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Abstract A synthetic gene for apoleghemoglobin-a from
sovbean, optimized for expression in Escherichia coli has been
designed and synthesized by a recursive polymerase chain
reaction technique. The protein has been expressed with high
efficiency and a purification protocol has been developed. The
holoprotein is readily reconstituted by the addition of heme. '*N-
and 'SN,13C-labeled samples were produced and backbone SN
and 13C assignments were determined by 2D and 3D NMR
spectroscopy. Comparison of the chemical shifts of 3C* and
13CO with random coil shifts revealed a pattern of secondary
structure which correlates well with the one previously derived
from homonuclear NMR data and low-resolution X-ray crystal-
lography.

Koy words: Leghemoglobin; Gene synthesis; NMR
assignment; Secondary structure

1. Introduction

Leghemoglobins are genetically heterogeneous monomeric
heme proteins found in legume root nodules. They are in-
volved in the symbiosis between the plant and nitrogen-fixing
Rhizobium bacteria by providing oxygen for bacterial respira-
tion at a partial pressure low enough to prevent oxidative
diumage to the nitrogenase complex [1-4]. Soybean leghemo-
globin-a (Lb-a) consists of 143 amino acids [5,6]. Only a low-
resolution X-ray structure (3.3 A) of its nicotinate complex is
available [7]. However, X-ray structures of Lb-II from lupin
(£7% sequence homology with Lb-a) with several heme li-
gands have been solved to higher resolution [8,9]. The proton
NMR spectrum of the carbon monoxide complex of soybean
Lb-a (LbCO) has been almost completely assigned by homo-
nuclear 2D and 3D NMR spectroscopy [10], and the second-
ary structure inferred from these data agrees well with the X-
riy results. These structures show a folding topology typical
o other globins such as myoglobin and hemoglobin. Despite
the similarity of their tertiary structures, the sequence homol-
oy of leghemoglobins and myoglobins is low [11]. However,
they do share a pattern of hydrophobic and polar residues
considered to be determinants of the globin fold [12]. The
(1, affinity and association constant for leghemoglobin is
n-uch higher than that for myoglobin [1]. This has been at-
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tributed to a more open and flexible heme pocket [7-9]. The
observed conservation of structure and function together with
the very low sequence homology also prompts the question as
to whether the kinetic folding pathways are the same in leg-
hemoglobin and myoglobin. While the folding pathway of
apomyoglobin was established by Jennings and Wright [13],
nothing is known so far about that of apoleghemoglobin. An
important step towards the investigation of the folding path-
way is the detection of slowly exchanging amide protons in
leghemoglobin well distributed throughout the protein [14],
thus providing probes for hydrogen-deuterium exchange ex-
periments. More detailed investigations of the solution struc-
ture and dynamics, as well as of the ligand-binding mecha-
nism and the folding pathway of leghemoglobin require ®N-
and '3C-labeled samples for heteronuclear NMR spectros-
copy. As an important step in this direction, the present paper
describes the development of a highly efficient bacterial ex-
pression system for soybean apoleghemoglobin-a together
with a simple purification scheme. *N and *C chemical shifts
of most backbone amide nitrogens as well as of most C%, CP
and CO carbons were determined by heteronuclear 2D and
3D NMR spectroscopy utilizing the previously determined 'H
assignments [10].

2. Materials and methods

2.1. Materials

The oligonucleotides were purchased from Keystone Laboratory,
Menlo Park, Ca. They were purified by PAGE (PagePURE, long
oligos) or by reverse-phase chromatography (CartridgePURE, pri-
mers). The vector pCRII and competent Escherichia coli cells INVoF’
(F' endAl recAl hsdR17 (r,~, my") supEd4 thi-1 gyrA96 relAl
080/acZAM15A(lacZY A-argF)U169) were purchased from Invitrogen.
The vector pET24a and competent E. coli cells XL1-Blue (supEd4
hsdR17 recAl gyrA46 thi relAl lac™ F'lproAB* lacl lacZAMIS
Tnl0(ter")]) and BL21(DE3) (hsdS gal [AcIts857 indl Sam7 ninS
lacUVS5-TT genel]) were purchased from Novagen. Vent DNA poly-
merase and the restriction enzymes Ndel and BamHI were obtained
from New England Biolabs.

