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Željko M. Svedružić* and H. Olin Spivey
Department of Biochemistry and Molecular Biology, 246 B Noble Research Center, Oklahoma State University,
Stillwater, Oklahoma 74078

ABSTRACT The exceptionally high protein con-
centration in living cells can favor functional pro-
tein–protein interactions that can be difficult to de-
tect with purified proteins. In this study we describe
specific interactions between mammalian D-glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) and L-
lactate dehydrogenase (LDH) isozymes from heart
and muscle. We use poly(ethylene-glycol) (PEG)-
induced coprecipitation and native agarose electro-
phoresis as two independent methods uniquely
suited to mimic some of the conditions that can
favor protein–protein interaction in living cells. We
found that GAPDH interacts with heart or muscle
isozymes of LDH with approximately one-to-one
stoichiometry. The interaction is specific; GAPDH
shows interaction with two LDH isozymes that have
very different net charge and solubility in PEG
solution, while no interaction is observed with
GAPDH from other species, other NAD(H) dehydro-
genases, or other proteins that have very similar net
charge and molecular mass. Analytical ultracentrifu-
gation showed that the LDH and GAPDH complex is
insoluble in PEG solution. The interaction is abol-
ished by saturation with NADH, but not by satura-
tion with NAD� in correlation with GAPDH solubil-
ity in PEG solution. The crystal structures show
that GAPDH and LDH isozymes share complemen-
tary size, shape, and electric potential surrounding
the active sites. The presented results suggest that
GAPDH and LDH have a functional interaction that
can affect NAD�/NADH metabolism and glycolysis
in living cells. Proteins 2006;63:501–511.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

The total protein concentration in cytosol is in the range
from 200 to 400 mg/mL,1–4 while the protein concentration
in mitochondrial matrix can be as high as 560 mg/mL.1,5,6

At such high concentrations macromolecules occupy a
large fraction of solution volume (i.e., 20–50%1), which
results in molecular crowding and the excluded volume
effect.4,7–9 The excluded volume effect leads to lower
solubility of macromolecules, transitions to more compact

macromolecular conformations,10 and tens of kJ/mol of
free energy in support of protein–protein interaction,4,7–9

Cell physiology depends on protein–protein interactions,11

and in some cases protein complexes can be isolated and
functionally described. However, some functional protein
interactions are only transient12 or exist only in the
presence of molecular crowding effects in living cells.11,13

Such interactions are broken during protein purification,13

and their existence and functional properties are un-
known, or even controversial.14 In essence, the connection
between protein function in vitro and in the concentrated
protein solutions present in vivo is a fundamental question
in biochemistry.11

Functional protein–protein interactions present in liv-
ing cells are perhaps best understood for enzymes in the
mitochondrial matrix.15,16 Those studies showed that of-
ten only innovative in vivo and in vitro experiments could
address the delicate nature of protein–protein interactions
in living cells.15,16 For example, in situ NMR studies with
asymmetrically labeled metabolites showed that in yeast
cells the enzymes in the TCA cycle can share common
metabolites by substrate channeling.17,18 Catalytically
inactive NAD�-isocitrate dehydrogenase that is still
capable of forming functional interactions with related
enzymes could restore metabolic function in yeast cells.19

The same process could not be restored by catalytically
active isozyme that participates in another metabolic
pathway. Interestingly, despite strong evidence that the
enzymes in the TCA cycle have functional interactions
in living cells, studies with purified proteins did not
show protein–protein interactions except under very
specific conditions.20 –25 For example, the interaction
between citrate synthase and malate dehydrogenase can
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be detected only by PEG coprecipitation20,21 and native
agarose electrophoresis.26 Nevertheless, the insoluble
PEG-induced complex was active in substrate channel-
ing,27 and substrate channeling could be observed when
the two proteins were artificially connected by a linker
peptide.28

In cytosol, functional protein aggregates are orga-
nized around the cytoskeleton and membranes.29 Such
aggregates form around proteins that bind cytoskeletal
structures, such as glycolytic enzyme D-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), which binds to
actin fibers29,30 and microtubule networks.29,31 In fact,
GAPDH shows some surprising effects on cell physiology
that go well beyond its catalytic function as a glycolytic
enzyme (reviewed by Sirover32). GAPDH is functionally
associated with microtubule bundling, DNA replication
and repair, apoptosis, export of nuclear RNA, membrane
fusion, and phosphotransferase activity. GAPDH has
also been implicated in neurodegenerative diseases such
as Huntington’s disease, as well as prostate cancer and
viral pathogenesis. GAPDH could be a target of nitric
oxide and a target of drugs developed to treat malaria or
Alzheimer’s disease.

GAPDH is the most abundant glycolytic enzyme, and
the most abundant NAD(H) dehydrogenase that can bind
the majority of cytosolic NAD(H).33 An open question is to
what extent is NAD(H) metabolism controlled by interac-
tion between GAPDH and other cytosolic dehydrogenases.
The first reports of possible interaction between NAD(H)
dehydrogenases were published 50 years ago.34,35 Several
studies indicated that GAPDH and LDH isozymes can be
colocalized on cellular structures.29,36,37 Interaction be-
tween NAD(H) dehydrogenases in mitochondrial matrix
has been reported on several occasions.23,38–40 Some stud-
ies have indicated that there could be NAD(H) channel-
ing38,40,41 between cytosolic or mitochondrial NAD(H)
dehydrogenases of opposite chiral specificity.42 However,
some of the channeling results have been extensively
debated.43–48 One of the criticisms of NADH channeling is
the absence of a detectable complex between NAD(H)
dehydrogenases.46–48

In this study we describe a specific interaction between
purified rabbit muscle GAPDH and porcine muscle and
heart isozymes of L-lactate dehydrogenase (LDH). We use
PEG coprecipitation and native electrophoresis experi-
ments as two independent techniques uniquely suited to
demonstrate delicate protein–protein interaction that may
be present in living cells. Using analytical ultracentrifuga-
tion we show that the PEG-induced complex between LDH
and GAPDH is insoluble. Molecular modeling showed that
GAPDH and the two LDH isozymes share complementary
size, shape, and electrostatic surface potentials. In sum-
mary, these results support the earlier proposals that
there could be some degree of separation between glycoly-
sis and cellular NAD�/NADH pool33,37,49 and give us a
unique opportunity to analyze this phenomena using
purified proteins.

