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Conserved Histidine Residues in Soybean Lipoxygenase: Functional Consequences 
of Their Replacement7 
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ABSTRACT: Sequences of 13 lipoxygenases from various plant and mammalian species, thus far reported, 
display a motif of 38 amino acid residues which includes 5 conserved histidines and a 6th histidine about 
160 residues downstream. These residues occur at  positions 494,499, 504, 522, 531, and 690 in soybean 
lipoxygenase isozyme L- 1. Since the participation of iron in the lipoxygenase reaction has been established 
and existing evidence based on Mossbauer and EXAFS spectroscopy suggests that histidines may be involved 
in iron binding, the effect of the above residues has been examined in soybean lipoxygenase L- 1. Six singly 
mutated lipoxygenases have been produced in which each of the His residues has been replaced with glutamine. 
Two additional mutants have been constructed wherein the codons for His-494 and His-504 have been replaced 
by serine codons. All of the mutant lipoxygenases, which were obtained by expression in Escherichia coli, 
have mobilities identical to that of the wild-type enzyme on denaturing gel electrophoresis and respond to 
lipoxygenase antibodies. The mutated proteins H499Q, H504Q, H504S, and H690Q are virtually inactive, 
while H522Q has about 1% of the wild-type activity. H494Q, H494S, and H531Q are about 37%, 8% 
and 20% as active as the wild type, respectively. His-517 is conserved in the several lipoxygenase isozymes 
but not in the animal isozymes. The mutant H517Q has about 33% of the wild-type activity. The inactive 
mutants, H499Q, H504Q, H504S, and H690Q, become insoluble when heated for 3 min at 65 "C, as does 
H522Q. The other mutants and the wild-type are stable under these conditions. Although the essentiality 
of His-499, -504, and -690 is not proven, they are tentatively considered to be prime candidates for iron 
ligands. Judgment on the role of H-522 is more uncertain, since mutant H522Q has weak but detectable 
activity. The K, values of the active mutants and the wild-type L-1, when determined against linoleic acid, 
differ only moderately, indicating that His replacements do not greatly influence the binding of the substrate. 

Lipoxygenases catalyze the hydroperoxidation of lipids 
containing one or more cis,cis-pentadiene moieties. All lip- 
oxygenases thus far examined contain one atom of non-heme, 
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non-sulfur iron per molecule. It is well established that iron 
participates in the reaction. When we determined the sequence 
of soybean lipoxygenase isozymes L-1' (Shibata et al., 1987) 
and L-2 (Shibata et al., 1988), we noted a cluster of six his- 
tidine residues in a motif of 38 amino acid residues in both 
enzymes and in L-3 (Yenofsky et al., 1988). Because histidine 
frequently participates as an iron ligand in proteins, we sug- 
gested that the histidine-rich region was involved in the binding 
of this metal. Histidine is a common ligand of iron in a 

Abbreviations: L-1, L-2, and L-3, soybean lipoxygenase isozymes; 
PAGE, polyacrylamide gel electrophoresis. 
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494 499 504 517 522 531 690 A 

