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ABSTRACT: Phosphoglycerate kinase (PGK) catalyzes a reversible phospho-transfer reaction between ATP
and 3-phosphoglycerate (3-PG) that is thought to require a hinge-bending motion in the protein that brings
two separate substrate-binding domains together. We have used difference infrared spectroscopy to better
understand the conformational changes that are unique to the PGK-ATP-3-PG complex. Caged nucleotides
(caged-ADP and caged-ATP) were used to initiate nucleotide binding to PGK or PGK-3-PG complexes.
The difference spectra include those of PGK-ATP minus PGK, PGK-3-PG-ATP minus PGK-3-PG,
PGK-3-PG-ADP minus PGK-3-PG, and PGK-ADP minus PGK. The resulting spectra were compared
in attempts to identify bands associated with each PGK complex. In addition, complementary activity
assays were performed in the presence of caged-nucleotides. While PGK activity decreased in the presence
of caged-ADP, the activity was not influenced by the addition of caged-ATP. The activity assay results
suggest that the caged-ADP may interact with PGK substrate binding site(s) and inhibit phospho-transfer.
Therefore, additional difference infrared nucleotide exchange experiments were used to isolate the
differences between ADP and ATP binding to PGK. Difference FTIR spectra obtained on PGK-
nucleotide-3-PG complexes show distinct bands that may result from amino acid side chains as well as
structural changes in the hinge region and/or increased interactions such as salt bridges forming between
the two domains. The infrared data obtained on the active ternary complexes show evidence of changes
in R-helix andâ-structures as well as signals consistent with Arg, Asn, His, Lys, Asp, Glu, and additional
side chains that are uniquely perturbed in the active ternary complex as compared to other PGK complexes.

The 45 kDa PGK1 enzyme catalyzes the reversible
phospho-transfer between 1,3-bisphosphoglycerate (1,3-bPG)
and ADP to form 3-phosphoglycerate (3-PG) and ATP. PGK
crystal structures show that PGK has two domains, the
N-terminal domain that binds 3-PG and the C-terminal
domain that binds MgATP or MgADP (1, 2). Both domains
of yeast PGK containâ strands that are surrounded by
R-helices. The two domains are connected through a hinge
region containingR, â, and irregular structures (2). It has
been proposed that PGK must have a hinge-bending motion
that brings the ATP closer to the 3-PG in order for the
phospho-transfer reaction to occur (1). A hinge atâ-strand
L and additional salt bridges between domains are thought
to be involved in domain closure (3-7). The general
sequence and structure of PGK is highly conserved. To date,
numerous crystal structures on different PGK complexes
from a variety of sources have been obtained (for examples,

see refs1-3, 6-14). Many of these crystal structures are
compared in Lee et al. (7). PGK crystals obtained in the
presence of MgATP suggest multiple orientations of the
terminal phosphate (10). Although the binding of two
substrates was proposed to result in a closed conformation,
many of the crystallized ternary complexes (PGK-ADP-
3-PG or PGK-ATP-analogue-3-PG) retain open structures,
as do many of the binary complexes (PGK-ADP and PGK-
ATP) (2, 3, 10, 11, 13, 14). The closed crystal structures
that have been obtained are theThermotoga maritima
AMPPNP-3-PG complex (6) and theTrypanosoma brucei
MgADP-3-PG complex (8, 9). Studies that have compared
many structures have shown that the species specific contacts
between domains stabilize crystal conformations and help
explain why domain closure is prevented in some PGK
ternary complexes (12).

While crystal structures have not provided much evidence
for a hinge-bending motion in yeast PGK, solution NMR
studies suggest a PGK hinge-bending motion. The NMR
studies also suggest that PGK may exist in multiple fluctuat-
ing conformations. Some of these conformations indicate
greater flexibility and shorter distances between ATP and
3-PG for PGK in solution as compared to the PGK crystals
(15-17). In addition to providing some evidence for domain
closure, the NMR data have also shown that there is a
primary anion binding site in the “basic patch” region of
the N-terminal domain (18). The primary anion binding site
shares two residues with the 3-PG binding site, His62 and
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Arg168, and has helped explain why high sulfate concentra-
tions influence PGK structure and activity (15, 19, 20).

