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ABSTRACT. Orthologous homologs of lactate dehydrogenase-A (LDH-A) (EC 1.1.1.27; NA&ate
oxidoreductase) of six barracuda species (gedpisyraenadisplay differences in MichaelisMenten
constants (appareit,) for substrate (pyruvate) and cofactor (NADH) that reflect evolution at different
habitat temperatures. Significant increasekrwith increasing measurement temperature occur for all
homologs, yeKn, at normal body temperatures is similar among species because of the inverse relationship
between adaptation temperature &g Thermal stabilities of the homologs also differ. To determine

the amino acid substitutions responsible for differencelsqirand thermal stability, peptide mapping of

the LDH-As of all six species was first performed. Then, the amino acid sequences of the three homologs
having the most similar peptide maps, those of the north temperate sggcagenteathe subtropical
speciesS. lucasanagand the south temperate specksidiasteswere deduced from the respective cDNA
sequences. At most, there were four amino acid substitutions between any pair of species, none of which
occurred in the loop or substrate binding sites of the enzymes. The sequence of LDH-8. fiacasana

differs from that ofS. idiasteonly at position 8. The homolog &. argentealiffers from the other two
sequences at positions 8, 61, 68, and 223. We used a full-length cDNA clone of LDtsAlwfasana

to test, by site-directed mutagenesis, the importance of these sequence changes in establishing the observed
differences in kinetics and thermal stability. Differences in sequence at sites 61 and/or 68 appear to
account for the differences iKm between the LDH-As of. argenteaand S. lucasana Differences at
position 8 appear to account for the difference in thermal stability between the homol8gsigfentea

and S. lucasana Evolutionary adaptation of proteins to temperature thus may be achieved by minor
changes in sequence at locations outside of active sites, and these changes may independently affect
kinetic properties and thermal stabilities.

Orthologous homologs of enzymes from organisms adaptedof proteins are not well understood (Powers et al., 1993;
to different temperatures typically exhibit variations in Somero, 1995). Elucidating these sequence changes would
thermal stability and kinetic properties that appear temper- not only contribute to understanding molecular evolution by
ature-adaptive [reviewed in Jaenicke (1991) and Somerorevealing the amounts and sites of sequence change needed
(1995)]. Although kinetic properties like Michaelidlenten to modify thermal sensitivities of proteins, but might also
constants (appareHt,) and catalytic rate constantg) are provide insights into strategies for rational design of proteins
usually strongly affected by temperature, béth and kea with altered kinetic properties and stabilities.
values may be highly conserved among species at their To investigate sequence changes that affect evolutionary
physiological temperatures (Yancey & Somero, 1978; Graves adaptation of proteins to temperature, we selected for study
& Somero, 1982; Yancey & Siebenaller, 1987; Dahlhoff & orthologous homologs of lactate dehydrogenase-A (LDH-
Somero, 1993). Amino acid substitutions responsible for A,* EC 1.1.1.27, NAD:lactate oxidoreductase) from fishes
temperature-adaptive differences in kinetic properties andof the genusSphyraengbarracudas). We chose LDH-As
thermal stability of orthologous and paralogous homologs ©Of these fishes for several reasons. First, LDH-A is a slowly
evolving protein for which there are extensive data on amino
acid sequence (Li et al., 1983; Crawford et al., 1989; Ishiguro
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(Abad-Zapatero et al., 1987; Gerstein & Chothia, 1991).
Second, structurefunction analysis of LDH of the bacterium
Bacillus stearothermophiludias elucidated the roles of

Holland et al.

NH4HCGO; buffer (pH 8.0) containing 3@g of TPCK-treated
trypsin, for 3-24 h. Because all digestion times gave
identical peptide maps, except for some differences in relative

numerous amino acid residues in governing the enzyme’speak heights, the results shown ared® hdigestion time,

kinetic properties (Wigley et al., 1987, 1992; Feeney et al.,
1990; Deng et al., 1994; Nicholls et al., 1994). Third, the
LDH-A homologs of fishes within the genuSphyraena
differ adaptively in kinetic propertieXg, of pyruvate and
kea), although the species have diverged only relatively
recently (between approximately 3.5 and 12 million years)
and encounter habitat temperatures that differ by only
approximately 3-8 °C (Graves & Somero, 1982). We
reasoned that there would be relatively few differences in

unless otherwise noted. Any precipitate remaining after
digestion was removed, either by centrifugation at 12000
for 5 min or by filtration through a 0.Zm filter. Peptide
maps were obtained by high-performance liquid chromatog-
raphy of the tryptic digests on a Vydac wide-pore C-18
column (The Separations Group, Hesperia, CA) equilibrated
in 0.1% TFA in water. Elution at 1 mL/min was isocratic
for 10 min, followed by a gradient up to 0.1% TFA in 60%
acetonitrile over 90 min. Detection of peaks was at 219 nm.

facilitating both the functional interpretations of the observed

digest was chromatographed in 15Q aliquots. Corre-

sequence changes and the testing of the importance of thes@ponding peaks were pooled from each run and evaporated

changes by site-directed mutagenesis.
We initially characterized temperature effectskgnvalues
of pyruvate and NADH for the LDH-A homologs of six
species of barracudss. argentea(north temperate)S.
idiastes (south temperate)S. lucasana(subtropical), and
three tropical specie§. ensis, S. helle(5. acutipinniy, and
S. barracudaWe then performed peptide mappings of the
six homologs to obtain initial information on overall similari-
ties in sequence.
homologs, those of eastern Pacific specesargentea, S.
lucasana andS. idiastesfor cDNA sequencing. The roles
of the deduced amino acid substitutions in establishing
differences in temperature sensitivity &f, and thermal
stability in two of the homologsS. lucasanandsS. argentep
were studied by site-directed mutagenesis.

ature, and that kinetic properties and thermal stability can
evolve independently.

EXPERIMENTAL PROCEDURES

Collection and Processing of SpecimerSpecimens of
the four eastern Pacific species$phyraenavere collected
by hook and line or by gill nets at the following locations:
S. argentedlLa Jolla, CA),S. lucasangGuaymas, Mexico),
S. idiastegPisco, Peru, and Galapagos Islands), &ndnsis
(Ecuador and Panama). Two Hawaiian spe@escutipin-
nis and S. barracuda were purchased at fish markets in
Honolulu, HI.

Purification of LDH-A LDH-A was extracted from white
skeletal muscle and purified by oxamate affinity chroma-
tography by the method of O'Carra and Barry (1972), as
modified by Yancey and Somero (1978). Silver-stained
SDS-PAGE gels yielded a single band representing LDH-
A.