MATERIALS AND METHODS
Materials

Ultrapure, high-strength agarose was purchased from
Bio-Rad Laboratories (Hercules, CA). PEG 6000 and other
chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO), unless otherwise indicated. NAD� and NADH
were of 99% or better purity as listed. D(�)3-phosphoglyc-
eric acid (98% pure as listed) was obtained as the tri(cyclo-
hexylammonium) salt. ATP was the grade I disodium salt.
BSA was RIA grade, fraction V powder. Activated charcoal
was hydrochloric acid washed, and cell culture tested.
Ammonium sulfate suspensions of phLDH, pmLDH, por-
cine heart cytosolic malate dehydrogenase, rmGAPDH,
porcine muscle GAPDH (pmGAPDH), rabbit muscle aldo-
lase (rmALD), rabbit muscle glycerol-3-phosphate dehydro-
genase, baker’s yeast 3-phosphoglyceric phosphokinase,
and Leuconostoc mesenteroides glucose-6-phosphate dehy-
drogenase were purchased from Sigma Chemical Co. or
MP Biomedicals (Costa Mesa, CA). The Bacillus stearother-
mophlusGAPDH and baker’s yeast GAPDH enzymes were
obtained as lyophilized powders. All of the enzymes tested
(all the enzymes listed above except the 3-phosphoglyceric
phosphokinase and glucose-6-phosphate dehydrogenase
enzymes) gave a single band in Coomassie Blue-stained,
SDS-PAGE experiments. All absorbance measurements
and enzyme assays were made on a Shimadzu UV-160U
spectrophotometer at 25°C. The buffer pH was adjusted at
room temperature. NADH stock solutions were prepared
in 120 mM Na2CO3 in a light-isolated container and used
within 2 weeks of preparation. NAD� was freshly pre-
pared before each experiment. ATP was prepared as a 100
mM stock solution in 10 mM EDTA, 50 mM Tris/HCl,
stored at �20°C, and used within 3 months of preparation.
The 3-phosphoglycerate was prepared as a 300 mM solu-
tion in 300 mM Tris base and stored at �20°C.

Apo–Enzyme Preparations

Prior to each experiment, enzyme suspensions were
centrifuged to remove (NH4)2SO4, and the pelleted enzyme
dissolved in a specific buffer and dialyzed twice for at least
3 h, each time against a 2000-fold excess of buffer. After
dialysis, the enzymes were treated with 1 mg of charcoal
per mg of protein to remove the tightly bound NAD(H).50

The procedure was repeated twice for rmGAPDH and once
for phLDH and pmLDH. This treatment routinely pro-
duced the highest absorbance ratios achieved by our
laboratory (1.8 � A260/A280 � 2.0, depending on the
protein). The efficiency of the charcoal treatment was
tested enzymatically by recording absorbance changes at
340 nm for 30 min. Residual NADH was determined by
incubating enzyme (100–200 �M catalytic sites) with its
substrate. Bound NAD� was measured by first heat-
denaturing the enzyme, then assaying the NAD� using 2
mM glucose-6-phosphate and L. mesenteroides glucose-6-
phosphate dehydrogenase. Glucose-6-phosphate dehydro-
genase is unique for its high preference for NAD� reduc-
tion and its ability to utilize both NAD� and NADP�

substrates.51 These measurements showed that the char-
coal treatment produced �90% of the enzyme in the
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apo-form. Apo–protein concentrations were determined by
absorbances at 280 nm using the following absorptivities
(105 M�1cm�1): phLDH 1.7, pmLDH 1.75, rmGAPDH
1.16, pmGAPDH 1.16, bsGAPDH 1.28, byGAPDH 1.3,
rm�GHD 0.478, and phcMDH 0.32. Throughout this ar-
ticle, molar enzyme concentrations are given as those of
the native oligomer, rather than subunit (binding site)
concentrations. The molar absorptivities, pI, and molecu-
lar mass (Mr) values were calculated using tools available
on the Expasy website (http://www.expasy.ch as of 8/4/
2005) from the sequences available at the National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.
gov as of 8/4/2005); the calculated values adequately
match the measured values that we were able to locate in
the literature.

Enzyme Assays

Enzyme activities were measured by following absor-
bance at 340 nm.51 Each activity measurement was re-
peated to establish reproducibility within 15%. An enzyme
unit (U) is defined herein as the amount of enzyme
producing or using 1 �mol of NADH/min in the specified
assay conditions. The molar absorptivity used for NADH
was 6.22 � 103 M�1cm�1. For all assays, the buffer was
Tris/HCl, pH � 7.4, 2 mM EDTA and 1 mg/mL BSA to
prevent enzyme denaturation due to absorption on the
container surfaces or other deleterious reactions with
protein binding denaturants. The total absorbance was
recorded before each assay and the reaction rate was
calculated from the initial velocity slopes (first 15% of the
total reactant concentration). For all GAPDH activity
measurements, the assay mixture had 3 mM 3-phosphogly-
crate, 1 mM ATP, 2 mM MgCl2, 10 U/mL of 3-phosphoglyc-
erate kinase, and 100 �M NADH. The specific activities
measured for rmGAPDH or pmGAPDH were 94 	 10 and
190 	 15 U/mg for bakers yeast GAPDH. All LDH assay
mixtures were prepared with 630 �M pyruvate, and 100
�M NADH. Specific activities of phLDH, pmLDH, and
phcMDH were 130 	 15 and 430 	 30, and 430 	 40 U/mg,
respectively.