Additional evidence for domain closure in the ternary
complexes was obtained from small-angle X-ray scattering
experiments (SAXS) on human PGK (5). The results on the
human PGK-MgATP-3-PG complexes also agree with
previous studies on yeast complexes and favor a closed
structure (5, 21). Interestingly, the SAXS studies on human
PGK-MgADP-3-PG complexes show some closure but not
as much as the PGK-MgATP-3-PG structures (5). The
SAXS results further solidify the assertion that the solution
ternary complexes may be more compact than crystal
complexes (5). Furthermore, protein unfolding studies on pig
muscle and yeast PGK have indicated that the binding of
either nucleotide (MgATP or MgADP) or 3-PG to yeast PGK
stabilizes the overall structure (4). The unfolding studies also
show that MgADP binding has a greater stabilization as
compared to ATP binding, with the MgADP-PGK-3-PG
ternary complexes being the most stable complexes studied
(4). The increased stability of the ternary complexes may
suggest additional interactions between side chains that are
involved in domain closure (4).

The crystal structure of the yeast ternary complex shows
an open conformation, while other SAXS and NMR studies
suggest a closed structure. In order to obtain more informa-
tion about the various PGK conformations, especially the
active ternary complex, we have used difference Fourier
transform infrared spectroscopy (FTIR). Difference FTIR has
been successfully used to observe conformational changes
in the protein backbone and side chains induced by substrate
binding (for review, see refs22, 23). This technique has
allowed us to monitor protein structural changes induced by
nucleotide binding to PGK in the presence and absence of
3-PG. In order to monitor these small structural changes,
spectra must be collected before and after nucleotide binding.
A caged-nucleotide is a convenient way to externally initiate
substrate binding to PGK and generate high signal-to-noise
difference infrared data. We used difference infrared spec-
troscopy to obtain information on each of the PGK com-
plexes under the same conditions. The comparison of the
data obtained on each of the complexes allows us to identify
peaks specific to each of the ternary complexes and gain
additional molecular level information about structural dif-
ferences between the binary and ternary complexes. In
addition, we have used nucleotide exchange experiments to
isolate bands that arise from the differences associated with
ADP and ATP binding to PGK and PGK-3-PG complexes.
Some bands that were observed in the ternary complex
difference spectra may be associated with the hinge-bending
motion and the additional contacts between the C and N
domains when PGK adopts a more closed conformation.

MATERIALS AND METHODS

Materials.Yeast phosphoglycerate kinase was purchased
from Sigma-Aldrich and exchanged into buffer M that is
composed of 20 mM Hepes, 1 mM MgCl2, 1 mM dithio-
threitol, and 1 mM EDTA, pH 7.5. Exchange was performed
by centrifuging PGK in a Microsep 10k Omega centrifugal
device from Pall Life Sciences with at least four dilution
and concentration steps. The concentration of PGK was
determined using the molarε280) 2.1400× 104 M-1 cm-1

(4, 24). The caged nucleotides,P3-(1-(2-nitrophenyl)ethyl)-
ester adenosine 5′-triphosphate (NPE-ATP) andP2-(1-(2-
nitrophenyl)ethyl)ester adenosine 5′-diphosphate (NPE-
ADP), were purchased from Molecular Probes and dissolved
in buffer M. Dithiothreitol, 3-phosphoglyceric acid (3-PG),
reduced nicotinamide adenine dinucleotide (NADH), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), ATP, and
ADP were purchased from Sigma-Aldrich.

PGK ActiVity Assays.The rates for the reaction converting
ATP and 3-PG to 1,3-bPG and ADP were determined using
an enzyme-coupled assay previously described by Scopes
(25) with several minor modifications. The assays were
performed at room temperature in a Perkin-Elmer Lambda
2S UV/vis spectrometer. Each assay contained ATP with
concentrations ranging from 0.025 to 0.25 mM, 0.16 mM
NADH, 5 mM 3-PG,∼1.7 µM GAPDH, and∼1 nM PGK
in buffer M. Additional assays were performed containing
either 0.5 mM NPE-ATP or 0.5 mM NPE-ADP. In order to
determine if PGK was still active in buffer salt concentrations
that are estimated for partially dehydrated infrared sample
conditions, additional activity assays were performed in a
buffer containing 2000 mM Hepes, 100 mM MgCl2, 100 mM
dithiothreitol, and 100 mM EDTA, pH 7.5 (100× buffer M).