Peptide Mapping of LDH-A Purified LDH-A was reduced
and alkylated as follows: To a 10 mg/mL solution of LDH-A
in 10 mM Tris-HCI buffer (pH 8.3 at 20C) containing 5
mM EDTA and 61ug of dithiothreitol/mg of protein was
added urea to a concentration of 8 M. Aft2 h atroom
temperature, 2xl/mL of 0.1 M Tris-HCI buffer (pH 8.3)
containing 420ug of iodoacetamide/mg of protein was
added. Alkylation proceeded in the dark for 4 h. After
dialysis against 50 mM NBHCO; (pH 8.0), a protein
precipitate usually formed. This precipitate was not removed
before digestion with trypsin.

Tryptic digests of reduced and alkylated LDH-A were
prepared by incubating 3 mg of protein in 1 mL of 50 mM

We selected the three most similar

Our results
suggest that minor changes in sequence at regions outsid®
of the active site are responsible for adaptation to temper-

to dryness. Sequencing was performed at the University of
California, Los Angeles, protein sequencing facility on an
Applied Biosystems (Foster City, CA) gas phase sequencer.

Synthesis of cDNATotal RNA was purified by the acid
guanidinium thiocyanate method of Chomczynski and Sacchi
(1987), from approximately 20 g of white skeletal muscle
dissected from fish that were freshly killed or frozen on dry
ice and stored for several months-a80 °C. Total RNA
was stored as a precipitate in 75% ethanol-&0 °C.
mMRNA was purified from total RNA with Dynabeads Oligo
(dT)s (Dynal, A. S., Oslo, Norway) according to the
manufacturer’s protocol. First-strand cDNA was reverse-
transcribed from approximately 250 ng of mRNA with the
SuperScript Preamplification System (BRL Life Technolo-
ies, Inc., Gaithersburg, MD); 1,8 of the resulting 1QuL
of first-strand cDNA was used in each PCR reaction.

PCR Amplification PCR amplification was by the RACE
method of Frohman et al. (1988). The entire cDNA (2214
bp), except for the extremé @ntranslated end (3TR), was
amplified with three pairs of primers based on the cDNA
sequence of the scorpaenid fiSebastolobus alascanus
(unpublished data of the authors). These primer pairs
were: (-98)3GGAAAAGCTGCACTCAGGAG3(—79) plus
(640)8GGCTCTGCAGAGAAACTCCGGCAJZ617); (583)-
5'ACTCCAGTGTGCCTGTGTGGZ603) plus (948)-
5'CCAGCTGCTTCTCCTCTTCGGGC@®27); and (890)-
5'ACAGCGGCCTGACAGACGTGA3J910) plus (2238)5
TATCATTATCCTGGCAGATT3(2219). A primer (1970)-
5TGTCTGCGCATCCTAAATACCC31992), based on the
sequence of the'BTR of the S. idiastesLDH-A, and a
primer for the poly(A) tail (5GCGGCCGCT3') were used
to amplify the extreme '®TR. Additional primers were
synthesized as needed for sequencing.

DNA SequencingDouble-stranded sequencing was by the
fmol DNA Sequencing system (Promega Corp., Madison,
WI). Most PCR products were sequenced directly. When
multiple bands were present, the PCR products were elec-
trophoresed on low gelling-temperature agarose in<0.5
TBE, and the appropriate band was excised and purified on
PCR preps resin (Promega Corp.). Before sequencing, all
PCR products were purified with the Magic PCR Preps DNA
purification system (Promega). The PCR products amplified
with 890/910 and 2219/2238 were not ample, and were,
therefore, cloned for sequencing into the pCR-Script plasmid
with the pCR-Script SK¢€) cloning system (Stratagene, La
Jolla, CA). Because of possible PCR errors, six clones were
sequenced for each gene.
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Site-Directed Mutagenesid-or site-directed mutagenesis, 0.45
the entire coding region of the LDH-A genes®flucasana
andS. argenteavas amplified and cloned into a pGEMEX
vector modified to remove thiddd site at position 3259 by 0.35

S. argentea
0.40 |

—-0—
——
—O— S. idiastes
——
—-—
-

the methods of Pauls and Berchtold (1993). The primers %
used for PCR amplification were revers@ 5CAG(G\A)G- e %7
(C\T)GG(C\A)(C\G)TGGAG(A\G)A(A\T)TCAGAGG3and 2 025
forward BSCCATATGTCCACCAAGGAGAAGCTCATCG- &
GCCACGTGATG3for S. argented DH-A or 5'CCATAT- G 0204
GTCCACCAAGGAGAAGCTCATCGACCA- 5015_

CGTGATGS3 for S. lucasand.DH-A. The PCR products

were first blunt-end-ligated into the pCR-Script vector 0.10 -
(Stratagene) according to the manufacturer’s instructions. The
inserts were excised witNdd and EcaRl and ligated into

the modified pGEMEX vector cut with the same enzymes.
The identity of clones was confirmed by sequencing.
Expression was induced B colistrain BL21 with 93 mg/L
IPTG. To release the expressed enzyme, bacteria were
resuspended in 50 mL of 50 mM KR®uffer (pH 6.8) and 20 -
sonicated. The cloned enzyme fr@nlucasanavas active.
However, all of the approximately 12 clones of ti$e
argentea enzyme failed to yield active enzyme when
expressed. Sequencing revealed a mistake in each one due
to misincorporation of nucleotides by Tag polymerase.
However, one inactive clone with an extra C at position 966,
resulting in a frame-shift, was useful for creating mutant
enzymes. To create such mutants, portions of this clone were
excised with restriction enzymes and exchanged with the
corresponding fragments of ti& lucasand.DH-A clone.
Restriction digests were electrophoresed on a 1% agarose
gel in 0.5x TBE, the appropriate bands were excised, and
the DNA was extracted by repeated freezing and thawing
of the gel slice. The appropriate restriction fragments were FIGURE 1: Effects of temperature on the apparent Michaelis

combined, ligated, and expressedgincoli. The identity of ~ Menten constantsy) of pyruvate (top) and NADH (bottom) for

th tant fi db . Ami id 8 LDH-As of six species of barracuda. Error bars designate standard
€ mutants was connirmed by sequencing. AMINO acld S geyjations. Data foKy, of pyruvate forS. argenteaS. lucasana