L-1 494 

5-LH 362 

L-2 522 

L-3 513 

P-2 517 

P-3 519 

sc5 520 

R 516 

5-LR 362 

12-LH 355 

12-LP 356 

15-LH 355 

15-LR 355 

H Q L M S H W L N T H A  A M  E P F V I A T  H R H L S V L H P I Y K L L T P H 

H Q T I T H L L R T H L V S E V F G I A M  Y R Q L P A V H P I F K L L V A H 

H Q L M S H W L N T H A  A M  E P F I I A T  N R H L S A L H P I Y K L L T P H 

H Q L V S H W L N T H A  V I E P F I I A T  N R H L S V V H P I Y K L L H P H 

H Q L V S H W L N T H A V V E P F V I A T  N R H L S C L H P I Y K L L L P H 

H Q L M S H W L N T H A V I E P F V I A T N R Q L S V V H P I N K L L A P H 

H Q L V S H W L N T H A V I E P F A  I A T  N R H L S V L H P I Y K L L Y P H 

H Q L I S H W L N T H A V M E P F V I A T  N R Q L S V A H P V H K L L L P H 

H Q T I T H L L R T H L V S E V F G I A M Y  R Q L P A  V H P L F K L L V A  H 

H E  I Q Y H L L N T H L V A E V I A V A  T M R C L P S I H P V F K L I V P H 

H E  L H S H L L R 0 R L M A E V I A V  A T M R C L P S I H P I F K L L I P H 

H E L Q S H L L R G H L M A E V I V V A T M R C L P S I €I P I F K L I I P H 

H E  L N S H L L R G H L M A E V F T V A  T M R C L P S I H P V F K L I V P H 

531 ... H(690) 159 

399 ... H(550) 151 

569 ... H(718) 149 

550 ... H(709) 159 

554 ... H(713) 159 

556 ... H(726) 170 

556 ... H(726) 170 

553 ... H(716) 163 

399 ... H(711) 158 

392 ... H(550) 151 

393 ... H(541) 148 

392 ... H(540) 148 

392 ... H(540) 148 

FIGURE 1: Comparison of sequences of 38-residue motifs in lipoxygenases. Boldface letters refer to conserved sequences. A is number of residues 
between the carboxyl end of the motif and the sixth conserved His. L-1, soybean lipoxygenase L-1 (Shibata et al., 1987); 5-LH, human leukocyte 
5-lipoxygenase (Dixon et al., 1988; Matsumoto et al., 1988); L-2, soybean lipoxygenase L-2 (Shibata et al., 1988); L-3, soybean lipoxygenase 
L-3 (Yenofsky et al., 1988); P-2, pea seed lipoxygenase, “L-3-like” (Ealing & Casey, 1988); P-3, pea seed lipoxygenase, “L-2-like” (Ealing 
& Casey, 1989); SC5, soybean cotyledon lipoxygenase (Shibata et al., 1991); R, rice seed isozyme (Shibata, personal communication); 5-LR, 
rat reticulocyte (Balcarek et al., 1988); 12-LH, human platelet 12-lipoxygenase (Funk, C. D. et al., 1990); 12-LP, porcine leukocyte 12-lipoxygenase 
(Yashimoto et al., 1990); 15-LH, human reticulocyte 15-lipoxygenase (Sigal et al., 1988); 15-LR, rabbit reticulocyte 15-lipoxygenase (Fleming 
et al., 1989). 

Table I: Mutagenic Primers Used in the Preparation of His Substitution Mutants of Soybean Lipoxygenase L-1” 
His position primer codon change new residue 

494 3’-CTTGCTAC-CAACTCATGA-5’ CAT - CAA Gln 
494 3 ’-G ACTCTTGCT A C W C  AACTC ATG AGC- 5’ CAT - AGT Ser 
498 3’-TCATGAGCUTGGTTAAATA-5’ CAT - CAA Gln 
504 3’-T A A A T A C T m G C G G C G  ATGG- 5 ‘ CAT - CAA Gln 
504 3’TGGTTAAATACTWGCGGCGATGGAG-5’ CAT - AGT Ser 
517 3‘-CACACCGAUCTTAGCGTGC-5‘ CAT - CAA Gln 
522 3‘-GCGTGCTTuCCAATTTACA-5’ CAC - CAG Gln 
53 1 3‘-TGACTCCT=TATCGTAACA-S CAC - CAG Gln 
690 3‘-CAGCTCTCUGCAGCCGT-5’ CAT - CAA Gln 

*Altered codons are underlined. 

number of proteins, for example, transferrin (Chasteen, 1983), 
catechol oxidases (Que, 1983), hemerythrin (Wilkins & 
Harrington, 1983), uteroferrin (Antanaitis et al., 1985), the 
photosynthetic reaction center of Rhodopseudomonas viridis 
(Diesenhofer et al., 1985), and ribonucleotide reductase 
(Nordlund et al., 1990). 

Examination of 10 additional sequences of lipoxygenase 
from higher plants and mammals as they became available 
in the literature revealed that five of the six His residues were 
conserved. An additional His residue, about 150-160 residues 
downstream from the histidine-rich region, was also present 
in all 13 sequences. The regions of interest are shown in Figure 
1 .* 

Various spectroscopic studies support the view that spher- 
ically coordinate iron bearing 5 or 6 ligands is present in L-1. 