2.2. Gene design and synthesis

A gene coding for soybean apoleghemoglobin-a was designed using
the Intelligenetics software. Eight overlapping oligonucleotides were
used to assemble the gene by a recursive PCR technique [15-18]. Gene
assembly and amplification were carried out in two separate PCR
reactions in an Ericomp Twin Block thermocycler. The reaction mix-
ture of the recursive assembly PCR contained 4 pmol of each of the
eight oligonucleotides, 2.5 U Venr DNA polymerase and 250 uM of
each of the 4 dNTPs in a final volume of 100 ul PCR buffer (10 mM
KCl, 10 mM (NH;)280;4, 20 mM Tris-HCl (pH 8.8), 2 mM MgSOy,
0.1% Triton X-100). The reaction began with a hot start of 4 min at
80°C. Five PCR cycles were carried out with 1 min denaturation at
95°C, 1 min annealing at 59°C and 1 min chain extension at 72°C.
The reaction was completed with 5 min incubation at 72°C. Ten
microliters of the reaction mixture were used for the second PCR.
The reaction mixture of the amplification PCR contained 100 pmol
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of each of the two primers, 2.5 U Vent DNA polymerase and 250 uM
of each of the 4 dNTPs in 100 pl PCR buffer. The thermocycle was:
1 min at 95°C, | min at 60°C, 1 min at 72°C. Twenty-five cycles were
carried out, preceded by a hot start of 4 min at 80°C and followed by
7 min incubation at 72°C.

2.3. Addition of A overhangs

The PCR mixture was diluted with 300 pl water and extracted with
a mixture of 400 ul of Tris-saturated phenol and 400 pl of chloroform.
The aqueous phase was concentrated with a Millipore UF ultrafiltra-
tion cell (molecular weight cutoff: 30 kDa) and diluted to 100 ul with
PCR buffer. One unit of Tag DNA polymerase and 250 pM dNTPs
were added. The mixture was incubated at 72°C for 20 min and placed
on ice. The enzyme was removed by phenol/chloroform extraction as
described above and the aqueous phase concentrated and diluted with
water to 800 ul.

2.4. Cloning

The synthesized gene was inserted into the pCRII vector using the
TA Cloning Kit from Invitrogen. INVoF’ cells were transformed with
the reaction mixture and spread on X-gal LB-agar-plates supplement-
ed with 30 pg/ml kanamycin. Taking advantage of the blue/white
screening feature, white colonies were picked after overnight incuba-
tion at 37°C and amplified in 15 ml of kanamycin LB. Plasmids were
isolated using the QIAGEN Midiprep Kit. The inserts were sequenced
with an Applied Biosystems 373A sequencer. The leghemoglobin gene
was excised from the plasmid with Ndel and BamHI. It was purified
by agarose gel chromatography and cloned into linearized pET24a.
The hybrid plasmid was amplified in E. coli XL1-Blue. It was isolated
with the QIAGEN Midiprep Kit and used to transform E. coli
BL21(DE3) cells.

2.5. Expression

LB medium (3 ml, supplemented with 30 ug/ml kanamycin) was
inoculated with a single colony of transformed BL21(DE3) cells and
incubated at 37°C for 6 h. M9 minimal medium (50 ml, supplemented
with 30 pg/ml kanamycin) was inoculated with the LB culture (3 ml)
and incubated at 37°C overnight. Twenty milliliters of the preculture
were used to inoculate M9 minimal medium (1 1, supplemented with
30 pg/ml kanamycin). The cells were grown until ODs50=1 (4-5 h)
and induced with 1 mM IPTG. After another 5 h of incubation the
cells were harvested by centrifugation (5500 rpm, 5 min).