was mutated by cutting out a fragment of the inacttle s idiastesandS. ensisare from Graves and Somero (1982).
argenteaenzyme (bases-1127, corresponding to amino acid . . . .
residues +41) with Ndd and Ecc0109 and exchanging it ~ focused, staining was with Coomassie Brilliant Blue. For
for the corresponding fragment of the actige lucasana ~ crude muscle homogenates or bacterial lysates containing
cDNA. The reciprocal hybrid enzyme, which was inactive, cloned LDH-A, staining was with an LDH activity stain:
was also constructed and used to mutate amino acids 61 and004M -NAD™, 85uM phenazine methosulfate, 0.2 mg/
68, by cutting withPpuM1 andEcaRI to excise a fragment ML nitro blue tetrazolium, and 25 mM lactic acid.
consisting of the 800 most Bp and exchanging it with the ~ Thermal Stability MeasurementsThermal stability was
corresponding fragment of tH&. lucasanalone. measured by incubating purified LDH-A at 48 in a 10
Apparent MichaelisMenten Constants. Kvalues for ~ MM potassium phosphate buffer (pH 7.5 at room tempera-
pyruvate and NADH were determined from the relationship ture) containing 0.15 M KCl and 0.1% bovine serum albumin
between initial velocity and substrate concentration, using (Place & Powers, 1984). Between 0.5 and 1 mg of LDH-A
the weighted linear regression method of Wilkinson (1961) Was used in each incubation, in a total volume of 10 mL; 75
and Wilman4 Software (Brooks & Suelter, 1986), which uL aliquots were removeq at different times, placed on ice,
yields an estimate ok and the standard deviation of this @nd assayed for LDH activity at the end of the experiment.
estimate. For theK, of pyruvate, the assay medium No renaturation of .the enzyme o_ccurre_d _durlng the period
contained 80 mM imidazole hydrochloride buffer (pH 6.98 ©f holding on ice prior to conducting activity assays. LDH
at 20 °C), 150 uM NADH, and pyruvate concentrations activity was analyzed at 28C in 80 mM imidazole buffer
ranging between 0.01 and 2.0 mM. For g of NADH, (pH 7.0 at 20°C) containing 0.4 mM pyruvate and 10/
the assay medium contained 80 mM imidazole hydrochloride NADH_- ) ) o _
buffer, 2 mM pyruvate, and NADH concentrations ranging Statistical Analysis Tests. for significant differences
from 7.5 to 15QuM. Typically, duplicate measurements at betweerK,, values fo.r the native and cloned enzymes were
seven concentrations of substrate which spanned the valud€rformed by analysis of variance (ANOVA) (Systat for the
of K., were used to determinel&, value. Maclntosh_), followed by post hoc comparisons of individual
Isoelectric Points Precast gels (Pharmacia, Inc., Piscat- Méans using Tukey's test (Zar, 1984).
away, NJ) with a pH range of 3-3.0 were used according RESULTS
to the manufacturer’s instructions. Isoelectric points were
determined by interpolation from a regression curve of Enzyme Kinetics TheK,, values for substrate (pyruvate)
protein standards of knowr.p When purified LDH-A was (Figure 1, top) and cofactor (NADH) (Figure 1, bottom)
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Table 1: Habitat Temperature Ranges, Midrange Body Temperature (M@&TYalues at 25°C and at MRT, and Isoelectric Pointsl)gor
LDH-As of Congeneric Barracuda Fishes

species Kn? of pyr at 25°C [at MRT] (mM) Kn? of NADH at 25°C [at MRT] (uM) pl
S. argentea 0.34+ 0.02 [0.24] (13-22°C, [18°C]) 19.6+ 0.54 [18] 8.65
S. lucasana 0.26+ 0.02 [0.24] (16-28°C, [23°C] 18.6+ 1.02 [18] 8.17
S. idiastes 0.33+ 0.02[0.23] (13-22°C, [18°C] 18.9+ 0.77 [16] 8.65
S. ensis 0.22+ 0.02 [0.20] (22-30°C, [26°C] 14.2+ 1.12[15] 7.70
S. helleri 0.244 0.01[0.22] (22-30°C, [26°C] 16.0+ 0.60 [17] 8.45
S. barracuda 0.194 0.01[0.20] (22-30°C, [26°C] 14.3+ 0.75[15] 7.40

aKm values &SD) determined using duplicate activity measurements at 7 concentrations of subkirat@lues of pyruvate values fd8.
argentea S. lucasanaandsS. ensisare from Graves and Somero (1982), and from Graves (1981.faliastes K, values for midrange of body
temperatures are interpolated from data in Figure 1 and from data in Graves and Somero (1982).

reflect the adaptation temperatures of the six species. AtS. lucasanare identical and differ from that f@. argentea
most measurement temperatures, values for the apgérent only in the elution time of peak 6, which is earlier f&r
of pyruvate and NADH are highest for the most cold-adapted argentea Additional tryptic peptide mapping with cleavage
species,S. argenteaand S. idiastes,intermediate for the  at lysines blocked by citraconylation (data not shown)
subtropical speciess. lucasanaand lowest for the three  revealed another difference, not apparent in the maps in
tropical speciesS. ensis, S. hellerandS. barracuda As a Figure 2, among these three species. One peptide, identified
consequence of these differencls, is highly conserved by amino acid sequencing as the amino-terminal 17 amino
among the six species at their midrange body temperaturesacids, had a different elution time for each of the 3 species,
Km of pyruvate varies between approximately 0.20 and 0.24 suggesting additional amino acid differences. This peptide
mM pyruvate, andK, of NADH ranges between ap- is N-terminally blocked, but cleavage with trypsin after
proximately 15 and 1&M NADH (Figure 1; Table 1). deblocking the lysines liberated a peptide (residueslln)