~~ ~~~ 

* In the course of verifying the sequence of the mutated genes which 
we constructed for these studies an omission of three nucleotides was 
detected in our previously published sequence of L-1 (Shibata et al., 
1987). TG should be inserted after nucleotide 1520 and C inserted after 
nucleotide 1529. The amino acid residues 479-481 (Ala-Thr-Ser) be- 
come 479-482 (Trp-Leu-Leu-Ala), and the succeeding residue numbers 
are increased by 1. The revised M, is 94 262, less the molecular weight 
of the amino-terminal blocking group which is absent from the Escher- 
ichia coli-expressed recombinant. 

Thus EXAFS (extended X-ray absorption fine structure) 
studies indicate liganding to 4 f 1 N (imidazole) atoms and 
2 f 1 0 atoms (Navaratman et al., 1988; Feiters et al., 1990). 
Miissbauer spectroscopy is consistent with 6 ligands which may 
be 0 or N (Funk, M. O., Jr., et al., 1990; Dunham et al., 
1990). Magnetic susceptibility experiments rule out the co- 
ordination of dioxygen to iron (Petersson et al., 1985). 
Magnetic circular dichroism studies indicate an octahedral 
6-coordinate system having a small rhombic distortion 
(Whittaker & Solomon, 1988). Zhang et al. (1991) concluded 
from molecular circular dichroism measurements that at least 
two His residues are present as ligands. The possibility that 
H 2 0  provides an 0 ligand has been suggested (Nelson et al., 
1990; Nelson, 1988). Iron is strongly bound in native L-1, 
resisting removal by all high-affinity Fe(I1) chelators which 
do not contain divalent sulfur (Pistorius & Axelrod, 1974). 
Iron liganding in soybean L- 1 is discussed in reviews of plant 
lipoxygenases by Gardner (1 99 1) and Siedow (1 99 1). 

To determine which, if any, of the conserved His residues 
shown in Figure 1 might possibly be involved in the liganding 
of iron, we have created single mutants of L-1 in which they 
have replaced by Gln. Mutants in which His-494 and His-504 
were replaced with Ser were also prepared for comparison with 
the corresponding mutants of human leukocytic 5-lipoxygenase 
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which have been studied earlier (Funk et al., 1989). 

MATERIALS AND METHODS 
Materials. Sources of chemicals, reagents, plasmids, and 

other reagents are as given previously (Steczko et al., 1991). 
Site-Directed Mutagenesis. The construction of an ex- 

pression plasmid containing L- 1 cDNA, pT7/L- 1, was pre- 
viously described (Steczko et al., 1991). The gene coding for 
L-1, which was inserted in the plasmid, contained its natural 
start and stop codons. The mutagenic nucleotides employed 
in these studies are shown in Table I. The procedure of 
Eckstein (Sayers et al., 1988; Potter & Eckstein, 1984; Vesberg 
& Eckstein, 1982) was followed, using the Amersham Mu- 
tagenesis kit. Specific nucleotide changes were confirmed by 
DNA sequencing of the appropriate mutated region in the 
plasmid construct. 

Expression. Cultures of Escherichia coli BL21 (DE3) were 
transfected with pT7-7 plasmids carrying the various muta- 
tions. Cells were grown out from single colonies using freshly 
transfected cells. Medium was 2YT broth containing 50 
pg/mL ampicillin. Growth at 37 "C with shaking was con- 
tinued until absorbancy at 600 nm reached 0.6. Fresh medium 
augmented with 2.5% ethanol was inoculated from this culture 
in the proportion of 0.5 mL/L. It was previously shown that 
low concentrations of ethanol increased the expression of the 
wild-type recombinant by about 40%. When the absorbancy 
attained a value of 0.8-1.0, the culture was transferred to a 
15 OC shaking incubator for 16 h. Although the L-1 gene in 
the plasmid was under the control of the lac promoter, we had 
previously found that expression of L-1 did not require in- 
duction with isopropyl @-thiogalactopyranoside. The cultures 
were allowed to grow until densities of 2.8-3.0 were obtained. 
A culture of wild-type cells were always included for purposes 
of comparison. Enzyme yields for the wild type corresponded 
to 7-9 units/mL of culture. 

