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Abstract—Deletion mutants of rabbit muscle lactate dehydrogenase (LDH) were constructed using polymerase chain reac-
tion (PCR) to study the roles of N-terminal residues. The coding sequences of the first 5 (LDS5) and 10 (LD10) amino acids
of the N-terminus were deleted and the gene was inserted into the prokaryotic expression vector pET21b. The mutant
enzymes were expressed in E. coli BL21/DE3 and were purified. Then their characteristics and stabilities were studied. The
results showed LDH was completely inactivated when the first 10 N-terminal amino acid residues were removed, but the
mutant (LD10) could have partially restored activity in the presence of structure-making ions. The removal of the first 5 and
10 N-terminal amino acid residues did not affect the aggregation state of the enzyme, that is, LD5 and LD10 were still
tetramers. The stabilities of recombinant wild-type LDH (RW-LD), LDS5, and LD10 were compared by incubating them at
low pH, elevated temperature, and high GuHCI. The results showed that the N-terminal deletion mutants were more sensi-
tive to denaturing environments; they were easily inactivated and unfolded. Their instability increased and their ability to
refold decreased with the increased number of amino acid residues removed from the N-terminus of LDH. These results con-
firm that the N-terminus of LDH plays a crucial role in stabilizing the structure and in maintaining the function of the
enzyme.
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Lactate dehydrogenase (EC 1.1.1.27, LDH) plays a
vital role in the energy flow of higher organisms. It is a
tetrameric enzyme that catalyzes the reversible dehydro-
genation of lactate converting it to pyruvate. The crystal
structure of LDH shows that the enzyme is a dimer of two
dimers, the assembly of the tetramer depending on a long
N-terminal extension [1]. The association of LDH fol-
lows a monomer—dimer—tetramer pathway, and a variety
of works have been done to study this process [2-6].

It was reported that stable dimers could form after
limited proteolysis with thermolysin during reconstitu-
tion, and they were inactive under standard conditions
[7]. But the proteolytic dimers exhibited some catalytic
activity in the presence of a stabilizing salt (e.g.,
(NH,),S0O,) [8]. Further studies purified the proteolytic
dimers and found that they were composed of the intact

Abbreviations: LDH) lactate dehydrogenase; SDS) sodium
dodecyl sulfate; GuHCI) guanidine hydrochloride; RW-LD)
wild-type LDH; LD5 and LD10) N-terminal deletion mutants
of LDH lacking the first 5 and 10 amino acids, respectively.

* To whom correspondence should be addressed.

chain lacking the N-terminal 10-11 amino acid residues
with heterogeneous C-terminus, varying in the range
between residues 326 + 5 [9]. But until now no work has
been done to study the role of the N-terminus in LDH by
means of accurate deletion mutations.

In the present investigation recombinant wild-type
LDH (RW-LD) and N-terminal deletion mutants of
LDH lacking the first 5 (LD5) and 10 (LD10) amino acids
were constructed and purified. The effects of N-terminal
deletion mutations on the stability, activity, conformation,
and refolding of LDH were studied. These works show
that the N-terminus plays a crucial role in maintaining the
conformational stability and catalytic activity of LDH.

MATERIALS AND METHODS

Materials. Oligonucleotide primers were prepared by
the Genebase Biotechnology Company (the coding
sequences are shown in the table). The plasmid pET21b
and E. coli stain BL21/DE3 were purchased from
Novagen. The TRIZOL Reagent, one-step RT-PCR with
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Upstream and downstream primers for deletion mutants

Name Sequence
P,RW-LD 5" GGAATTC CATATG GCA GCT CTC AAG GAT C 3'
P,LD5 5' GGAATTC CATATG CAG CTG ATT CACAACCTT C 3’
P,LDI10 5' GGAATTC CATATG CTT CTG AAG GAA GAACAT G 3'
P, 5' CGGAATTC TTA GAA CTG CAG CTC CTT TTG 3'

Platinum Tagq, restriction enzymes, RNase, T, DNA lig-
ase, and Taq DNA polymerase were purchased from
Invitrogen (USA). Ampicillin, ethidium bromide, and
agarose were purchased from Sangon Biotechnology
Company. CM-cellulose (CM32) was a Pharmacia
(Sweden) product. NADH, pyruvate, SDS, and GuHCI
were Sigma (USA) products. All the other reagents were
local products of analytical grade, used without further
purification.