Peptide Mapping The first step taken to determine the confirming its identity. The deduced amino acid sequences
structural bases of these interspecific differences in kinetic (see below) show that within the amino-terminal 17 residues
properties was to obtain peptide maps of the LDH-A each of the 3 species has a different amino acid at position
homologs of the six species. Figure 2 shows these maps8.
ordered top to bottom in approximate ranking of overall  Tryptic maps for LDH-As ofS. ensisand S. barracuda
similarity. Ten peaks are labeled-10 based on similarities  are quite similar to each other, but differ considerably from
in elution times and peak heights. Although LDH-As those of the other four species. Peaks 1 and 2 may not
typically have 36-35 lysines and arginines, theoretically represent the same peptides $rbarracudaandS. ensias
resulting in about 30 peaks on a chromatogram of a tryptic in the other species because, although their elution times are
digest, sequencing of these 10 peaks for the LDH-/ASof  similar to those of the respective peaks for the other species,
argenteashowed that there is not always a one-to-one the relative peak heights are different. Peak 1 is larger than
correlation between peaks and peptides. That is, althoughpeak 2 forS. argenteaS. lucasana, S. idiasteandS. heller]
most peaks contain only a single peptide, some include while the reverse is true f@&. ensi@ndS. barracuda Peak
several. For example, peak 1, which has an obvious 6 elutes at about the same time in the mapsSoensis, S.
shoulder, contains three peptides. Furthermore, all two- or barracuda, S. lucasanandS. idiastes However, peak 7
three-amino acid peptides probably eluted together in oneelutes later foiS. ensisandS. barracudaand slightly later
peak just after the injection artifact. Conversely, sometimes for the latter than the former species) than for the other four
two peaks represent but a single peptide as a result ofspecies. Finally, peak 9 elutes at the same time for both the
incomplete cleavage. For example, peak 4, which elutesS. barracudaandS. argenteanzymes.
either as a doublet or as a somewhat larger peak with a Deduced Amino Acid Sequencedo investigate the
shoulder §. idiaste} includes two peptides with the same differences in amino acid sequence responsible for the
amino terminus, one of which is longer than the other by interspecific differences ik, and thermal stability (see
three amino acids due to incomplete cleavage at Lys-72. Inbelow), we chose to sequence the LDH-A cDNAs of the
addition, the longest and most hydrophobic peptides are notspecies with the most similar LDH-A peptide mafs,
represented at all on the chromatograms because of theiargenteaS. idiastesandS. lucasana The deduced amino
insolubility in aqueous media. The deduced amino acid acid sequences for these three enzymes are shown in Figure
sequences (see below) show that there are 5 tryptic peptide8. All 3 LDH-A homologs of the barracudas are 331
over 15 amino acids in length, which should have given large residues in length. The amino acid sequence of dogfish
peaks. However, only two were present in the peptide maps,LDH-A, which has one extra amino acid residue relative to
peak 7 (residues 177216) and peak 10 (residues 24%64). the barracuda sequences (Stock & Powers, 1995), plus
Some of the other long peptides were obtained from sequences for the teleost fiBindulus heteroclituschicken,
extraction of the aqueous-insoluble material with 0.1% TFA and cow are shown for comparison.
in 20% acetonitrile and chromatography with a gradient of  The amino acid sequences of the LDH-AsSfidiastes
0.1% TFA in 20% acetonitrile to 0.1% TFA in 100% andS. lucasanare more similar to one another than either
acetonitrile. Thus, the peptide maps do not accurately is to that of the LDH-A ofS. argentegFigure 3), consistent
represent the number of sequence differences among thevith the estimated divergence times of the three species
LDH-As of the six species. However, they do provide an (Graves & Somero, 1982). The only difference in sequence
approximation of similarity among the homologs useful for between the enzymes &. lucasanaand S. idiastesis at
selecting the most similar homologs for sequencing. position 8. This substitution, Asp-8 i8. lucasanaersus

The three most similar peptide maps are $orargentea,  Asn-8 in S. idiastesis in a region outside the active site.
S. lucasanaandS. idiastes The maps folS. idiastesand Based on the sequence and three-dimensional structure of
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Ficure 2: Peptide maps of LDH-As of six species of barracuda:
A (S. argentep B (S. lucasang C (S. idiastey D (S. heller), E

(S. ensiy and F 6. barracuda Peak 1= residues 7680, 157
168, 217227; peak 2= 106-111; peak 3= amino-terminal
peptide; peak 4= 318-327; peak 5= 232—242; peak 6= 59—
72,59-75; peak 7= 177—-216; peak 8= 42—56; peak 9= 278—
283; peak 16= 245-264. The identities of numbered peaks were
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sequence probably is the first residue C-terminal to a short
o-helix (helix A) near the N-terminus (Figure 3). The
differences among the barracuda species at position 8 are
responsible for the differences in elution time of the amino-
terminal peptide on tryptic peptide maps done after blocking
of lysine residues (data not shown). However, this difference
in elution time is not seen on maps in Figure 2, presumably
because the peptide is only seven residues long and would
be expected to be a small peak.

The sequence of LDH-A o8. argentediffers from the
other two sequences by four amino acids, those at positions
8, 61, 68, and 223. Sites 61 and 68 are in helix C (Abad-
Zapatero et al., 1987) and occur in tryptic peptide 6 (Figure
2). The Ala (61) and Ser (68) residues preser8.iargentea,
rather than the Val (61) and Gly (68) residues presei&.in
idiastesandS. lucasanaare responsible for the earlier elution
of the peptide ofS. argentea The final difference is at
position 223, where the enzymes 8f lucasanaand S.
idiastescontain a Thr ands. argented DH-A contains a
Ser. Residue 223 is near the amino terminug-bklix 1-G
(Figure 3; Abad-Zapatero et al., 1987). Because the sub-
stitution at position 223 occurs in one of the three peptides
included in tryptic peak 1, we conclude that this conservative
substitution does not result in a change in elution time (Figure
2).

Site-Directed Mutagenesis of S. lucasana LDH-Be-
cause there were few nucleotide differences between the
coding regions of the LDH-A genes &. argenteandS.
lucasana we were able to take advantage of common
restriction sites to create chimeric enzymes by site-directed
mutagenesis, to test for the effects of amino acid substitutions
on Ky, (Table 2) and thermal stability (Figure 4). Two
chimeric LDH-As were generated: C-8, in which the Asp
at position 8 in the native LDH-A ofS. lucasanawas
replaced with a Gly, as found in native LDH-A @&.
argenteaand C-61-68, in which the Val and Gly residues,
respectively, of th&. lucasananzyme were replaced with
Ala and Ser residues found in ti$e argentednomolog. We
did not alter site 223.

Table 2 shows the effects of these substitutions orKthe
of pyruvate at 25°C, together with thé,, values for both
the cloned-unmodified and native (purified from muscle)
LDH-As of S. lucasanaand the native LDH-A ofS.
argentea There was no significant difference between the
Km of pyruvate of the native LDH-A 08. lucasandKy, =
0.258+ 0.021) and the clonedunmodified enzyme (0.260
+ 0.008)(Table 2p > 0.999). Thus, it does not appear that
any posttranslational changes in the native enzyme affect
the K, of pyruvate, so that, values for the cloned enzymes
can be compared directly to those for the native enzymes.