Native Agarose Electrophoresis Experiments

The buffer used for electrophoresis was 50 mM MOPS/
KOH, pH � 6.9, containing 1 mM EDTA and 5–10 mM

-mercaptoethanol, hereafter called the “MOPS/KOH
buffer.” This buffer was used instead of the Tris/HCl buffer
used for coprecipitation experiments to avoid development
of Cl2 at the anode. The dialyzed enzyme solutions (20 �L)
containing 10% glycerol were loaded into the gel wells.
Enzyme concentrations and quantities loaded are specified
in the figure legends. Electrophoresis was performed at 70
V with 20 cm between the electrodes for about 4 to 5 h (run
time was optimized to provide the best chance to see the
shifts in electrophoretic mobility). Electrophoresis was
performed in a cold room, which kept the temperature of
the gel buffer at 8°C or lower. The buffer was circulated
between anode and cathode compartments to prevent
formation of ion gradients, which can distort protein
migrations. The enzymes were detected by Coomassie
Blue staining.

Coprecipitation Measurements in the Presence of
Polyethylene Glycol 6000

The enzymes were prepared in 50 mM Tris/HCl, pH �
7.4, 1 mM EDTA, 5–10 mM 
-mercaptoethanol and 10%
(w/v) concentration of PEG 6000. The samples were incu-
bated on ice for 15 min, and the insoluble and soluble
proteins were separated by centrifugation for 12 min at
4°C and 16,000 � g. The extent of protein insolubility was
calculated by measuring protein activities in the pellets
and the supernatant. To evaluate whether enzyme denatur-
ation occurred during the experiment, we compared the
sum of enzymatic activities measured in the pellets and
the supernatant with the activity measured at the start of
the experiment.

The optimal PEG concentration was determined empiri-
cally by measuring solubility of individual proteins and
coprecipitation in the mixture in the presence of 6 to 18%
w/v of PEG 6000. We found that 10% w/v PEG 6000 gave
the most favorable ratio between precipitation of indi-
vidual proteins (rmGAPDH and pmLDH) and coprecipita-
tion of protein complexes. The protein concentration was
kept low at 1.0 mg/mL to minimize the chances of nonspe-
cific interaction. For consistency in comparisons with
literature data, the buffer was chosen to be the same as the
buffer (50 mM Tris/HCl pH � 7.4, 2mM EDTA, 5 mM

-mercaptoethanol) used in earlier studies of functional
interaction between NAD(H) dehydrogenases.38,40,41,46

Sedimentation Velocity AUC Experiments

We used a Beckman XL-A instrument, An-60-Ti rotor,
and three sample cells with quartz windows and charcoal-
epon centerpieces with two sectors (12 mm optical path
length). For each cell the enzyme samples (1 mg/mL or 6.9
�M) were loaded in one sector and PEG-buffer in another.
Two cells had individual enzymes, and the third cell had
the enzyme mixture at the same loading concentration.
The AUC measurements were performed in the same
conditions as the coprecipitation experiments except that
sedimentation profiles were measured at 20 	 0.2°C. The
higher temperature was used to decrease solution viscos-
ity and shorten the long sedimentation process in the PEG
solutions. The temperature difference partially affects the
extent of coprecipitation. The experiments started with
the prescans at 3000 � g, and the sum of absorbances of
the individual enzymes was compared to the absorbance of
the mixture. From this comparison, we judge that 10% of
each enzyme coprecipitated in the absence of salt and no
coprecipitation was observed in the presence of salt. All
insoluble proteins precipitate during the prescans, and the
sedimentation profiles of soluble components were re-
corded at 40,000 � g, for 7 h, with scans every 15 min for
experiments without salt, and 12 min for experiments with
100 mM NaCl. All sedimentation profiles were collected as
a single scan with radial increments of 30 �m.

Because the molecular weights and sedimentation
parameters for rmGAPDH and phLDH are essentially
the same, we could use the self-association feature in the
SEDFIT program52 to simulate sedimentation profiles
that can be expected if a small fraction of the two-

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

INTERACTION BETWEEN NADH DEHYDROGENASES 503



protein complex is soluble. We set the molar hetero-
association constant, Ka

M,ha to a mathematically equiva-
lent self-association constant, Ka

M,sa � Ka
M,ha/4. However,

SEDFIT only calculates a self-association constant,
Ka

Ab,sa based, in our case, on total absorbance (Ab). The
molar and absorbance constants are related by Ka

M,ha �
Ka

Ab,ha (�A � �B � b/�AB), where b is the optical
pathlength (1.2 cm), � � 2�avg is the molar absorptivity
of the AB complex and ��� the average molar absorptiv-
ity of the two proteins. We chose Ka

M.ha � 1.77 �104 M�1,
which corresponds to an 11% association of the enzymes
at the loading concentration of 1 mg/mL each. Thus, a
Ka

Ab,sa � 0.0532 was used as a fixed variable in SEDFIT
to assess the quality of fit assuming an 11% association
of the enzymes at their loading concentrations (each at
6.9 �M).

The strategy was to calculate the best-fit RMSD with
SEDFIT when fixing the s and D values to those in Table I,
and assuming first, no hetero-association (Ka

Ab,sa � 10�20),
and an association constant (Ka

Ab,sa � 0.0532) correspond-
ing to an 11% association of each enzyme at the loading
concentration of 1 mg/mL. The hetero-association constant
for this 11% association is Ka

M,ha � 1.77 � 104M�1. These
two fits converged rapidly with the RMSD values specified
in Table I. Plots of experimental and best-fit sedimenta-
tion profiles are shown for both the nonassociating [Fig.
7(A)] and 11% associating cases [Fig. 7(B)] under salt-free
conditions. Similar plots were also generated for the 100
mM NaCl data set. The consequence of assuming higher
than 1:1 stoichiometry for the solution phase hetero-
complex, would be even larger disparities between experi-
mental and best-fit curves, because the s values of such
complexes would be larger than that assumed for the 1:1
complex.