Generation and purification of mutant LDH. Total
RNA of rabbit muscle was isolated using TRIZOL
Reagent, and the Ldhm cDNA was obtained using a one-
step RT-PCR system. The obtained fragment was digest-
ed with Ndel and EcoRI and inserted into vector pET-21b
between the same sites. The ligation product was trans-
ferred into E. coli DH5a and selected with 50 pg/ml
ampicillin pressure. The Ldhm gene in the recombinant
plasmid was confirmed by DNA sequencing. The result-
ing construct containing the entire Ldhm gene was desig-
nated as pET21b-LDHM, which was used as a template
for PCR amplification. The oligonucleotide primer pairs
used to generate the variant Ldh gene were P,LD5-P, and
P,LD10-P,. The generated cDNAs were inserted into the
expression plasmid pET21b and transformed into E. coli
strain DHS5a. The recombinant plasmids were extracted
from the transformants and verified by sequence analysis.
The correct recombinant plasmids were then transformed
into the expression host F. coli stains BL21/DE3.

All transformants including RW-LD, LD35, and
LD10 were cultured in LB broth containing 50 pg/ml
ampicillin overnight at 37°C. Then 10 ml of the respective
culture was inoculated into 300 ml respective LB broth
containing 50 ug/ml ampicillin. When the respective cul-
ture concentration reached to optical density of 0.6-0.8
unit, IPTG was added to induce the expression of the for-
eign gene, and the transformants were cultured further
overnight at 25°C. Then they were harvested by centrifu-
gation. The respective precipitation was resuspended in
cell lysis buffer (50 mM phosphate buffer, | mM EDTA,
1 mM DTT, and 1 mM PMSE, pH 7.0) and was broken by
ultrasonic treatment.

RW-LD and mutants LD5 and LD10 were separated
by fractional ammonium sulfate precipitation (30-65%

saturation), redissolved, and dialyzed against 5 mM phos-
phate buffer containing | mM EDTA and 10 mM f3-mer-
captoethanol, pH 7.0. The active fractions were then
loaded on a CM-32 column for ion-exchange chro-
matography with gradient elution carried out using 0-
0.4 M NacCl in phosphate buffer (5 mM phosphate buffer
containing | mM EDTA and 10 mM B-mercaptoethanol,
pH 7.0). The active fractions were pooled and stored in
70% saturated ammonium sulfate solution.

Enzyme concentration and activity assay. Enzyme
concentration was determined by measuring the
absorbance at 280 nm using the absorption coefficient
A% =14.0 [10]. Enzyme activity was determined at 30°C
by measuring the absorbance change at 340 nm accompa-
nying the oxidation of NADH and using the molar
absorption coefficient ;5 = 6.22-10* M~"-cm™! as report-
ed by Kornberg [11]. The reaction system contained 0.25
mM NADH, 0.7 mM sodium pyruvate, and 0.1 M phos-
phate buffer, pH 7.5 (standard measurement). Activity
measurements of the mutants in the presence of stabiliz-
ing salt made use of 2 M ammonium sulfate. Enzyme
concentration and activity were determined with a
Specord 200 UV VIS analytical spectrophotometer (Jena,
Germany).

Fluorescence spectral measurements and CD experi-
ments. Intrinsic protein fluorescence spectra were meas-
ured using a Hitachi F2500 spectrofluorimeter (Japan).
The fluorescence spectra were recorded in cuvette of 1 cm
light path at 25°C. A Jasco 500C CD spectropolarimeter
was used for CD measurements ranging from 190 to
250 nm. The path length of the sample cell was 2 mm.
Four scans were successively performed to ensure a good
signal-to-noise ratio.