Because residue 8 is the only one that differs between the
LDH-As of S. lucasanaand S. idiastes(Figure 3), we
predicted that differences at position 8 also would be
responsible for the differences K, of pyruvate between
the S. argenteaand S. lucasanaenzymes. However, a
substitution of Asp-8 in thé&. lucasananzyme by Gly-8,
as in the nativéS. argente@nzyme, had no measurable effect
on theK,, of pyruvate (Table 2). Th&,, of pyruvate for

confirmed by amino acid sequencing. Peak 3 is assumed to be theh€ chimericS. lucasana DH-A with Val-61 and Gly-68

amino terminal peptide because it was N-terminal-blocked.

dogfish LDH-A (Holbrook et al., 1975; Abad-Zapatero et

mutated to Ala-61 and Ser-68, as in the native LDH-ASof
argenteawas significantly higher than the,, of the native
S. lucasananzyme (0.370t 0.020versus0.258+ 0.021;

al., 1987; Stock & Powers, 1995), position 8 in the barracuda p = 0.00015) and statistically indistinguishable from g
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1 30
——=OA-- e OB-———=— ~meQC-
dogfish ATLKDKLIGHLATSQEPRSYNKITVVGVGAVGMACAISILMKDLADEVALVDVMEDKLKG
S. argentea HVMKEEP I GSRNKVTVVGVGMVGMASAVSILLKDLCDELALVDVMEDKLKG
S. lucasana HVMKEEP IGSRNKVTVVGVGMVGMASAVS I LLKDLCDELALVDVMEDKLKG
S. idiastes HVMKEEP IGSRNKVTVVGVGMVGMASAVS I LLKDLCDELALVDVMEDKLKG
F. heteroclitus HVMKEEPVGSRNKVTVVGVGMVGMACAI SVLLKDLCDELALVDVMEDKLKG

chick NVHKEEHAHAHNKISVVGVGAVGMACAISILMKDLADELTLVDVVEDKLKG
cow QNLLKEEHV-PONKITIVGVGAVGMACAISIILMKDLADEVALVDVMEDKLKG

- . kk | kkkk kkkk Kk hkkk KAk kk  Khkk Akkkkk
dogfish

S. argentea
S. lucasana
S. idiastes
F. heteroclitus

chick
cow
120 150
————— QAE————— QL ——— ) e LT o 223 o e e e
dogfish IPDIVKHSPDCIILVVSNPVDVLTYVAWKLSGLPMHRIIGSGCNLDSARFRYLMGERLGV
S. argentea IPNIVKYSPNCILMVVSNPVDILTYVAWKLSGFPRHRVIGSGTNLDSARFRHIMGEKLHL
S. lucasana IPNIVKYSPNCILMVVSNPVDILTYVAWKLSGFPRHRVIGSGTNLDSARFRHIMGEKLHL
S. idiastes IPNIVKYSPNCILMVVSNPVDILTYVAWKLSGFPRHRVIGSGTNLDSARFRHIMGEKLHL
F. heteroclitus IPNIVKYSPNCILLVVSNPVDILTYVAWKLSGFPRHRVIGSGTNLDSARFRHILMGEKFHL
chick IPNVVKYSPDCKLLIVSNPVDILTYVAWKISGFPKHRVIGSGCNLDSARFRHLMGERLGI
cow IPNIVKYSPNCKLLVVSNPVDILTYVAWKISGFPKNRVIGSGCNLDSARFRYLMGERLGV
kk | kk kk ok kKkhkAkk KAKAAKK Ak Kk Kk hkkkk Xkkkkkkk kkk *
180 210
dogfish HSSSCHGWVIGEHGDSSVPVWSGMNVAGVSLKELHPELGTDK
S. argentea HPSSCHGWIVGEHGDSSVPVHWSGVNVAGVSLQTLNPKMGAEG
S. lucasana HPSSCHGWIVGEHGDSSVPVHSGVNVAGVSLOTLNPKMGAEG.
S. idiastes HPSSCHGWIVGEHGDSSVPVHSGVNVAGVSLQTLNPKMGAEG.
F. heteroclitus HPSSCHGWIVGEHGDSSVAVWSGVNVAGVSLQTLNPNMGADG
chick HPLSCHGWIVGEHGDSSVPVWSGVNVAGVSLKALHPDMGTDAD;
CcOow HPLSCHGWILGEHGDSSVPVWSGVNVAGVSLKNLHPELGTDADKEQWKAVHKQVVDSAYE
* *****._**********k**ak******..*.* Lk Kk ok kK kk Kkkk *x %
240 270
———————————— 03G——— e
dogfish VIKLKGYTSWAIGMSVADLAETIMKNLCRVHPVSTMVKDFYGIKNDVFLSLPCVLDNHGI
S. argentea VIKLKGYTSWAIGMSVADLVESIVKNLHKVHPVSTLVKGMHGVKDEVEF LSVPCVLGNSGL
S. lucasana VIKLKGYTSWAIGMSVADLVESIVKNLHKVHPVSTLVKGMHGVKDEVFLSVPCVLGNSGL
S. idiastes VIKLKGYTSWAIGMSVADLVESIVKNLHKVHPVSTLVKGMHGVKDEVFLSVPCVLGNSGL
F. heteroclitus VIKLKGYTSWAIGMSVADLVESIVKNLHKVHPVSTLVQGMHGVKDEVFLSIPSVLGNSGL
chick VIKLKGYTSWAIGLSVADLAETIMKNLRRVHPISTAVKGMHGIKDDVFLSVPCVLGSSGI
CcOow VIKLKGYTSWAIGLSVADLAESIMKNLRRVHPISTMIKGLYGIKEDVFLSVPCILGONGI
Ahhkhhhkhkhhkhh khkhk * * kkk Kkhkk kk Lk Kk kkkk ok Kk Kk,
300 330
__________ G,H——"——"———
dogfish SNIVKMKLKPDEEQQLQKSATTLWDIQKDLKFE
S. argtentea TDVIHMTLKPEEEKQLVKSAETLWGVQKELTL
S. lucasana TDVIHMTLKPEEEKQLVKSAETLWGVQKELTL
S. idiastes TDVIHMTLKPEEEKQLVKSAETLWGVQKELTL
F. heteroclitus TDVIHMTLKPEEEKQLVKSAETLWGVQKELTL
chick TDVVKMILKPDEEEKIKKSADTLWGIQKELQF
cow SDVVKVTLTHEEEACLKKSADTLWGIQKELQF
* k% . ***_***._**** R

Ficure 3: A comparison of the amino acid sequences of LDH-A homologs of the spiny do§fiphalus acanthigsthree barracudass(

argentea S. lucasanaands. idiaste} the Killifish (Fundulus heteroclitys the chicken, and cow. Residue numbering follows the revised

and corrected dogfish sequence of Stock and Powers (1995), and reflects removal of the amino-terminal methionine residue. Because
residue 3 in the dogdfish sequence is absent in the barracuda sequences, residues 3 through 331 in the barracuda sequence correspond t
residues 4 through 332 in the dogfish homolog. Positions 8 (9), 61 (62), 68 (69), and 223 (224), numbered according to the amino acid
sequence of the barracuda LDH-A homologs, with dogfish LDH-A residues in parentheses, are shaded to denote sequence changes in the
barracuda homologs. Dashed lines indicate the positions of-tiidices and the loop. Asterisks indicate identities; dots indicate similarities.