Preparation of IR Samples.The infrared samples contained
approximately 10-25 nmol of protein, 80-170 nmol caged-
nucleotide, and 10:1 ratio of dithiothreitol to caged-nucleotide
in a final volume of approximately 100µL. Some samples
also contained a 5:1 ratio of 3-PG to PGK. PGK in buffer
M (H2O) was used for all infrared experiments. The protein
samples were deposited on calcium fluoride windows and
then partially dehydrated under a stream of nitrogen to
decrease the strong water absorbance (26). Estimates obtained
by weighing samples before and after dehydration suggest
that the concentration of all components, including buffer
salts, would increase by a factor of 100 after partial
dehydration. A second calcium fluoride window was placed
on top of the sample film (without a spacer) to form the
infrared cell. The cell was placed in the Nicolet 560 Magna
spectrometer equipped with a Mercury cadmium telluride/A
liquid nitrogen-cooled detector. The resolution of the spectra
was 4 cm-1. Five hundred scans were coadded for each
interferogram with the use of a mirror velocity of 1.8998
cm/s and a Happ-Genzel apodization function. Each spectrum
took approximately 5 min to collect. The infrared samples
were kept at-2 to -5 °C using a Fisher Scientific water
bath and a Harrick temperature controller. A nitrogen laser
(LSI Laser Science, Inc) was used to illuminate samples in
the spectrometer and externally initiate photolysis of the
caged-nucleotides.

Difference Infrared Spectra.Light-minus-dark infrared
spectra were generated by taking a ratio of a single-beam
spectrum taken after photolysis to a single-beam spectrum
taken before photolysis (Figure 1). Multiple spectra were
obtained before photolysis. A ratio was made of the spectra
taken before photolysis to ensure that no significant spectral
changes were observed before photolysis (Figure 1, dashed
line). Three light-minus-dark infrared spectra obtained on
each caged-nucleotide (caged-ATP or caged-ADP) in the
absence of protein were averaged. Three light-minus-dark
difference spectra on similar protein samples were averaged
for each set of sample conditions. For direct comparison of
the four different protein complexes, the averages of the
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difference spectra were then normalized for protein content
using the amide I (∼1650 cm-1) vibration of the correspond-
ing averaged absorbance spectra. Normalization of spectra
was also obtained using the amide II (∼1550 cm-1) vibration
and spectra were found to be nearly identical to those
presented in this paper (data not shown). Difference infrared
spectra were generated by subtracting the averaged, weighted-
difference infrared spectrum of a sample containing only
caged-nucleotide (Figure 1, dotted line) from an averaged
difference spectrum containing caged-nucleotide and protein
(Figure 1, long dashed line). The strong 1525 and 1344 cm-1

bands associated with asymmetric and symmetric NO2

vibrational peaks from the nitrophenyl cage were used to
normalize the amount of nucleotide released between samples
(27). Difference data were obtained using caged-ADP and
caged-ATP to generate PGK-ATP minus PGK and PGK-
ADP minus PGK difference spectra. In addition, data were
also collected for samples that contained PGK-3-PG and
caged-nucleotides in order to obtain PGK-ATP-3-PG
minus PGK-3-PG and PGK-ADP-3-PG minus PGK-3-
PG data. Direct comparison of the difference spectra shown
in Figures 2-4 can be performed.

PGK samples containing ADP or ADP and 3-PG with
caged-ATP were used to investigate the effects of nucleotide
exchange on PGK complexes. Samples contained 10-15
nmol of PGK, 140 nmol of caged-ATP, 15 nmol of ADP,
and 1.5µmol of DTT. Some samples also contained 15 nmol
of 3-PG. For direct comparison of the two different protein
complexes (PGK-ADP and PGK-ADP-3-PG), the light-
minus-dark averages were then normalized for protein
content using the amide I (∼1650 cm-1) vibration of the
corresponding averaged absorbance spectra. Three light-
minus-dark difference spectra on similar samples were
averaged for each set of sample conditions, and subtractions
to remove contributions from the photolytic release of the

cage were performed as described above in order to yield
the PGK-ATP minus PGK-ADP and PGK-ATP-3-PG
minus PGK-ADP-3-PG difference spectra shown in Figure
5.