2.6. Protein purification

The cells were resuspended in 50 ml of lysis buffer (1 mM EDTA,
50 mM Tris-HCI, pH 8). Lysozyme solution (1.5 ml, 10 mg/ml in lysis
buffer) was added and the suspension incubated on ice for 30 min.
DNAse I solution (400 pl, 1 mg/ml) and MgCl, (400 pl, 1 M) were
added. The suspension was incubated for another 30 min and centri-
fuged (10 min, 12000Xg/8500 rpm). The pellet was resuspended in
lysis buffer and the suspension centrifuged again. The pellet was thor-
oughly resuspended in water and the suspension mixed with the same
volume of acetonitrile containing 0.2% TFA. A solution of 0.1% TFA
in water was added to yield a final ratio of acetonitrile/water of 40:60
(v/v). Insoluble material was removed by filtration through a 0.2 um
membrane filter (Millipore) and the solution was applied to a prep-
arative reverse-phase (C18) HPLC column equilibrated with acetoni-
trile/water (40:60) containing 0.1% TFA. After the sample was ad-
sorbed to the column, it was washed with acetonitrile/water (40:60)
containing 0.1% TFA and eluted with a linear gradient of acetonitrile
in water containing 0.1% TFA. The apoLb-containing fractions eluted
at approximately 51% acetonitrile and were lyophilized.

2.7. Formation of carbonmonoxy leghemoglobin

Recombinant apoLb (8 mg, 0.5 umol) was dissolved in 75 ml of
Tris-HCI buffer (10 mM, pH = 8) and mixed with heme dicyanide (0.4
mg, 0.625 pumol) in 25 ml of water and concentrated to 0.3 ml by
ultrafiltration (Amicon YM10 membranes). Holo-leghemoglobin was
transformed to the carbonmonoxide complex by a modification of a
method described previously [19]. All buffers and solutions were equi-
librated with carbon monoxide and experiments were carried out un-
der carbon monoxide. Twenty microliters of sodium dithionite solu-
tion (20 mg/ml) were added to 0.3 ml of the leghemoglobin solution.
The solution was applied to a Sephadex G-10 column, equilibrated
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with 10 mM potassium phosphate (pH* 7.0) in DO, and eluted di-
rectly into a carbon monoxide-flushed NMR tube.

2.8. NMR spectroscopy

NMR spectra were recorded at 308 K on a Bruker AMX-500 NMR
spectrometer. Proton chemical shifts were referenced to external DSS
(0 ppm). ®N and 3C chemical shift were referenced indirectly to
liquid NH; and DSS according to [20]. 2D 'H,’®N-HSQC [21,22)
and 3D TOCSY-HSQC [21-23] spectra were recorded to assign the
amide nitrogens. Spectral widths of the 'H,">N-HSQC spectrum were
16.1 ppm in F» (*H) and 40.1 ppm in F; (**N). Two hundred and
fifty-six complex data points were taken in 1 and fp. Zero-filling
yielded a final matrix of 2048 x 1024 real data points. The TOCSY-
HSQC spectrum was recorded with spectral widths of 8.3 ppm Hz in
both 'H dimensions (7, and F3) and 41.1 ppm in F, (**N). Ninety-six,
32 and 512 complex data points were taken in ¢{, 1, and 3. Zero-
filling yielded a final matrix of 128X 128X 512 real points in Fj, Fy
and F3. A constant-time 'H,'*C-HSQC [24] spectrum and four differ-
ent triple-resonance experiments (constant-time HNCA [25,26],
CBCA(CO)NH [27], constant-time HNCO [25,26] and (HCA)CO(-
CA)NH [28]) were carried out for sequential assignment of the back-
bone atoms and to obtain ¥C chemical shifts. Spectral widths of the
'H,13C-HSQC spectrum were 10.1 ppm and 79.5 ppm in F, (*H) and
Fy (13C). Two hundred and fifty-six complex data points were taken in
both dimensions. Zero-filling yielded a final matrix of 1024 X 2048 real
data points. All triple resonance spectra were recorded with spectral
widths of 14.3 ppm in Fy (*H) and 39.5 ppm in F; (**N). Spectral
widths in F; (*3C) were 49.7 ppm for HNCA, 79.5 ppm for CBCA-
(CO)NH, 15.9 ppm for HNCO and (HCA)CO(CA)NH. In 1, ¢, and
t3, 32, 32 and 1024 complex data points were recorded for all experi-
ments except for HNCA with 44 complex points in #;. All triple
resonance spectra were zero-filled to yield final matrices of
128X 128 X 1024 real points in Fy, F, and Fj. Data were processed
with the Felix 95 software. Shifted sine-bells were used as window
functions in all dimensions of all recorded spectra.