Killifish sequence is from Quattro et al. (1995); chicken sequence is from Hirota et al. (1990); and cow sequence is from Ishiguro et al.
(1990).

of pyruvate of the native LDH-A of5. argenteg0.369+ Although the amino acid difference at position 8 between
0.022;p > 0.999). We conclude, therefore, that the higher the S. argenteaandS. lucasanahomologs does not appear
Km of pyruvate forS. argenteaLDH-A relative to the to contribute to the observed differences in thg of
homolog ofS. lucasanas due to substitutions either at site  pyruvate, for theS. idiastesandS. lucasan&nzymes amino
61, at site 68, or both. In addition, we conclude that the acid 8 is the only position that differs. Therefore, we propose
substitution of Thr-223%. idiasteandsS. lucasanafor Ser- that the differences ik, between the LDH-As of these two
223 (S. argentep does not affect thek,, of pyruvate. species are due to substitutions at position 8.
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Table 2: Ky, of Pyruvate at 25C of Native and Cloned LDH-As al. (1983) in a comparison of several groups of teleost fishes,
differences in electrophoretic mobility do not necessarily

Km of pyruvate at 25C . - . .
enzyme [mean SD ()] (mM) ﬂgnmo;ﬁ) dslfferences in kinetic properties among LDH-A
S. argenteanative 0.369+ 0.022 (3} gs.
S. lucasananative 0.258+ 0.021 (3
S. lucasanacloned 0.260Q 0.008 (4) DISCUSSION
C-8 0.283+ 0.021 (5) .
C-61—68 0.370+ 0.020 552 We used orthologous homologs of LDH-A from six

aKm valuest SD (n) determined using-35 individual estimates of SpeCIeS. of barracuda f|§hes whose omldrange body tempera-
Km, each of which was based on duplicate assays at 7 concentrationdUres differ by approximately -58 °C, as well as two
of pyruvate. Native refers to enzymes isolated from fish muscle. See chimeric LDH-As constructed by site-directed mutagenesis,
text for definitions of cloned enzymes C-8 and C-@B. K, values to investigate temperature adaptation of kinetic properties
?e”"ted rt]’y o Co(mmcl’” .Sy”f‘b("'. sor™, qo ”0;‘ significantly d'ﬁ?re“t and thermal stability and their bases in the amino acid
rom each other analysis of variance an pOSt 0OC comparison of means, . . . . _
by Tukey's test). See text for probability values. sequence. We found that species differences in the relation
ship of K, versustemperature for LDH-As favor conserva-
tion of Ky for substrate and cofactor at physiological

—®— S agentea temperatures. These results agree with previous findings for
90 —&— S. lucasana-native .
~O— S. idiastes dehydrogenase enzymes of other vertebrates and invertebrates

~O~ 5 lucasana-clonefunmod (Graves & Somero, 1982; Coppes & Somero, 1990; Dahlhoff
& Somero, 1993), and show that even relatively minor
changes in temperature, such as those predicted by some
models of global warming, appear adequate to favor selection
for adaptive change in proteins.

Peptide Mapping as a Basis for Phylogenetic Inference
Although peptide mapping of the six LDH-A homologs was
done principally to identify the homologs most appropriate
for sequencing and site-directed mutagenesis experiments,
the peptide maps shown in Figure 2 also are useful in the
0 A context of phylogenetic analysis. The use of tryptic maps

of LDH-A homologs to infer phylogenetic relations of closely
_ _ _ related fishes has been shown to be a more sensitive
E;Usfgs4énz'gf“|3§;§ggfé‘ Cﬁ‘é;‘gg Egua_‘;'\‘f C(Slb ﬁ;%ettsai'\s technique than conventional native gel electrophoresis of the

C-8 and C-6168 are defined in the text. Error bars designate €NZymes (Wilson et al., 1990, 1991). Similar results have
standard deviationsi(= 3). been obtained with peptide maps of avian myosin light chain

kinases (Dalla Libera, 1993). Our peptide mapping results,

Position 8 differences may contribute to differences in in combination with amino acid sequencing, have shown that
thermal stability (Figure 4) as well as K. The native although such maps do not provide a precise measure of the
LDH-As of S. argenteandS. idiastesare more resistantto  number of amino acid differences between LDH-A ho-
heat denaturation than the homolog@flucasanadespite mologs, they do provide an approximation of the phyloge-
the higher average body temperature of the subtropicalnetic relationships among congeners. The peptide maps
species (Table 1). Comparisons of heat denaturation of theshown in Figure 2 suggest that the two temperate and one
native and cloned enzymes revealed the following. First, subtropical barracudas are more closely related to each other
the cloned-unmodified S. lucasanaLDH-A and native than to any of the three tropical species, and that the
enzyme had indistinguishable denaturation profiles. Second,subtropical species is most closely related to the south
the thermal stability of the chimeric enzyme C-638 did temperate species. This result, which is confirmed by cDNA
not differ significantly from that of native or cloned sequencing of the LDH-As of the subtropical and temperate
unmodifiedS. lucasananzymes. Third, despite not influ- species, is in agreement with the relationships for four
encing theK,, of pyruvate, substitution of a Gly for an Asp  barracuda species previously determined using native enzyme
at position 8 in theS. lucasanasequence (C-8 enzyme) electrophoresis (Graves & Somero, 1982).
increased thermal stability. Therefore, we conclude that Sequence Differences, Kinetic Properties, and Thermal
modifications in theK, of pyruvate and thermal stability — Stabilities Our results show that posttranslational modifica-
can occur independently. tions of the barracuda LDH-As are not responsible for the