Cross-linking experiments. The aggregation state of
the mutant enzymes was determined by glutaraldehyde
cross-linking coupled with SDS-PAGE as described else-
where [12, 13]. Glutaraldehyde cross-linking was initiat-
ed by adding a small volume of glutaraldehyde (25% w/v)
to the enzyme solutions at 1% (v/v) of the final mixture.
After 2 min, cross-linking was quenched by the addition
of solid NaBH, to give a final molar ratio of NaBH,/glu-
taraldehyde of 10. After another 5 min incubation at room
temperature, 10% (w/v) aqueous sodium deoxycholate
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was added into the mixture to the final concentration of
0.02%, followed by careful addition of 50-100 pl of
trichloroacetic acid (78% w/v) in order to destroy excess
NaBH, and to achieve precipitation. The precipitate was
separated by centrifugation and redissolved in 30 pl of
1.5 M Tris-HCl buffer (pH 8.8) containing 1% (w/v) SDS
and 50 mM dithioerythritol. Then the samples were
boiled for 5 min before SDS-PAGE to avoided artifacts
due to cystine formation. SDS-PAGE was performed at
room temperature with a 4-15% acrylamide gradient slab
gel using the Tris-glycine buffer system described by
Laemmli [14]. The gel was stained for protein using
Coomassie blue stain (0.2% Coomassie blue, 50%
methanol, and 10% acetic acid).

Comparison of the stability of RW-LD, LDS5, and
LD10. Denaturation of RW-LD, LD5, and LD10 was
accomplished by incubation at low pH, elevated temper-
ature, and high GuHCI concentrations. Reactivation of
the mutants after 6 M GuHCI denaturation was started by
dilution with 0.1 M phosphate buffer containing 10 mM
B-mercaptoethanol, pH 7.0. The measurements of resid-
ual activity of the enzymes were determined in the pres-
ence of 2 M ammonium sulfate.

RESULTS

Characteristics of the mutants. Activity of the mutants.
It was found that during the purification process the
activity of the mutants decreased with the increased num-
ber of amino acid residues deleted from the N-terminus.
The specific activities of the purified RW-LD, LDS5, and
LD10 were at around 650, 150, and 5 U/mg when deter-
mined by standard measurements. But when the mutants
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Fig. 1. Intrinsic fluorescence spectra of RW-LD (1), LD5 (2),
LD10 (3), and LDI10 in the presence of 1 M (NH,),SO, (4).
Enzyme concentration for these mutants was 0.51 uM, and the
excitation wavelength was 280 nm.
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Fig. 2. CD spectra of LD10 (7), LD5 (2), and RW-LD (3). The
concentration of the mutants was 0.51 pM.

were dissolved in 0.1 M phosphate buffer, pH 7.5, plus
I M (NH,),SO, and 10 mM pB-mercaptoethanol, and
when they were determined in the presence of 2 M
(NH,),SO,, their activities markedly increased. The
activity of LD10 and LDS5 increased 30- and 5-fold,
respectively, but the activity of RW-LD decreased to 60%
of its activity by standard measurement. The results
implied the conformations of the mutant enzymes were
more flexible than that of the wild-type enzyme, and their
conformation could be restored in the presence of
(NH,),S0, [8].

Fluorescence and CD spectra of the mutants. The
intrinsic fluorescence spectra of LD5 and LD10 were
similar to that of RW-LD (Fig. 1), but the intensity of the
fluorescence spectra of LD5 and LD10 decreased with
the increase in the amino acid residues deleted from the
N-terminus of LDH. There was a 2 nm blue shift of the
peak position in the fluorescence spectrum of LD10 in
the presence of (NH,),SO,, which indicated the confor-
mation of LD10 became more compact in that environ-
ment [15], which might relate to its subsequent activity
restoration.

The N-terminal deletion mutations had minor
effects on the secondary structure in LDH. With the
increased number of amino acids deleted from N-termi-
nus of LDH, the secondary structure content in the
mutants decreased to a limited degree (Fig. 2).

Aggregation state of the mutants. Cross-linking exper-
iments were also carried out to study the aggregation state
of the mutants (Fig. 3). The results also indicated that N-
terminal deletion mutation did not affect the aggregation
state of the mutants. The electrophoretic patterns of RW-
LD, LDS5, and LD10 on SDS-PAGE after cross-linking
by glutaraldehyde were similar, with the main band repre-
senting the tetramer. The results indicated that the
mutants mainly existed in the form of tetramer.
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Fig. 3. Aggregation state of LDH mutants trapped by cross-link-
ing experiments. Lanes: /) native LDH without cross-linking; 2,
3, 49 RW-LD, LDS5, and LD10 were cross-linked by glutaralde-
hyde before electrophoreses on a 4-15% acrylamide gradient
SDS slab gel.