Molecular Modeling

The program GRASP53 was used to calculate surface
electrostatic potentials on the solvent-accessible protein
surface, with all other parameters set at the program’s
default values (zero ionic strength, normal states of ioniza-
tion of amino acids at pH 7.0).

RESULTS
Mobility Shift Experiments in Native Agarose
Electrophoresis [Figs. 1(A–B) and 2(A–B)]

Native agarose electrophoresis experiments are uniquely
suited for detection of delicate protein–protein interac-
tions. The method allows exceptionally high protein concen-
tration that is limited only by protein solubility during the
gel loading. Electrophoresis experiments were used success-
fully in the past to demonstrate delicate interactions
between mitochondrial enzymes.26,54,55 Protein electro-
phoretic mobility is determined by its mass-charge ratio
and its shape.56 Thus, in case of interaction there is a shift
in protein electrophoretic mobility in the presence of
interacting protein relative to the mobility of the free
protein. The interaction specificity is tested by replacing
one of the interacting proteins with a protein that has very
similar net charge, size, and the same loading concentra-
tion.

We used agarose electrophoresis experiments to test for
interaction between rmGAPDH and phLDH [Fig. 1(A–B)]
or pmLDH [Fig. 2(A–B)]. A clear shift in electrophoretic
mobility is observed with rmGAPDH and phLDH [Fig.
1(A)]. The opposite net charge and a large electrophoretic
mobility makes rmGAPDH and phLDH ideal for mobility
shift experiments. In contrast, pmLDH and rmGAPDH
have very similar net charge and very low electrophoretic
mobility. Thus, the interaction can give only a small
retardation in mobility of rmGAPDH. The interaction
specificity [Figs. 1(B) and 2(B)] was tested by replacing
rmGAPDH (pI � 8.4, Mr � 142 kDa) with rabbit muscle
aldolase (15 mg/mL; pI � 8.2, Mr � 156 kDa), which is also
a glycolytic enzyme. No shifts in electrophoretic mobility
can be observed with rmALD and any of the two LDH
isozymes. In summary, the mobility shifts experiments
suggested that rmGAPDH and the two LDH isozymes
(phLDH and pmLDH) have a specific interaction at high
protein concentration.

PEG Coprecipitation [Figs. 3(A–B) and 4]

In parallel with agarose electrophoresis experiments we
used PEG coprecipitation experiments to study interaction
between rmGAPDH and the two LDH isozymes (phLDH
and pmLDH). To some extent PEG can mimic the excluded
volume effects present in living cells.4,9 PEG solutions lead
to lower solubility of macromolecules57,58 and favors pro-
tein–protein interactions.4,7,9 Protein solubility in PEG
solutions correlates with the protein size and the net
charge,57 so that associated proteins normally have signifi-
cantly lower solubility than the individual proteins.20,21,57

Thus, it is sometimes possible to find PEG concentrations
where individual proteins are soluble and coprecipitation
is observed in the mixture of interacting proteins.20–25,57

TABLE I. Best Fit for Sedimentation Velocity AUC
Experiments in PEG Solution

10�3 Buoyant
Molar Mass S S RMSD

No NaCl
phLDH alone 25.0 	 0.1 1.598 	 0.001 0.0162
rmGAPDH 26.3 	 0.02 1.576 	 0.002 0.0140
Mixture, no association [25.9] [1.58] 0.0244
Mixture, 11% association [25.9] [1.58] 0.0793

100 mM NaCl
phLDH 27.4 	 0.2 2.595 	 0.002 0.0131
rmGAPDH alone 27.8 	 0.2 2.525 	 0.002 0.0093
Mixture, no association [27.9] [2.55] 0.0390
Mixture, 11% association [27.9] [2.55] 0.0508

The sedimentation profiles were analyzed using SVEDBERG59 and
SEDFIT52 programs. The calculated s and D sedimentation parame-
ters represent the buoyant mass measured in the PEG solution. The
buoyant mass is defined as: Mb § RTs/D � Mr(1��́), where Mr is the
actual mass, � is the solution density, �́ is the partial specific volume, R
is the universal gas constant, T is absolute temperature. We present
buoyant mass because PEG solutions have different density and
viscosity then the routinely used buffers. The values shown in square
brackets were kept fixed in simulations of sedimentation profiles that
correspond to different extent of interaction between the soluble
proteins (see Methods). SS � sum of squares; RMSD � root-mean-
square-deviations.

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot
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The specificity of PEG induced interaction can be tested by
replacing one of the interacting proteins with another
protein that has very similar net charge and size (i.e., pI
and molecular mass).

We found that rmGAPDH and phLDH coprecipitate in
the PEG solution with approximately 1:1 stoichiometry
[Fig. 3, compare panels (A–B)]. Increasing concentration of
phLDH (0–14 �M or 0–2 mg/mL) was mixed in PEG
solution with rmGAPDH (6.93 �M, or 1.0 mg/mL). The
coprecipitation was determined by measuring enzymatic
activity of each protein [phLDH, Fig. 3(A); rmGAPDH, Fig.
4(B)] in pellets and supernatant after centrifugation at
4°C. phLDH is completely soluble in 10% (w/v) PEG 6000
solution in the absence of rmGAPDH. rmGAPDH is par-
tially soluble; 30% of protein will precipitate in the absence
of phLDH at starting concentration of 6.93 �M (1.0
mg/mL). That precipitation was subtracted as a back-
ground in the coprecipitation measurements. Two control
measurements showed that coprecipitation is specific.
First [Fig. 3(A)], phLDH did not precipitate in PEG
solution when 6.93 �M rmGAPDH (142 kDa, pI � 8.4) was
replaced with 6.9 �M rmALD (156 kDa, pI � 8.2). Second
[Fig. 3(B)], rmGAPDH did not precipitate when increasing

concentration of phLDH (144 kDa, pI � 5.1) was replaced
with increasing concentration of Bacillus stearothermo-
phlus GAPDH (142 kDa, pI � 4.8).