3. Results and discussion

3.1. Gene synthesis

The Lb-a gene from soybean has three intervening se-
quences and uses several codons rarely found in highly ex-
pressed E. coli proteins [6]. Since the main purpose of the
expression is the preparation of relatively large amounts of
isotopically labeled protein samples for NMR spectroscopy,
good protein yields are required. The previous successful
syntheses of genes in this laboratory coding for rusticyanin
[18], stellacyanin (M. Lubienski, unpublished data) and the
DNA-binding domain of human estrogen-related receptor
(D. Casimiro, unpublished data) prompted us to design an
optimized gene for the expression. In the current study a
gene coding for Lb-a was designed following the same con-
siderations as described in [18]. Only a subset of all possible
61 codons is actually used by E. coli for highly expressed
genes [29]. Codon usage correlates with the abundance of
the corresponding tRNAs [30]. Codons rarely found in highly
expressed E. coli genes were avoided in this study because they
are assumed to cause poor expression of the recombinant
protein in E. coli due to low tRNA levels. Only the two
most common codons for each amino acid were selected.
Further requirements for a high expression level that were
met by the designed gene are the absence of palindromic se-
quences which can form hairpin loops and a low overall G+C
content (49.5%). Long sequence repeats were also not per-
mitted to prevent mispriming events during the PCR reac-
tions. The optimized sequence of the synthetic Lb-a gene is
shown in Fig. 1. A total of eight oligonucleotides representing
four fragments of the coding and four of the non-coding
strand were chemically synthesized. Their lengths varied be-
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Ndel

5' gag tct gat atc gga tcc catlatg 3

285

5' GAG TCT GAT ATC GGA TCC CAT ATG GTA GCA TTC ACT GAA AAA CAG GAT GCA CTG GTA TCT TCT AGC TTC GAA GCG TTT 3

Met Val Ala Phe Thr Glu Lys Gin Asp Ala Leu

3' T AGA AGA TCG AAG CTT CGC AAA TTC CGA TTG TAA GGT GTC ATA TCG CAA CAT
Val Ser Ser Ser Phe Glu Ala Phe Lys Ala Asn He Pro Gin Tyr Ser Val Val

5" AT ACT TCT ATC CTG GAG AAA GCA CCG GCA GCT AAG GAT CTG TTC TCT TTT CTG GCG AAC GGT GTT GAC CCG ACT AAC CCA AAA 3

AAG ATA TGA AGA TAG GAC CTC TTT CG 5

3 CAA CTG GGC TGA TTG GGT TTT GAG TGA CCA GTA CGT CTT TTC

Phe Tyr Thr Ser He Leu Glu Lys Ala Pro Ala Ala Lys Asp Leu Phe Ser Phe Leu Ala Asn Gly Val Asp Pro Thr Asn Pro Lys Leu Thr Gly His Ala Glu Lys

§' C GTT CGT GAT TCT GCT GGT CAA CTC AAG GCA AGC GGT ACT GTA GTT GCT GAC GCG GCT CTC GGC AGC GTA CAC GCT CAG AA 3

GAG AAG CGC GAG CAA GCA CTA AGACGA CCAG 5
Leu Phe Ala Leu Val Arg Asp Ser Ala Gly Gin Leu Lys Ala Ser Gly Thr

3 CG TCG CAT GTG CGA GTC TTT CGA CAA TGA CTG GGT

Val Val Ala Asp Ala Ala Leu Gly Ser Val His Ala Gin Lys Ala Val Thr Asp Pro

5 C CTG AAA ACT ATC AAA GCG GCA GTA GGT GAT AAA TGG AGC GAT GAA CTG AGC CGT GCT TGG GAA GTG GCG TAT GAC 3

GTC AAG CAA CAC CAT TTT CTC CGT GAG GAC TTT TGA TAG TTT CGCCG 5

3 GA ACC CTT CAC CGC ATA CTG CTC GAC

Gin Phe Val Val Val Lys Glu Ala Leu Leu Lys Thr lle Lys Ala Ala Val Gly Asp Lys Trp Ser Asp Glu leu Ser Arg Ala Trp Glu Val Ala Tyr Asp Glu Leu

3 ctt aag cct agg tta aga gce aca §
CGA CGA CGT TAA TTC TTC CGC ATT CTT AAG CCT AGG TTA AGA GCC ACA ¥
Ala Ala Ala lle Lys Lys Ala Och
BamHI

