conclude that module substitutions will be
useful for designing and producing novel functional proteins
if we can reproduce the stable intermodular packing in the
module-substituted proteins.
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