In comparison to phLDH, pmLDH (144 kDa, pI � 8.2)
has very different net charge and solubility in PEG
solution; 31–41% of pmLDH will precipitate in PEG
solution at a starting concentration of 1.0 mg/mL (6.93
�M). Nevertheless, like phLDH, pmLDH coprecipitates
with rmGAPDH with close to 1:1 stoichiometry (Fig. 4).
PEG induced coprecipitation between pmLDH (144 kDa,
pI � 8.2) and rmGAPDH was measured by adding increas-
ing concentrations of pmLDH (0–8 �M or 0–1.2 mg/mL) to
6.93 �M of rmGAPDH and vice versa. The coprecipitation
was analyzed by measuring enzymatic activity of each
protein (Fig. 4) in pellets and supernatant after centrifuga-
tion at 4°C. In parallel with the coprecipitation experi-
ment, we measured precipitation of individual proteins in
PEG solution, and those values were subtracted as back-
ground. In the control experiment, precipitation of pm-
LDH was within experimental error close to background
when rmGAPDH (142 kDa, pI � 8.4) was replaced with
rmALD (156 kDa, pI � 8.2).

In summary, rmGAPDH can coprecipitate in PEG solu-
tion with phLDH or pmLDH, two proteins with very
different net charge and solubility in PEG solution. No
coprecipitation was observed when one of interacting
proteins is replaced by another protein with very similar
net charge and size. PEG insoluble proteins have full
activity when resuspended in the absence of PEG, which
indicates that PEG induced coprecipitation is not a result
of protein denaturation. The coprecipitation between rm-
GAPDH and phLDH is not affected if 50 mM Tris/HCl
pH � 7.4, 1 mM EDTA is replaced with the buffer that was
used in the agarose electrophoresis experiments (50 mM
MOPS/KOH, pH � 6.9, 1 mM EDTA; Figs. 1 and 2).

Fig. 2. (A–B). Mobility shift experiments with pmLDH and rmGAPDH
(A); control experiment with pmLDH and rmALD (B). Lanes 1 and 8
contain only pmLDH (62 �M or 11 mg/mL), lanes 3 and 6 contain only
rmGAPDH (104 �M or 15 mg/mL), and all other lanes have the two
proteins together. The proteins were prepared in the running buffer plus
10% glycerol. Both proteins were loaded in the wells on the anode side of
the gel (20 �L each) and migrate towards the cathode. The difference in
mobility between free proteins and the protein mixture indicates interac-
tion. (B) In a control experiment, rmGAPDH (pI � 8.4; Mr � 142 kDa) is
replaced by rmALD (pI � 8.2; Mw � 156 kDa; 15 mg/mL), and all other
conditions were kept the same. Lanes 1 and 8 contain only rmALD (93 �M
or 15 mg/mL), lanes 2 and 7 contain only pmLDH (62 �M or 11 mg/mL),
and all other lanes have both proteins. Both gels were run for 5 h; the
electric field was 3.5 V/cm, the buffer temperature was kept between
4–8°C, and the buffer was 50 mM MOPS/KOH pH �6.9, 2 mM EDTA, 5
mM 
-mercaptoethanol.

Fig. 1. (A–B). Mobility shift experiment with phLDH and rmGAPDH
(A); control experiment with phLDH and rmALD (B). Lanes 1 and 8
contain only phLDH, lanes 3 and 6 contain only rmGAPDH, all other lanes
contain both enzymes. The proteins were prepared in running buffer plus
10% glycerol; 20 �L of phLDH (76 �M or 12 mg/mL) was loaded at the
cathode side, and 20 �L of rmGAPDH (104 �M or 15 mg/mL) was loaded
in the middle. The electrophoresis run time was optimized to observe a
maximal shift (�4 to 5 h). phLDH moves from cathode to anode crossing
the incoming front of rmGAPDH. The shift in electrophoretic mobility
indicates interaction (lanes 2, 4, 5, and 7 vs. lanes 1 and 8 or lanes 3 and
6). (B) In the control experiment rmGAPDH (pI � 8.4, Mr � 142 kDa) was
replaced with rmALD (15 mg/mL, pI � 8.2, Mr � 156 kDa) and all other
conditions were kept the same. In all experiments the running buffer was
50 mM MOPS/KOH pH � 6.9, 2 mM EDTA, 5 mM 
-mercaptoethanol.
The temperature was controlled at 4–8°C and the electric field was 3.5
V/cm. The proteins were detected by coomassie staining. phLDH has two
mobility fronts; the dominant first front corresponds to H4 tetrameter, and
the lagging front corresponds to the H3M tetramer.
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Sedimentation Velocity AUC Experiments in the
Presence of 10% w/v PEG 6000 [Fig. 5(A–D)]

A PEG solution and the high protein concentration in
vivo can favor protein–protein interaction, but those condi-
tions can also lead to a decrease in protein solubility.57,58

Protein solubility in PEG solution correlates with its size
and the net charge,57,58 so it could be expected that a PEG
induced complex will have a significantly lower solubility
than the individual components. For example, the PEG-
induced complex between mitochondrial malate dehydroge-
nase and citrate synthase is completely insoluble.20 Never-
theless, such insoluble complex is active in substrate
channeling,27 and substrate channeling is likely to exist
between citrate synthase and malate dehydrogenase in
living cells.17,18 We use sedimentation velocity AUC experi-
ments to measure to what extent a PEG-induced complex
between rmGAPDH and phLDH is soluble in PEG solu-
tion.