F g. 1. Sequences of the eight overlapping oligonucleotides used to assemble the Lb-a gene. The four oligonucleotides in the upper row corre-
spond to the coding strand, the ones in the lower row to the non-coding strand. The amino acid sequence is shown as well. The short se-
quences at the termini correspond to the amplification primers used in the second PCR. The Ndel and BamHI restriction sites in the flanking

cioning regions are also shown.

tween 73 and 83 nucleotides. Neighboring oligonucleotides
overlapped by between 19 and 22 residues, resulting in calcu-
luted melting temperatures of 62°C for all priming sites. Both
ends were flanked by restriction sites for Ndel and BamHI (5’
and 3’ end of the coding strand, respectively) for the insertion
i the desired linearized expression vector.

The full-length gene was assembled from the overlapping
cligonucleotides by a recursive PCR method [15-17]. Gene
assembly and amplification were carried out in two different
PCR reactions as suggested in [18]. Only five and 25 PCR
cvcles were used for the assembly and amplification reactions.
A low number of cycles is desirable, since PCR inherently
incorporates mistakes. The final product shows a single
tand with the expected molecular weight on an agarose gel
(Fig. 2a, lane 2). Gene assembly and amplification can also be

—1000
— 750

— 500
= 350
— 150

(a) (b)

Lb.,

carried out as a one-pot reaction, when the oligonucleotides
are applied in 1/10 of their concentration in the separate as-
sembly PCR, but the yield was significantly lower (lane 1). In
both PCR reactions, Vent DNA polymerase was used instead
of Tag DNA polymerase because of its higher fidelity of nu-
cleotide incorporation due to exonuclease (‘proof-reading’)
activity [31]. Due to the exonuclease activity, Vent DNA po-
lymerase does not add an additional adenine at the 3’ end as
does Tag DNA polymerase [32]. Since this was required in the
following cloning procedure ‘TA-cloning’), overhanging ade-
nines were added in a separate incubation step in the presence
of Tag DNA polymerase. The effort of an additional incuba-
tion step is redeemed by avoiding the otherwise necessary
steps to assemble the gene from partially correct sequences
[18] and by the fact that a far smaller number of clones needs

(©

Fig. 2. a: Agarose-gel analysis of the PCR product (lane 2). Synthetic (PCR) DNA fragments (Promega) serve as molecular weight markers
(lane 3). In lane 1, the product of the reaction carried out as a single PCR is shown. b: Map of the pET24a/Lb-a expression vector. The plas-
mid contains a kanamycin resistance gene for plasmid selection. The Lb-a gene is placed behind the T7lac promoter sequence to control expres-
sion. ¢: SDS-PAGE analysis of Lb-a expression and purification. Lane 1: Total lysate of E. coli. Lane 2: Lb-a-containing fraction of the re-

verse-phase HPLC. Lane 3: Molecular weight marker (Promega).
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Fig. 3. 'H,"*N-HSQC spectrum of '®N-labeled LbCO. The concentration of the sample was 1 mM in 10 mM sodium phosphate buffer at pH
7.0. The spectrum was recorded at 308 K. The pairs of peaks connected with horizontal lines arise from glutamine and asparagine side-chain

amide groups.

to be sequenced. A further simplification of the described
cloning procedure would be the replacement of the TA-clon-
ing technique by an efficient blunt-end cloning method with-
out the need for A overhangs.

The PCR product was inserted into the linearized pCRII
vector and the hybrid plasmid was used to transform E. coli
INVoF’'. Plasmids were isolated and the inserts were se-
quenced. Three out of 10 clones had the correct nucleotide
sequence over the entire length of the synthetic gene. The gene
was excised from the plasmid with Ndel and BemHI and
cloned into the pET24a vector. The plasmid was amplified
in E. coli XLI Blue and subsequently transformed into lyso-
genic E. coli BL21(DE3). In pET24a the Lb-a gene is under
control of the strong T7lac promoter (Fig. 2b). Transcription
of the gene requires T7 RNA polymerase which is not en-
coded on the plasmid. Instead, the expression host
BL21(DE3) carries this gene in its chromosomal DNA where
it is controlled by the lacUVS promoter. Both lac promoters
are blocked by lac repressors in the uninduced state ensuring a
low level of background expression [33]. Both genes are in-
duced by IPTG yielding a protein with the expected apparent
molecular weight (Fig. 2¢, lane 1). The cloning host XL1 Blue
does not carry the T7 RNA polymerase gene and therefore
cannot express the Lb-a gene. pET24a also has a kanamycin
resistance gene for selection of correctly transformed bacteria.