Isoelectric Points The g values for all six LDH-A interspecific differences noted i, or thermal stability.
homologs are given in Table 1. Differences inbetween Because th&,, of pyruvate and the thermal stability of the
LDH-As of the subtropical species. lucasanaand the cloned-unmodified LDH-A of S. lucasanadid not differ
LDH-As of the two temperate specieS, argenteaand S. from those of the native enzyme isolated from skeletal
idiastes were consistent with the differences found in the muscle, the differences in kinetic properties and thermal
deduced amino acid sequences (Table 2; Figure 3). Con-stability among the barracuda LDH-A homologs seem likely
sistent with the sequence differences, thevalue of the  to be due to differences in amino acid sequence.
LDH-A of S. lucasanawhich has an Asp residue at position A comparison of the sequences of the native and chimeric
8, is lower than that of the LDH-As db. argenteaand S. LDH-As of barracudas with those of other species (Figure
idiastes which have Gly and Asn residues, respectively, at 3) shows that amino acid residues in the active site cannot
this position. There was no correlation between adaptationbe responsible for the differences Ky, of pyruvate or
temperature andlp Furthermore, as shown by Graves et NADH and thermal stability. LDH-As from a wide variety

% Activity Remaining

Time (min)
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of organisms have been sequenced, and crystallographic data Some insights into the mechanisms by which amino acid
for several species have clearly identified the regions of the substitutions at sites remote from the catalytic site and loop
enzyme involved in the catalytic process (Abad-Zapatero et region can modify kinetic properties and thermal stabilities
al., 1987). These regions include both the residues involvedcan be gleaned from work with other LDH homologs of
in substrate and cofactor binding and the loop region which animals and bacteria. These studies suggest two possible
undergoes a large change in conformation during ligand mechanisms whereby changes in amino acids not directly
binding/release. Our finding that the loop regions (residues involved in substrate or cofactor binding could alter kinetic
95—-119; Gerstein & Chothia, 1991) of the three barracuda properties and/or thermal stability. First, as shown by studies
LDH-As are identical to each other and to those of LDH-As 0f Nobbs et al. (1994) with LDH oBacillus stearothermo-
from other vertebrates, including the dogfish (Abad-Zapatero philus amino acid substitutions distant from the catalytic
et al., 1987; Stock & Powers, 1995), the teleost fiskes  Site can change both thermal stability and catalytic efficiency
heteroclitugQuattro et al., 1995) arBebastolobus alascanus by modifying the steric or charge properties of the catalytic
(Holland and Somero, unpublished data), chicken, and site. Second, amino acid substitutions distant from the
mammals (Ishiguro et al., 1990; Gerstein & Chothia, 1991), catalytic site can alter the energy changes associated with
shows that the residues responsible for temperature adaptatiofnovement of the loop, which can involve displacements of
of LDH-As do not reside in the loop region. Furthermore, amino acid residues by as much as 15 A (Gerstein & Chothia,
the region involved in substrate binding (residues-1571; 1991). These energy changes determine the size of the
Ishiguro et al., 1990) is also highly, although not totally, Ccatalytic rate constank., (Holbrook & Gutfreund, 1973).
conserved among all vertebrate LDH-As (Figure 3; Crawford Because the LDH-A homologs &. argentea, S. lucasana

et al., 1989). The identity of this region among the three @ndS. ensigliffer in kearas well ask, (Graves & Somero,
barracuda LDH-As shows that differences in tkg of 1982)_, we hypothgs[ze t_hat some or all of the amino acid
pyruvate and NADH cannot be due to differences in the types substitutions that distinguish the LDH-As c_)f these barracudas
of residues that directly interact with substrate and cofactor. &ffect the energy changes associated with loop movement.
Therefore, differences in th&, among the barracuda A suggestion as to how certain of the differences in amino
homologs must be due to substitutions that occur outside of2cid sequence among the LDH-As of the barracudas might
the loop and ligand binding regions that are able to transmit affect thermal stability can be obtained from the three-

their effects to the catalytic function of the enzyme. dimensional structure of the dogfish enzyme (Holbrook et
al., 1975; Abad-Zapatero et al., 1987). On the basis of the

structural analysis of the dogfish homolog, residue 8 in the
barracuda LDH-As is proposed to lie immediately C-terminal
to the short N-terminal helixa-A, which interacts with as

strong basis for concluding that very minor changes in 5.y aq five residues along tReaxis of the tetramer and
sequence at sites remote from the catalytic site or l00p regiongyapjjizes intersubunit interactions (Holbrook et al., 1975).

can effect significant changes in kinetic properties and Among the residues with which a site-8 residue would
structural stability. We show that only one or two changes jpteract in the three barracuda homologs is Asp-301. For
in sequence are adequate to modify eithetth@f pyruvate | piy_a of S. lucasanathe Asp present at position 8 would
or the thermal stability. Our results further show that while jely result in charge repulsion, thus weakening intersubunit
in some instances the changes that alter thermal stability canpteractions. This effect might account for the reduced
also modifyKr, in others a substitution can modify one trait inermal stability of the LDH-A ofS. lucasanarelative to

and not the other. For example, because the only differencehom0|ogs ofS. argenteaandS. idiastesin which Gly and

in amino acid sequence between the LDH-As of the two most asny residues, respectively, are present at position 8. This
closely-related speciess. lucasanaand S. idiastesis at  conjecture is supported by our observation that the thermal

position 8-an Asp occurs in the former species and an Asn stapility of LDH-A of S. lucasanas increased when the Asp
in the latter-this substitution must be responsible for the at position 8 is replaced with a Gly (clone C-8).

differences both ik, and in thermal stability between these The differences inK, among the barracudas’ LDH-A
two homologs. Our site-directed mutagenesis experimentshomologs are less easily explained in structural terms.
also point to position 8 as being primarily responsible for Because the only difference in the deduced sequences of the
differences in thermal stability between the homologS$of  homologs ofS. lucasanaand S. idiastesis at position 8,
argenteaandsS. lucasandecause the mutation of residue 8 where Asn and Asp residues are found, respectively, we
from Asp to Gly in the C-8 clone of th. lucasan@nzyme  conclude that changes in strengths of intersubunit interactions
increased thermal stability. In contrast, the differences in may translate into changes in tg of pyruvate, theK, of

the K of pyruvate between th®. argenteandsS. lucasana ~ NADH, k., and thermal stability. However, our site-directed
homologs cannot be explained solely on the basis of mutagenesis studies show that substitutions at positions 61
differences in sequence at position 8. g of pyruvate  and/or 68 may also influence th&, of pyruvate (Table 2).