Enzyme Purification and Gel Electrophoresis. Enzyme 
purification was slightly modified from the previous procedure 
(Steczko et al., 1991) by including treatment with 0.5% 
poly(ethy1enimine) at pH 7.5 to remove nucleic acid. This 
treatment was applied to the supernatant solution obtained 
after centrifuging the homogenate from the French press. 
Following removal of the poly(ethy1eneimine)-nucleic acid 
precipitate by centrifugation, the solution was worked up as 
described previously. SDS-PAGE analyses were carried out 
as before. The expressed proteins were visualized by Western 
transfer blots carried out with 3-6 pL of centrifuged homo- 
genate. 

Enzyme Assay. Lipoxygenase was assayed by the spec- 
trophotometric and the polarographic methods as described 
earlier (Steczko et al., 1991). The polarographic method which 
permitted the testing of large amounts of sample was useful 
for identifying null mutants. 

Heat Stability. Two hundred microliters of the supernate 
from the homogenate was quickly introduced into 1.5-mL 
microfuge tubes, which had been preheated in a 65 "C water 
bath. The tube was held in the water bath for 3 min with 
gentle agitation, cooled in an ice bath, and then centrifuged 
to remove denatured protein. An aliquot of the supernatant 
solution (3-6 pL) was subjected to SDS-PAGE and Western 
blotting. When the blot was negative, the precipitate was 
resuspended in 200 pL of the electrophoresis sample buffer 
and analyzed as before. 

RESULTS 
Effect of Replacement of His Residues on Expression of 

L-I. All preparations gave rise to Coomassie blue-staining 

Biochemistry, Vol. 31, No. 16, 1992 4055 

s t 2 3 4 5 6  

S 7 8 9 10 11  12 

FIGURE 2: Western blots showing products formed by cells transfected 
with pT7/L-l mutants. The sample identities are as follows: lanes 
S, molecular mass markers, in descending order, 106, 80, and 49.5 
kDa; lane 1, pure L-1 expressed in E.  coli; lanes 2-12, supernate of 
E.  coli homogenates after treatment in French press. 2, H494Q; 3, 
H499Q; 4, H504Q; 5, H517Q; 6, H522Q; 7, H531Q; 8, H690Q; 9, 
control (host cells alone); 10, H494S; 1 1 ,  H504S; 12, unmutated. 
Volume loaded per lane: lanes 1-6, 3 pL; lanes 7-12, 6 pL. 

bands in the M, 94 000 region upon SDS-PAGE analysis (not 
shown). Readily detectable Western blots, corresponding to 
these bands, were obtained (Figure 2). In addition to the 
mutants formed by substituting the six conserved His residues 
(Figure l), a seventh mutant, H517Q, not a member of this 
group, was also tested. It was included because we found 
His-517 of L-1 was conserved in all of the soybean lip- 
oxygenase isozymes. We proceeded to construct it before the 
sequences of the animal-derived lipoxygenases were available 
in the literature and thus before it was known that it was not 
conserved in these species. 

Although each of the mutant proteins was well expressed 
to approximately the same extent, enzyme activities ranged 
from 0% to 50% of the wild-type activity. Extracts were 
centrifuged and assayed for lipoxygenase activity as quickly 
as possible after preparation to minimize the possibility of 
inactivation, although no change in activity could be detected 
after storage at 4 "C for at least 24 h. The lipoxygenase 
activities of the mutants shown in Table I1 are normalized 
against the value obtained for the wild-type recombinant en- 
zyme and are based on assays of the cell extract. Virtually 
all of the activity remained in the supernatant when the 
homogenate was centrifuged. The possibility that the results 
might reflect differences in the amount of lipoxygenase protein 
synthesized was considered. Differences may have existed, 
but they did not appear to be significant, judging from the 
intensity of Western blots. The ratios of the specific activities 
of the purified mutant enzymes to the activity of pure wild-type 
recombinant enzyme are qualitatively similar to the ratios 
when the corresponding crude supernates are compared (Table 
11). These results support the notion that the activities ob- 
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Table 11: Lipoxygenase Activity and K ,  of L-1 Mutants 
relative activityu 

mutant crudeb Durified' K,,, ( u M ) ~  
wild type 
H494Q 
H494S 
H499Q 
H504Q 
H5 1 7 4  
H522Q 
H531Q 
H690Q 