3.2. Protein purification and reconstitution

Recombinant apoLb forms inclusion bodies in the cyto-
plasm. The inclusion bodies are solubilized by acetonitrile/
water (40:60, v/v) containing 0.1% TFA and fractionated
with reverse-phase HPLC. This procedure yields a pure pro-
tein (Fig. 2¢, lane 2) which can be redissolved in water and a
variety of buffers following lyophilization. The molecular
mass of the recombinant apoprotein (15374 Da) was con-
firmed by electrospray ionization mass spectroscopy. The pro-
tein retains the initiator methionine residue. Approximately 40
mg were isolated from 1 1 of bacteria culture. It readily binds
heme or heme dicyanide to form the holoprotein. For char-
acterization by spectroscopic methods, the bound heme was
reduced to Fe(I) and transformed to the stable carbon mon-
oxide complex. Electronic absorption spectra of native soy-
bean LbCO [34] and recombinant LbCO are indistinguishable,
indicating the correct coordination of the heme prosthetic

group.

3.3. NMR spectroscopy

The 'H,'N-HSQC spectrum of ®N-labeled Lb-a is shown
in Fig. 3. The triple resonance spectra of the doubly labeled
protein provide two more independent data sets for sequential
assignment besides the previously available sequential assign-
ments based on inter proton NOEs [10]. The constant-time
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Tabhle 1 Table 1

Backbone N and C resonance assignments® for carbonmonoxy (continued)

Lb-a in 10 mM Na-phosphate (pH 7.0) at 308 K

Residue N Cco c* ch Residue N co c P
Met! Val® 122.1 177.6 67.0 312
Vall 174.4 61.6 33.7 Arg™ 121.4 181.0 60.8 27.1
Ala? 128.6 175.9 52.1 18.5 Asp” 122.4 177.6 57.9 41.7
Ph:? 127.1 175.7 58.0 435 Ser™ 116.8 175.7 60.9 [62.8]
nes 116.6 175.1 61.1 723 Ala™ 119.6 177.8 54.9 18.1
G 118.9 178.5 59.6 Gly™ 102.6 178.0 474 -
Lyst 178.5 58.7 31.9 GIn™ 124.3 179.5 60.2 29.3
G’ 118.2 177.6 60.0 27.8 Leu™ 121.6 180.5 57.8 41.0
A-pd 118.6 177.5 58.7 432 Lys™ 120.8 177.6 59.2 31.8
A’ 120.7 181.3 54.9 17.5 Ala™ 118.2 179.6 54.6 19.3
Lcul0 120.2 180.6 57.7 41.7 Ser™ 109.6 175.3 59.1 67.3
Valll 122.2 176.9 66.4 30.6 Gly® 111.7 172.6 46.6 -
Se 12 114.9 178.0 62.9 63.1 Thrt! 112.7 170.3 60.0 71.3
Se 13 114.0 178.0 61.5 62.8 Val®? 118.9 174.1 60.6 347
Serl 117.4 176.7 61.1 64.0 Val® 124.6 174.9 60.6 4.1
Ptel® 1254 177.4 60.9 389 Ala® 126.6 175.5 49.8 21.1
Giu's 117.6 179.0 59.8 28.6 Asp® 121.1 177.0 543 424
Aal’ 121.2 180.3 55.2 17.3 Ala® 127.5 180.2 55.1 18.1
Piel® 120.5 175.5 59.7 38.0 Ala®” 120.1 180.0 54.8 17.8
L s 116.0 176.6 58.1 31.7 Leu™ 118.1 180.7 56.5 41.5
Aa? 119.3 178.1 53.4 18.6 Gly™ 107.8 175.9 47.4 -
A n*! 114.8 171.9 51.6 36.8 Ser? 117.2 176.7 61.2 [62.8]
1. 122.5 175.9 66.7 Val”! 119.4 176.1 65.2 312
P: 0% 177.3 67.3 30.9 His” 1134 175.5 61.4 258
Gmn? 112.7 179.3 58.2 28.9 Ala® 122.5 181.6 54.5 17.5
T % 117.4 178.3 59.6 36.7 GIn* 117.6 177.8 58.3 28.0
Scr% 116.6 175.3 634 [62.2] Lys® 115.5 174.4 54.7 31.8
Vat? 119.8 179.4 66.7 31.5 Ala% 120.8 176.1 52.3 16.6
Va2 122.0 177.8 66.5 314 Val’’ 115.0 1774 63.2 314
Pie® 121.8 176.5 61.1 38.6 Thr® 116.1 175.6 59.9 [72.2)
T 30 113.1 178.5 62.6 38.7 Asp® [120.4] [177.1]