Sedimentation profiles for individual proteins and the
two-protein mixture were measured in parallel using a
rotor with three sample cells (see Methods). We first
analyzed selected scans for individual proteins using the
SVEDBERG59 and SEDFIT52 programs. The two pro-
grams gave identical sedimentation parameters except for
the difference in the statistics for the fit quality, which can
be explained by different adjustable parameters used by
each program. The fits converged readily (Table I) with
small RMSD (Table I) and randomly distributed errors
(not shown). Next, we analyzed the sedimentation profiles

Fig. 3. (A–B). PEG induced coprecipitation between phLDH and rmGAPDH. (A) Coprecipitation of rmGAPDH (at fixed concentration 1.0 mg/ml, 6.9
�M) in the presence of variable concentration of phLDH (E) or B. Stearothermophlus (bsGAPDH) (F). (B) PEG-induced coprecipitations of phLDH
(varying from 0 to 2 mg/mL, 0 to 14 �M) in the presence of 1.0 mg/mL (6.9 �M) of rmGAPDH (E) or rmALD (F). All experiments used 50 mM Tris/HCl
pH � 7.4, 1 mM EDTA, 5 mM 
-mercaptoethanol and 10% w/v of PEG 6000.

Fig. 4. PEG-induced coprecipitations between pmLDH and rm-
GAPDH. (E) Coprecipitation of pmLDH (varying from 0 to 1.2 mg/mL, 0 to
8.3 �M) in the presence of rmGAPDH (fixed at 1.0 mg/mL, 6.9 �M). (�)
Coprecipitation of rmGAPDH (varying from 0 to 1.2 mg/mL, 0 to 8.3 �M) in
the presence of pmLDH (fixed at 1.0 mg/mL, 6.9 �M). (F) A control
measurement; coprecipitation of pmLDH (fixed at 1.0 mg/mL, 6.9 �M) in
the presence of rmALD (varying 0 to 1.2 mg/mL, 0 to 7.8 �M). All
experiments used 50 mM Tris/HCl pH � 7.4, 1 mM EDTA, 5 mM

-mercaptoethanol and 10% w/v of PEG 6000.

Fig. 5. (A–D). Sedimentation velocity profiles for phLDH and rm-
GAPDH in the presence of 10% (w/v) PEG 6000 without NaCl (A–B) and
with 100 mM NaCl (C–D). (A–B) Selected sedimentation profiles for
phLDH and rmGAPDH in 10% w/v PEG 6000 and 50 mM Tris/HCl pH �
7.4, 1 mM EDTA-Na, 5 mM 
-mercaptoethanol. The full line indicates the
actual scans, and the dotted line indicates numerical simulation for no
association (A), and 11% association (B), at the loading concentration of
6.9 �M. (C–D) Same as in (A–B), except that the buffer had 100 mM
NaCl. In all four figures sedimentation was measured at 20 	 0.2°C,
40,000 � g, for 7 h, with the absorbance scans every 15 (A–B) or 12 min
(C–D).

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot
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of rmGAPDH and phLDH mixture using a two-noninteract-
ing species model. The fit was unsuccessful due to lack of
conversion; which is understandable because phLDH and
rmGAPDH have very similar sedimentation properties
(Table I). Actually, the sedimentation profiles of the two
protein mixture gave a good fit to the single species model
[Fig. 5(A)]. A good fit to the single species model was the
first indication that there is no higher molecular weight
complex present as a soluble form in the PEG solution. In
fact, the high similarity in the sedimentation parameters
for phLDH and rmGAPDH (Table I) gave us a unique
opportunity to use the self-association model in the SED-
FIT program to simulate the sedimentation profiles that
can be expected if a small fraction of soluble complex is
present in PEG solution (see Methods). The clear differ-
ence between the actual sedimentation profiles and the
profiles that simulate 11% association shows that it is very
unlikely that even a small fraction of phLDH–rmGAPDH
complex can exist as a soluble form in the PEG solution
[Fig. 5(B)].

An increase in ionic strength generally leads to an
increase in protein solubility in PEG solution.57,58 Indeed,
we find that adding 100 mM NaCl will abolish the PEG
induced precipitation of rmGAPDH, and the coprecipita-
tion between rmGAPDH and phLDH. The AUC experi-
ments showed that there is no soluble complex between
phLDH and rmGAPDH in PEG solution in the presence of
salt [Fig. 5(C–D)]. Thus, an increase in ionic strength leads
to higher protein solubility in PEG solution, the absence of
coprecipitation, and a breakup of the complex. All three
observations can be attributed to a change in the physical
properties of PEG solution caused by the addition of salt,
as indicated by a change in the protein sedimentation
parameters measured with and without the salt (Table I).
A lack of a soluble complex in the presence of salt should
not be misinterpreted as evidence that the complex cannot
form at the higher ionic strength present in vivo. The
extent to which an increase in ionic strength affects
protein function and the excluded volume effect depends
on ion type and on the reagent used to create the excluded
volume effect.8 PEG cannot create exactly the same ex-
cluded volume effect as macromolecules at high concentra-
tion in vivo.8 Also, Na� and Cl� do not represent the
complex ion mixture in cytoplasm.8

In summary, it appears that rmGAPDH and phLDH can
form only an insoluble complex in PEG solution. It is
possible that at high protein concentration in vivo those
two proteins exist only as an insoluble complex. Many
proteins are likely to be insoluble at exceptionally high
protein concentrations present in vivo.1,3,8 In vivo, two
proteins can interact by adsorption on cellular struc-
tures,30,31,37 while in the PEG coprecipitation experiments
the initial PEG induced aggregates of rmGAPDH could
trigger coadsorption of rmGAPDH and phLDH.