of the C-8 clone did not differ from that of the native LDH-A  These positions lie within-helix C (@-C), which is involved

of S. lucasangTable 2). However, when Ala-61 and Ser- in intersubunit interactions along the Q axis of the enzyme
68 were replaced by Val-61 and Gly-68 (clone C-@B), (Abad-Zapatero et al., 1987)x-C is located in the static
the K, of pyruvate increased to a value indistinguishable core of the enzyme which undergoes very little displacement
from that of the LDH-A ofS. argentea Note, however, that  (approximately 0.33 A) during formation of the ternary
values of thekr, of pyruvate for the homologs &. argentea  complex of dogfish LDH-A (Gerstein & Chotia, 1991). This
andS. idiastesare the same despite differences at sites 61 displacement is over an order of magnitude less than the
and 68. Therefore, we conclude that the differences in the displacements associated with movements of the loop.
Km of pyruvate between the LDH-As &. argenteandS. Although this helix lies in a region of the molecule that
lucasanamust involve effects at sites 8 plus 61 and/or 68. exhibits minimal movement during binding and catalysis,

Our ability to alter the, of pyruvate and thermal stability
using site-directed mutagenesis to substitute one or two
amino acids at a time in th®. lucasand DH-A provides a
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our finding that substitutions at positions 61 and/or 68 can Coppes, Z. L., & Somero, G. N. (1990) Exp. Zool. 254127—
affect theK, of pyruvate suggests that even relatively static _ 131. )
regions of LDH-A can either influence the energy changes Crg‘i’glorg;jcﬁ' 'é'é%‘;fsstggt'no’ H.R., & Powers, D. A. (19889.
associated with catalytically important conformational changes paphoff, E. P., & Somero, G. N. (1993) Exp. Biol. 185137—
or influence the stereochemical and/or charge characteristics 150.
of the ternary complex (Nobbs et al., 1994). Dalla Libera, L. (1993Comp. Biochem. Physidl05B, 147 150.

It is difficult to predict the exact effects of the Ala to Val DeEr;g, H., de\f}\% ﬁ-,(l(gg;';;, AI%’ HQ'?YO(;)';ZJz-ng gg%'gnder, R., &

H e urgner, J. . lochemistry — .
and Se_r to Gly shifts found at positions 61 and 68, Feeney, R.. Clarke, A. R., & Holbrook. J. J. (19%Bjochem.
respectively. Matthews et al. (_19.87) haye shown that Biophys. Res. Commun. 16857—672.
replacement of a Gly by an Ala within a helix can enhance Frohman, M. A., Dush, M. K., & Martin, G. R. (198®roc. Natl.
thermal stability. Shifts to Val or Ser could stabilize the  Acad. Sci. USA §53998-9002. .
helix due to hydrophobic effects, but the addition of these Gerstein, M., & Chothia, C. (1991). Mol. Biol. 220 133-149.
larger side chains relative to Ala and Gly could disrupt Grg\_/es, J. E. (1981) Ph.D. Thesis, University of California, San
. - iego.

packing of the folded protein. Because we observed No Grayes, J. E., & Somero, G. N. (1988)olution 36 97—106.
significant differences between the thermal stabilities of the Graves, J. E., Rosenblatt, R. H., & Somero, G. N. (19B8)lution
unmodified LDH-A of S. lucasanaand the C-6+68 137, 30-37. o
chimeric enzyme (Figure 4), the influences of the changes Hirota, Y., Katsumata, A., & Takeya, T. (1998)ucleic Acids Res.

e 18, 6432.
at positions 61 and 68 found on the, of pyruvate are not Loy 5 ¢ Gutfreund, H. (197BEBS Lett. 31157-169.

accompanied by any measurable change in enzyme stability o hro0k, 3. 3., Lilias, A., Steindel, S. J., & Rossmann, M. G. (1975)
Whatever the mechanism(s) whereby changes in sequence Enzymes (3rd Ed.) 11,91-292.

of relatively static regions of an enzyme influence its kinetic Ishiguro, N., Osame, S., Kagiya, R., Ichijo, S., & Shinagawa, M.
properties or stability, the key point to emphasize is that _ (1990)Gene 91 281-285.

changes in these regions can be of importance in evolutionarw]_?esnicé‘e_i_R'F(iélcigl\?zvurl'vl‘]' E;?]Ch\?r_"é 2327 81458_r17a2r?éf F.S. (1983)

adaptation to temperature. 3. Biol. Chem. 2587029-7032.

The near-identity of the interactions between LDH active Matthews, B. W., Nicholson, H., & Becktel, W. J. (198P)oc.
site residues, substrate, and cofactor in prokaryotic and Natl. Acad. Sci. U.S.A84, 6663-6667.
eukaryotic LDHs (Deng et al., 1994) indicates that the Nicholls, D. J., Davey, M., Jones, S. E., Miller, J., Holbrook, J. J.,
geometry of the active site in the ternary complex differs ~ Clarke, A. R., Scawen, M. D., Atkinson, T., & Goward, C. R.

7 . . : 1994)J. Protein Chem. 13129-133.
little among LDH homologs. The conservation of active site No(bbs |)—{J_ Cortes. A. Gejipi 3. L. Holbrook. J. J.. Atkinson. T.

sequence and geometry suggests that evolutionary alterations Scawen, M. D., & Nicholls, D. J. (1998iochem. J300, 491—
in the flexibility of the molecule, notably changes that affect ~ 499.
movement of the loop region, may play a key role in O'Carra, P., & Barry, S. (19727EBS Lett. 21281—285.

establishing interspecific differences in the kinetic and Pafésé’_z'z'é" & Berchtold, M. W. (1993)ethods Enzymol. 217

stability properties of LDHs. Although it remains conjectural Place, A. R., & Powers, D. A. (1984). Biol. Chem. 2591299
as to how substitutions at regions remote from the active 1308.

site transmit their effects to binding, catalytic, and stability Powers, D. A., Smith, M., Gonzalez-Villasenor, I., DiMichelle, L.,
properties of the enzymes, we believe that our data support Crawford, D., Bernardi, G., & Lauerman, T. (1993) @xford

. ) p ot Sureys in Bolutionary Biology(Futuyma, D., & Antonovics,
the hypothesis of Deng et al. (1994) that the so-called “active 3., Eds.) Vol. 9, pp 43107, Oxford University Press, Oxford.

site” of LDH-A must be viewed as an “extended unit” that  quattro, 3" M., Pollock, D. D., Powell, M., Woods, H. A., & Powers,
involves much, and possibly most, of the enzyme’s structure.  D. A. (1995)Mol. Mar. Biol. Biotechnol. 4224-231.
Somero, G. N. (1995Annu. Re. Physiol. 57 43—68.
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