100 
37 (49, 30, 31) 

<0.005 
<0.005 
33 (36, 30, 32) 

1 (1, 1, 0.75) 
20 (22, 13, 25) 
<0.005 

8 (7.7, 8.6, 8.3) 

100 
32 
NDe 

<0.005 
<0.005 
46 

1.85 
30 
<0.005 

1 1  
8 

10 
ND 
ND 
12 
8 

17 
ND 

Averages from three preparations. Activities refer to supernate 
from original homogenate. Value of recombinant wild type is taken as 
100. Actual values were 7-9 lipoxygenase units/mL. 'Values are 
relative specific activities of purified enzymes. Recombinant specific 
activity is taken as 100. Actual specific activity was 200 units/mL. 

K ,  was determined against linoleate. eND, not determined. 

served in the crude supernates of the active mutants probably 
reflect the presence of partially impaired protein species rather 
than diminished expression and survival of fully effective en- 
zymes. 

The relatively narrow range of K, values found with the 
wild-type enzyme and the active mutants suggests that the His 
replacements have not influenced the substrate-binding re- 
gion(s) of the enzyme. 

The recombinant wild-type L- 1 is relatively heat-stable 
(Steczko et al., 1991). When the mutant enzymes were 
subjected to 65 O C  for 3 min (Figure 3), those that were devoid 
of activity, H499Q, H504Q, and H690Q, were found to be 
denatured while those that exhibited appreciable activity, 
H494Q, H517Q, and H531Q, were not. H522Q with an 
activity of only about 1% of the recombinant wild type was 
also denatured. The bands obtained on Western transfer 
blotting of the denatured proteins gave bands similar in position 
and intensity to those obtained with the unheated preparations, 
indicating that no significant proteolysis occurred during the 
heat treatment. 

DISCUSSION 
Mutants H494Q and H494S exhibited lipoxygenase activity, 

albeit at a reduced level. The mutants H504Q and H504S 
were virtually devoid of activity. These results must be con- 
trasted to those of Funk et al. (1989), who reported that 
replacement of His with Ser in the corresponding positions in 
5-lipoxygenase from human leukocytes did not "substantially 
alter" the activity of the expressed  enzyme^.^ 

While the present paper was being completed for publica- 
tion, a most interesting evaluation of some of the conserved 
His residues of human leukocytic 5-lipoxygenase, by Nguyen 
et al. (1991), appeared. These workers produced single mu- 
tations at the 5 conserved histidines at positions 363,368,373, 
391, and 400 using Ser. The corresponding assignments in 
L-1 are as follows: 494,499, 504, 522, and 531 (Figure 1). 
Their study did not include the sixth conserved His corre- 
sponding to L-1 His-690. When they expressed their mutated 
genes using baculovirus as vector and Spodopteru frugiperdu 
as host, they obtained substantial activity with H363S, H391S, 

While the present paper was under review, workers in the laboratory 
where the report by Funk et al. (1989) originated revised and extended 
the study of human 5-lipoxygenase (Zhang et al., 1992). It is no longer 
claimed that mutants carrying replacements of His-362 and -372 (which 
correspond to His-494 and -504 in soybean L-1) are not substantially 
altered. Their results are essentially similar to what we report here for 
soybean L-1 for all 6 conserved histidines. 