PEG Coprecipitation in the presence of NADH and
NAD� [Fig. 6(A–B)]

Protein–protein interactions are often modulated by
metabolites.22,38,55,60 The metabolite-mediated protein in-

teractions can be a metabolic control mechanism in vivo.
We tested how NAD� and NADH affect the interaction
between rmGAPDH and phLDH by measuring PEG in-
duced coprecipitation in the presence of each cofactor. We
found that PEG induced coprecipitation between rm-
GAPDH and phLDH can be easily abolished by saturation
with NADH, but not by saturation with NAD� [Fig.
6(A–B)]. Stoichiometric concentration of NADH will dis-
rupt the coprecipitation [Fig. 6(A)], while NAD� does not
affect the coprecipitation even when present in a 100-fold
higher concentration [up to 1 mM; Fig. 6(B)]. NADH and
NAD� differ in the net charge and have different binding
properties with each enzyme.61–63 Interestingly in the
absence of phLDH, rmGAPDH has different solubility in
PEG solution in the presence of NAD� and NADH (Fig. 6).
Thus, we propose that the difference in solubility of
rmGAPDH in the presence of NAD� and NADH leads to
the difference in PEG-induced coprecipitation between
phLDH and rmGAPDH in the presence of each cofactor.

Structural Studies of GAPDH Interaction with Two
LDH Isozymes [Fig. 7(A–D)]

A specific interaction between GAPDH and LDH
isozymes means that those proteins have complementary
surfaces that can support such interaction. There is exten-
sive structural information on LDH and GAPDH enzyme
families (Fig. 7). We used molecular modeling studies in
search for complementary surface shape, electrostatic
potentials,53 and overall symmetry between the tetramers
of rmGAPDH and phLDH or pmLDH (Fig. 7). A similar
study in the past showed that enzymes in the TCA cycle
shared complementary surface potentials and topology
that can support functional interaction in vivo.64 In Figure
7(A), GAPDH tetramer is shown with its crystallographic
R and Q axis65 in the plane of the paper facing phLDH
tetramer with its crystallographic P and Q axis66 parallel
with the plane of the paper. The docked models show
complementary size, symmetry, and surface topology, with
two subunits interfaced below the plane of paper, and two
subunits interfaced above the plane of the paper [Fig.
7(A)]. A closer examination shows that interacting sub-

Fig. 6. (A–B). PEG-induced coprecipitation between phLDH (E) and
rmGAPDH (�) in the presence of increasing concentration of NADH (A)
or NAD� (B). The background precipitation of rmGAPDH (i.e., precipita-
tions in the absence of phLDH) is indicated in the figures (■) and not
subtracted from the coprecipitation profiles (E, �). The concentration of
each enzyme was kept fixed at 1.0 mg/mL (6.9 �M) for a total of 13.8 �M
native enzyme or 55.2 �M coenzyme binding sites. All experiments used
50 mM Tris/HCl pH � 7.4, 1 mM EDTA, 5 mM 
-mercaptoethanol and
10% w/v of PEG 6000.
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Fig. 7. (A–C). Molecular modeling studies of interaction between rmGAPDH and two LDH isozymes (Brookhaven Protein Data Bank: phLDH,
5LDH;66 pmLDH, 9LDT;73 and rmGAPDH, 1j0x65). (A) A stereoview of phLDH tetramer (blue) facing rmGPADH tetramer (red) based on complementary
shapes and symmetry. rmGAPDH is shown with its crystallographic R and Q axis65 in the plane of the paper facing phLDH with its crystallographic P and
Q axis66 roughly parallel to the plane of the paper. NAD� molecules are shown in black to indicate NAD� binding sites. For better orientation we have
inserted two NAD� molecules in the O and Q subunits of rmGAPDH using structural similarities between rabbit and human enzyme.74 (B) A stereoview
of a closeup of the interface between phLDH (blue) and rmGAPDH (red) as shown in (A). (C) Electrostatic potentials (GRASP53) surrounding the NAD(H)
binding site for phLDH (left, scale 	4 kBT/e), rmGAPDH (middle, scale 	10 kBT/e), and pmLDH (right, 	4 kBT/e). The surface potential is proportional to
the color intensity: negative potentials, red, and positive potentials, blue. The surface potentials on the solvent-accessible surface are shown
“transparent” so that it is possible to see solvent exposed parts of bound NAD� (green). The enzymes are shown with their suggested docking surfaces
facing the reader. GAPDH is shown with its NAD(H) binding cavity facing the reader and its R axis perpendicular to the plane of paper. For better
resolution only one subunit of each LDH isozyme is shown and GAPDH is shown as a dimer (P and Q subunits) as indicated in the text. Thus, the GAPDH
model is shown about two times smaller than the LDH models.



units form a partially secluded cavity between the two
NAD(H) binding sites [Fig. 7(B)].

Next, we have analyzed complementary electrostatic
potentials around the proposed docking surfaces [Fig.
7(C)]. GAPDH is shown as a dimer [Fig. 7(A)], because
NADH binding sites are buried in the cofactor binding
cavity between the two subunits [Fig. 7(B)] and not readily
accessible for interaction with other proteins. Looking
down the crystallographic R axis into the NADH binding
cavity, we found that the surface outlining the cavity has
predominantly positive potential [Fig. 7(C); the scale was
adjusted to 	10 kBT/e, where kB � 1.381 10�23 J/K, T �
278 K, e � 1.6022 � 10�19 C). As a result, there is also a
uniform positive potential in the space that fills the
cofactor binding cavity [Fig. 7(A–B)].