Tt 113.0 176.5 67.4 68.5 Pro!? 180.4 66.3 31.2
S.r#? 116.1 176.7 62.7 62.6 Gin'!! 1159 179.0 59.8 28.6
[ 120.1 176.6 65.8 37.9 Phe!®? 118.4 180.9 63.6 39.1
Lou? 116.9 178.7 57.2 413 Vall03 120.9 177.0 66.9 314
Clu®® 116.7 178.1 58.9 29.9 Vall™ 120.3 178.6 66.7 31.7
L ys%6 1144 176.5 56.0 345 Vall® 119.4 176.3 67.3 304
Alad? 122.6 175.7 49.7 Lys!% 121.8 177.7 60.3 31.2
P o3 179.2 65.4 31.2 Glu'%? 116.6 179.5 59.5 29.0
Ala% 117.9 179.4 53.8 18.0 Alalt® 1219 180.0 55.1 19.7
Ala® 120.5 178.3 54.6 17.0 Leu!® 1249 178.5 59.8 414
I yst! 117.7 175.3 59.5 32.1 Leu'!® 119.8 178.9 58.3 41.0
Asp?? 112.9 176.8 54.9 41.6 Lys'!! 118.0 178.9 59.7 326
L zu® 118.7 176.9 56.5 442 Thr't? 118.0 175.4 67.7 69.2
P1et 114.3 176.9 56.4 [40.3] Ile!3 120.3 177.6 61.6 343
Sorh [122.7) 176.4 62.0 [62.0] Lys'™ 119.5 178.6 60.5 31.4
Petf 1129 175.2 56.0 37.6 Ala'?® 120.3 179.0 54.5 17.3
[ zu? 119.7 177.2 53.8 414 Alall6 118.7 179.1 54.1 17.0
Ala®® 122.2 178.5 S5.9 18.6 Vallt? 106.1 178.6 61.2 324
Asn¥ 112.8 175.1 51.9 39.1 Gly'® 112.3 176.3 47.7 -
Ciy™® 106.9 172.9 43.9 - Asp!?® 176.8 55.8 39.9
\al®t 119.0 173.9 62.8 30.5 Lys'® 117.5 176.0 56.0 31.6
£:sp°2 126.1 174.6 49.8 Trp'?t 120.1 174.4 59.0 29.9
Fro® 176.0 63.9 31.6 Ser!2? 117.5 173.0 56.3

7 hr®t 109.4 174.2 62.1 68.8 Asp!® [56.6] [40.3]

7 sn%® 122.8 174.5 50.2 Glu'# [119.2] 178.8 59.4 29.3
F'ro%s 179.9 63.9 31.6 Leu!? 121.7 177.3 58.4 41.6
1ys%7 118.4 177.7 58.1 319 Ser!26 111.0 177.1 61.4 62.5
1 eu® 120.8 177.3 57.9 423 Arg'? 1159 177.6 58.3 29.7
T hr? 108.2 178.1 64.9 67.5 Ala'® 120.1 178.7 55.7 18.1
Cily® 109.1 176.0 46.8 Trp'® 114.6 178.5 61.6 29.9
} isf1 123.4 176.1 61.6 30.2 Glu'%® 119.0 177.7 61.1 30.0
/Jaf? 122.0 179.5 55.9 17.3 Vall¥! 117.5 177.7 66.5 32.5
Ciluf3 1151 177.6 61.0 29.6 Alal® 120.2 180.5 55.2 174
] yst 117.0 179.1 59.7 33.1 Tyr!s? 118.6 176.7 63.1 38.7
1 eu® 120.7 178.8 61.1 41.2 Asp!® 121.1 181.0 57.8 39.7
}'hef 117.8 178.2 63.3 39.0 Glu!'# 118.1 179.0 58.4 29.1
A1 1204 181.2 55.3 18.0 Leu!36 122.7 177.7 57.4 40.7