' s  1 2  3 4  5 6  7 a 

FIGURE 3: Western transfer blots of solutions of mutants of L-1 before 
and after heating at 65 "C for 3 min. (A) Lanes 1-3: (1) H499Q 
before heating; (2) after heating and centrifugation; (3) resuspended 
precipitate. Lanes 4-6: (4) H522Q before heating; (5) after heating 
and centrifugation; (6) resuspended precipitate. Lanes 7-9: (7) 
H517Q before heating; (8) after heating and centrifugation; (9) L-1 
recombinant as marker. (B) Lanes 1 and 2: (1) Recombinant wild 
type before heating; (2) after heating and centrifugation. Lanes 3 
and 4: (3) H494Q before heating; (4) after heating and centrifugation. 
Lanes 5 and 6: (5) H690Q before heating; (6) after heating and 
centrifugation. Lanes 7 and 8: (7) H504Q before heating; (8) after 
heating and centrifugation. Lanes S: Molecular mass markers, as 
in Fgiure 2. 

and H400S relative to the wild-type recombinant but saw no 
activity with H368S and H373S. These results agree with our 
findings with the corresponding residues in L-1, His-499 and 
His-504, but are contrary to the conclusion of Funk et al. 
(1989) that His-373 in 5-lipoxygenase is not essential. Al- 
though we found that the corresponding mutants of L-l 
(H494Q or H494S, H522Q, and H53 1Q) were substantially 
active, our results relative to the recombinant L-1 wild type 
were somewhat lower. The greatest difference was noted in 
comparing human 5-lipoxygenase mutant H39 1 S, which had 
about two-thirds of the wild-type activity, with the corre- 
sponding mutant, L-1 H522Q, which was only 1% as active 
as its wild-type counterpart. It is interesting that the soybean 
L-1 mutant, H494Q, which had about one-third of the wild- 
type activity, was more than 4 times as active as H494S. 

Since substitutions in L-1 at His-499, His-504, and His-690 
result in virtually complete loss of activity and substantial 
activity is retained with substitutions at His-494, His-5 17, and 
His-531, we suggest that the His residues in the first group 
may be involved in the binding of iron. This is not to say that 
the His residues in the second group could not be involved in 
iron binding, but it is possible that the carbonyls of Gln res- 
idues which have replaced them may act as binding sites, albeit 
less effective ones. It is also possible that the decrease in 
activity associated with substitutions of the second group of 
His residues may reflect alteration in protein structure not 
directly related to iron binding. In general, our findings are 
consistent with the conclusions reached by Nguyen et al. re- 
garding the evaluation of the 5 conserved His residues even 
though the active mutants that are expressed in S. frugiperdu 
retain a much higher proportion of the cognate wild-type 
activity than do our mutants. It should be noted however that 
5-lipoxygenase appears to be an intrinsically less efficient 
enzyme than soybean L-1, the former having a specific activity 
of 24 units/mg (Percival, 1991) as compared to 200 units/mg 
for the latter (Axelrod et al., 1981). 

A proposal that His-647 and His-657 serve as iron ligands 
in L-1 has been offered by Navaratam et al. (1988) on the 
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basis of the proximity of these residues to a highly hydrophobic 
Trp-rich region as well as to acidic residues which presumably 
would supply oxygen ligands from the carboxyl group. This 
proposition appears to be untenable since His-647 is absent 
from the corresponding positions in all of the other lip- 
oxygenases. Moreover, while His-657 is conserved in the plant 
lipoxygenases, it does not appear in the equivalent position in 
any of the animal lipoxygenases. 

As noted, the inactive L-1 mutants, with substitutions at 
His-494, His-504, and His-690, lack the heat stability shown 
by wild-type L-1 whereas the mutants which show reasonable 
retention of activity, H494Q or H494S, H517Q, and H531Q, 
are heat-stable. In this connection, it has often been observed 
that removal of a metal from a metalloprotein results in its 
destabilization, e.g., Donovan and Ross (1975). Mutant 
H522Q, which has about 1% of the wild-type activity, appears 
as an exception, since it lacks the heat stability of the other 
active mutants but exhibits measurable activity. Perhaps the 
binding of the iron is compromised by the substitution, making 
it more dissociable. Work is underway to obtain sufficient 
amounts of purified mutants for the determination of iron 
content and affinity and for the characterization of the EPR 
spectra of the Fe(I1) and Fe(II1) forms of the enzyme. The 
ultimate identification of the His residues as well as other 
amino acid residues participating in the coordination of the 
iron must await solution of the X-ray structure of the enzyme. 
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