Stability of the mutants. To investigate the relative
stability, deactivation of RW-LD, LD5, and LD10 was
measured at varying GuHCI concentrations, elevated
temperature, and at low pH. The enzymes were incubat-
ed under different denaturation conditions in the phos-
phate buffer system containing 10 mM [p-mercap-
toethanol and 1 M (NH,),SO,. Then the residual activi-
ties of the mutants were determined in the presence of
2 M (NH,),SO,. Figure 4 shows that inactivation of LD5
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Fig. 5. Inactivation of N-terminal deletion mutants of LDH at
low pH: RW-LD (1), LD5 (2), and LD10 (3) were incubated in
respective citrate-phosphate buffer with low pH for 1 h (25°C).
The residual activity was determined in the presence of 2 M
(NH,),SO,. The concentration of the enzymes was 0.17 pM.
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Fig. 4. Inactivation of N-terminal deletion mutants of LDH in
GuHCI solutions: RW-LD (7), LD5 (2), and LD10 (3) were
incubated in respective GuHCI solutions with different concen-
trations for 1 h (25°C). The residual activity was determined in
the presence of 2 M (NH,),SO,. The concentration of the
enzymes was 0.17 uM.

and LD10 started at lower GuHCI concentrations with
low cooperativity, while RW-LD exhibited high coopera-
tivity. The transition midpoints (50% activity after 1 h
incubation) for LD10, LD5, and RW-LD were 0.77,
0.92, and 1.7 M, respectively. Similar differences in sta-
bility between the mutants and the intact enzyme were
also observed in low pH-inactivation and heat-inactiva-
tion experiments. The respective transition pH values
(50% activity after 1 h incubation) were 5.7 for LD10, 5.5
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Fig. 6. Inactivation of N-terminal deletion mutants of LDH at
elevated temperatures: RW-LD (7), LDS5 (2), and LD10 (3) were
incubated in phosphate buffer (pH 7.5) at different temperatures
for 30 min. The residual activity was determined in the presence of
2 M (NH,),SO,. The concentration of the enzymes was 0.17 uM.

BIOCHEMISTRY (Moscow) Vol. 69 No.4 2004



EFFECTS OF N-TERMINAL DELETION MUTATION ON LACTATE DEHYDROGENASE

for LD5, and 3.8 for RW-LD (Fig. 5). The transition
temperatures for LD10, LD5, and RW-LD were 46, 50,
and 68°C, respectively (Fig. 6). These results showed that
N-terminal deletion mutation strongly affected the sta-
bility of the mutants, increasing their susceptibility to
denaturation conditions. This tendency increased with
the increased number of the amino acids deleted from the
N-terminus of LDH.

Unfolding and refolding of the mutants. Unfolding of
the mutants. Unfolding equilibrium state experiments
were conducted to compare the differences among RW-
LD, LD5, and LD10 denatured in GuHCI solutions with
different concentrations. Figure 7 shows the changes of
peak position in the fluorescence spectra of the mutants
and the intact enzyme in GuHCI solutions with different
concentrations. With the increased deletion number of
amino acids, the red shift changes in fluorescence spectra
of the mutants denatured in GuHCI solutions were accel-
erated, which indicated that the mutants were easier to be
denatured than the intact enzyme at the same GuHCI
concentration. The results implied that N-terminal dele-
tion mutation affected the structural stability of LDH,
and this tendency became stronger with the increased
number of deleted amino acids. But the deletion muta-
tion had minor influence on the decrease in a.-helix con-
tent in LDH mutants denatured in GuHCI solutions
detected by CD spectra (data not shown), which means
the deletion mutations had minor effect on the stability of
secondary structure in LDH.
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Fig. 7. Comparison of peak position in the fluorescence spectra of
RW-LD (/), LDS5 (2), and LD10 (3) after incubation in GuHCI
solutions of different concentrations for 1 h at 25°C. The final
concentration of the enzymes was 0.25 uM. The excitation wave-
length was 280 nm, and the fluorescence spectra were measured
in the range 300-400 nm. The red shifts of the fluorescence spec-
tra for the mutants denatured in 6 M GuHCl solution were set as
100%.
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Fig. 8. Renaturation of N-terminal deletion mutants after dilu-
tion. RW-LD, LDS5, and LD10 were denatured in 6 M GuHCl
for 2 min, then they were diluted 100-fold in 0.1 M phosphate
buffer (pH 7.5) containing 10 mM B-mercaptoethanol. After
standing at 25°C for 1 h (left columns) and 12 h (right columns),
their activities were determined in the presence of 2 M
(NH,),SO,. The activity of the respective enzymes diluted 100-
fold was taken as 100%.