LDH subunits are predominantly H form in heart and
predominantly M form in smooth and skeletal muscle.62

Interestingly, even though heart and muscle isozymes
have very different pI and kinetic properties,62 the surface
surrounding the NAD(H) binding site is conserved be-
tween the two forms.67 In both forms the protein surface
surrounding the NADH binding site has no charged amino
acids,67 the surface potential is weak, and clear patches
can be seen only when the scale is adjusted to 	4 kBT/e
[Fig. 7(C)]. Nevertheless, the resulting surface clearly
shows a predominantly negative electrostatic potential
separated by a trace of neutral and positive potential. The
trace of positive potential corresponds to the binding site
for the two negatively charged phosphate groups on
NAD(H). Those phosphate groups were not included in the
calculation shown in the Figure 7(C). However, when the
phosphate groups from bound NAD(H) are included in
calculation, the surface surrounding the NAD(H) binding
site has a uniform negative potential on both LDH
isozymes. The negative potential on LDH isozymes comple-
ments the positive potential in the space that fills the
cofactor binding cavity of rmGAPDH.

DISCUSSION

GAPDH and LDH are part of the glycolytic pathway, the
major metabolic pathway that provides cells with meta-
bolic precursors and a rapid source of energy. Combined
action of GAPDH and LDH is crucial for maintaining a
healthy balance between glycolysis and the cytosolic NAD�/
NADH pool. The cytosolic NAD�/NADH pool can also
affect cellular respiration and the mitochondrial NAD�/
NADH pool,49 and cellular anabolic processes that depend
on NADP�/NADPH pool (i.e., malate dehydrogenase
isozymes). The three pools are highly unequilibrated,68

with cytosolic [NAD�]/[NADH] � 700, cytosolic [NADP�]/
[NADPH] � 0.1, and mitochondrial [NAD�]/[NADH] �
0.1. The mechanism and the extent of communication
between the different NAD(H) and NADP(H) pools is not
known; however, there is no doubt that the connection
between different pools is a vital part of cell physiology and
tumor development.69 GAPDH is the most abundant glyco-
lytic enzyme, and the most abundant NADH dehydroge-
nase in cytosol.33 In that context it is not surprising that
GAPDH affects cell physiology far beyond its catalytic role

as a glycolytic enzyme (reviewed by Sirover32). Several
studies indicated that GAPDH binds to cytoskeletal net-
works and cellular membranes together with other glyco-
lytic enzymes.29,36,37 An assembly between glycolytic en-
zymes is also often debated,37 because its molecular
mechanism and the functional consequences are not fully
understood. In this study we show that mammalian
GAPDH can interact with LDH isozymes from heart and
muscle. This conclusion is consistent with recent in vivo
studies that suggested that in red blood cells LDH could
bind cell membranes through GAPDH.37

Interaction between GAPDH and two LDH isozymes
further supports earlier proposals49 that there is some
degree of separation between glycolysis and cellular NAD�/
NADH pool. How interaction between GAPDH and two
LDH isozymes affects kinetic properties of each enzyme
has to be described in a separate manuscript (Svedružić et
al., in preparation). Briefly, it has been suggested that
there is NAD(H) channeling38,40,41 between cytosolic and
mitochondrial NAD(H) dehydrogenases of opposite chiral
specificity.42 However, some of the channeling results
have been extensively debated.43–48 One of the criticisms
of NADH channeling is the absence of detectable complex
between NAD(H) dehydrogenases.46–48 Accordingly, this
study can be one of the missing links in the NAD(H)
channeling debate.

The presented interaction between GAPDH and two
LDH isozymes is specific: (1) the interaction was observed
using two independent methods, PEG coprecipitation and
native agarose electrophoresis; (2) rmGAPDH associates
with two LDH isozymes that have very different net
charge and solubility in PEG solution, while no interaction
was observed when one of interacting enzymes is replaced
by another protein with closely similar size and the net
charge; (c) the interaction can be broken by micromolar
concentration of common ligand NADH; (4) no interaction
can be detected between mammalian LDH isozymes and
GAPDH from other species even though GAPDH enzymes
from different species share more than 55% sequence
identity and a highly conserved backbone fold (see the next
paragraph).

Like rmGAPDH, porcine muscle GAPDH (pmGAPDH)
shows PEG induced coprecipitation with phLDH and
pmLDH. This is not surprising, because a sequence align-
ment shows that rabbit and porcine GAPDH share 96.5%
sequence identity.70 We chose to work with rmGAPDH,
rather than pmGAPDH, because rmGAPDH is more readily
accessible and better described in the literature.61,65 Mam-
malians have only one GAPDH isozyme in different or-
gans.71 The structure of NAD(H) binding domain in
NAD(H) dependent dehydrogenases is highly conserved.71

Thus, we analyzed interaction between other NAD(H)
dehydrogenases of opposite chiral specificity42 using PEG
coprecipitation and agarose electrophoresis experiments.
We find no interaction between phLDH and rabbit muscle
glycerol-3-phosphate dehydrogenase, bakers yeast GAPDH,
or Bacillus stearothermophlus GAPDH (bsGAPDH). No
interaction was observed in the same experiments if
phLDH was replaced with pmLDH, or porcine heart
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mitochondrial or cytosolic malate dehydrogenase. In sum-
mary, the PEG coprecipitation, and the agarose mobility
shift experiments did not show interaction between differ-
ent NADH dehydrogenases even though those enzymes
have a highly conserved backbone fold and sometimes
more than 50% sequence identity (e.g., rmGAPDH vs.
bakers yeast GAPDH, or Bacillus stearothermophilus
GAPDH). Another study from our group showed that the
earlier reported high affinity interaction (Kd � 1 �M)
between mammalian glycerol-3-phosphate dehydrogenase
and lactate dehydrogenase is not valid.72 Thus, if there is a
functional interaction between different NAD(H) dehydro-
genases in living cells33,49 it is very likely that such
interactions can be difficult to detect with purified pro-
teins. Similar conclusion came from studies of functionally
interactions between mitochondrial enzymes in TCA
cycle.16
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