].eu®® 121.5 180.4 579 424 Alat¥” 122.7 179.0 55.4 18.1
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Table 1

(continued)

Residue N Cco ce ch
Ala'® 116.5 179.7 54.7 17.5
Ala'™ 119.9 180.4 54.5 18.1
Tle'tt 119.7 177.3 65.3 374
Lys'!! 117.2 177.0 58.5 32.5
Lys!*2 116.6 175.0 56.1 32,9
Ala'® 129.9 181.9 54.0

“Assignments in brackets are tentative.

HNCA [25,26] and CBCA(CO)NH [27] spectra connect pairs
of backbone HY and N via the intervening C*. Additionally,
the constant-time HNCO [25,26] and (HCA)CO(CA)NH [28]
spectra provide connectivities of the amide groups via the
intervening CO. Assignments were confirmed by comparing
the intraresidue connectivities observed in the 3D TOCSY-
HSQC spectrum with the corresponding homonuclear data
[10]. 'H chemical shifts of most detected protons of the re-
combinant protein are identical to those of the natural pro-
tein, providing strong evidence for the identity of their tertiary
structures. The determined backbone ®N and C chemical
shifts are summarized in Table 1.

Three corrections to the original 'H assignments [10] had to
be made. The resonances previously assigned to Asp® have
been reassigned to GIn'®! because the triple-resonance experi-
ments clearly establish connectivity to Phe!’?. At the proton
chemical shifts found for GIn'™ by homonuclear methods
(5.15 ppm), no matching peaks were found in the '‘H,'®N-
HSQC and triple resonance spectra. Instead, a peak at 5.15
ppm was found in the 'H,'>C-HSQC {23] spectrum. Because
this resonance shows NOE connectivities to Phe!*? it is most
likely the H* of Asp”, but no connectivities to an HY could
be established leaving the assignment tentative. Finally, the
backbone resonances of Phe!® were reassigned on the basis
of clear sequential connectivities to Leu?” in the triple reso-
nance experiments. Reinspection of the previously assigned
NOESY spectrum [10] confirmed these corrections. Thr*
and Asn® are flanked by two prolines (53 and 56) and could
not be assigned previously due to the lack of sequential
NOE:s; both were assigned by connectivities in the triple res-
onance experiments. No 'H,""N-HSQC peaks were found for
Val', Lys®, Asp!!¥ and Asp'®, most likely because of rapid
amide proton exchange due to their location in exposed loops.

A3l3C
(ppm)

Residue number

Fig. 4. Secondary '*C* chemical shifts of LbCO. The seven helical
regions are indicated.
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3.4. Secondary structure

The chemical shifts of backbone ¥C* and ¥CO contain
information about secondary structure elements. Downfield
shifts of their resonance frequencies compared to random
coil values [35,36] strongly indicate the presence of o-helix
while B-sheets yield upfield shifts. The '*C* secondary shifts
of the carbonmonoxide complex of leghemoglobin reveal the
presence of seven o-helical regions (Fig. 4). Residues 5-20
(helix A), 22-35 (helix B), 38-43 (helix C), 56-80 (helix E),
86-94 (helix F), 100-118 (helix G) and 124-141 (helix H). This
is in excellent agreement with the crystal structure [7] and the
data derived from sequential NOEs [10]. No *C* chemical
shifts are available for Asp® and Asp'?®, leaving the starting
points of helices G and H ambiguous. The *CO secondary
chemical shifts (not shown) are also generally consistent with
the helix locations determined by other methods but are a
poorer diagnostic than the '*C* chemical shifts.

4. Conclusion

The successful design and synthesis of the Lb-a gene and
the overexpression of the apoprotein in E. coli confirm the
usefulness of this approach for producing labeled proteins
of interest for NMR studies. The NMR and visible spectra
conclusively show that the structure of recombinant reconsti-
tuted leghemoglobin-a is correct. The availability of a high-
level bacterial expression system for leghemoglobin allows the
production of large amounts of isotopically labeled protein
for heteronuclear NMR spectroscopy and will facilitate mu-
tagenesis for structure, function and folding studies.
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