Renaturation of the mutants. Renaturation experi-
ments were conducted to see the effect of N-terminal
deletion mutation on the reactivation ability of LDH
(Fig. 8). The results show that RW-LD could regain 18%
of its original activity after dilution and standing for 1 h,
and its activity was restored to 20% when the renaturation
time was prolonged to 12 h. The case for LD5 was similar
to that of RW-LD, its activity being restored to 15 and
17% after 1- and 12-h renaturation, respectively. The
renaturation ability of LD10 was much lower; it could
only be restored to 3% of the original activity after 1-h
renaturation and at most 7% after 12 h. The results indi-
cated that deletions of amino acids from N-terminus of
LDH influenced the renaturation of LDH, and this influ-
ence became stronger when the number of deleted amino
acids reached 10.

DISCUSSION

The crystal structure of LDH showed that the
tetrameric enzyme is a dimer of two dimers that is associ-
ated by the N-terminus [1]. The interaction between sub-
units at the R-axis interface is predominantly polar, and it
is dominated by the interactions with the N-terminal arm.
Residues 7 to 9 in the arm of one subunit form an antipar-
allel sheet with residues 301 to 304 of another subunit, and
thus the interaction between subunits are strengthened
[16]. So, the N-terminus of LDH plays an important role
of in subunit assembly, association, and structural stability.

N-Terminal deletion mutation decreases the activity
of LDH. When 10 amino acids were deleted from the N-



406

terminus, the enzyme was completely inactivated. But in
the presence of the structure making salt (NH,),SO,, the
deletion mutant could exhibit comparable activity, which
is in accordance with previous works [8, 9]. The struc-
tures of the mutants are more flexible than that of the
intact enzyme, and (NH,),SO, can induce their structure
to more compactness. The intrinsic fluorescence spectra
and CD spectra of the mutants are similar to those of the
intact enzyme, which indicate the whole structures of the
mutants are similar to that of the intact enzyme. The
results can be attributed to the N-terminus standing out
from the main body of the subunit.

In this investigation, it was found that deletion muta-
tions of the N-terminus markedly influence the stability
of the mutant enzymes. They are easily inactivated and
unfolded under weaker denaturation conditions than that
needed for the intact enzyme. Renaturation experiments
show that the renaturation ability of the mutants decreas-
es with the increase in number of amino acids deleted
from LDH N-terminus, which indicates that N-terminus
plays a critical role in association of LDH subunits.

During the reconstitution of porcine muscle lactate
dehydrogenase from its denatured polypeptide chains,
Girg et al. [8] were able to show that thermolysin treat-
ment during renaturation yields “proteolytic dimers” as
stable entities. Opitz et al. [9] purified the dimers and
studied their properties. They found these dimers consist-
ed of the intact chain lacking the N-terminal 10-11
amino acid residues. But, unfortunately, the C-terminus
of the dimers was heterogeneous, varying in the range of
326 % 5 residues. In this investigation, the results are quite
different; cross-linking experiments proved that the
mutant (LD10) lacking 10 amino acid residues from the
N-terminus of LDH is still a tetramer. Maybe the differ-
ence between the above results and ours could be attrib-
uted to the heterogeneous C-terminus of their proteolyt-
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ic products and the intact C-terminus of the mutants in
our investigation. Although N-terminal deletion muta-
tion up to 10 amino acid residues has no effect on the
aggregation state of LDH, it still results in the LDH being
more flexible and unstable, which stresses the role of the
N-terminus in stabilizing the structure of LDH.
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