RESULTS AND DISCUSSION

Enzyme ActiVity Assays.An enzyme-coupled activity assay
was used to monitor the activity of PGK. The assay couples
the formation of every 1,3-bPG to the oxidation of one

FIGURE 1: Spectra generated by taking a ratio of a spectrum taken
after photolysis to a spectrum taken before photolysis on samples
containing caged-ATP (dotted line, top) and caged-ATP and PGK
(long dashed line, top). A control difference spectrum (dashed line)
was obtained on the sample containing caged-ATP and PGK by
taking a ratio of two spectra taken before photolysis. The resulting
difference spectrum PGK-ATP minus PGK (solid line) obtained
after normalization of caged-ATP spectrum (dotted line) was
subtracted from the PGK+ caged-ATP (long dashed line) spectrum.
Tick marks correspond to 5× 10-3 absorbance units.

FIGURE 2: Difference spectra generated by subtracting a normalized
light minus dark difference spectrum of caged-nucleotide (average
of spectra obtained in the absence of protein) from a light-minus-
dark averaged spectrum containing protein and caged-nucleotide.
The 1800-1300 cm-1 region of the difference spectra shown are
for the following: PGK-ATP minus PGK, PGK-ADP minus
PGK, PGK-ADP-3-PG minus PGK-3-PG, and PGK-ATP-3-
PG minus PGK-3-PG. Tick marks correspond to 5× 10-3

absorbance units.

FIGURE 3: Difference spectra generated by subtracting a normalized
light-minus-dark difference spectrum of caged-nucleotide (average
of spectra obtained in the absence of protein) from a light-minus-
dark averaged spectrum containing protein and caged-nucleotide
(same as shown in Figure 2). The 1800-1300 cm-1 region of the
difference spectra shown are for the following: PGK-ADP minus
PGK (solid line) and PGK-ADP-3-PG minus PGK-3-PG (dashed
line). The shaded areas highlight the differences between the two
spectra. Tick marks correspond to 5× 10-3 absorbance units.
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NADH. The rates of PGK activity were calculated from the
change in NADH concentration over time. Three samples
were assayed and averaged for each rate presented in Table
1. Caged-ATP (0.5 mM) was added to the assays at each
concentration of ATP. PGK activities calculated from assays
performed in the presence and absence of caged-ATP were
very similar to those obtained in the absence of any caged-
nucleotides. Therefore, we suggest that the presence of caged-
ATP is not significantly preventing ATP and/or 3-PG from
binding under the conditions used for the activity assays.
However, activity assays performed in the presence of caged-

ADP (0.5 mM) resulted in decreased activity at all concen-
trations of ATP tested. Inspection of the crystal structure
indicates that the interaction of caged-ADP with the nucle-
otide binding site may position the cage in such a manner
that the 3-PG is unable to successfully bind to PGK (2).
Equilibrium dialysis experiments have also suggested that
MgADP binding is competitive with both MgATP and 3-PG
binding (28). It should be noted that we are not able to
perform activity assays in conditions that directly mimic the
protein, nucleotide, and caged-nucleotide concentrations
present in the infrared films. However, we can determine
PGK activity in concentrations of buffer salts that are similar
to those found in the infrared samples.

In order to ensure that PGK is still active in the high
concentrations of buffer salts that are present in infrared
samples, activity assays were performed in 100× buffer M
(26). The high salt activity assays indicated that the PGK
had rates of approximately 25% of the original activity
observed in buffer M, yet the PGK was still able to perform
the phospho-transfer reaction. Additional activity assays were
performed in variations of 100× buffer M in order to
determine the buffer component that was responsible for the
decreased rates. Activity assays were performed in multiple
buffers that contained 100× concentrations of each of the
original buffer M components (HEPES, EDTA, MgCl2, and
DTT) while buffer M concentrations of the other three
components were maintained. The results of these additional
assays suggest that the high HEPES concentrations are
responsible for the decreased activity observed in the 100×
buffer M activity assays (data not shown). Previous studies
have suggested that sulfate ions can interfere with substrate
binding and decrease enzyme activity (2, 25, 29). Therefore,
it is likely that high concentrations of HEPES may interfere
with substrate binding. It should be noted that PGK-3-PG
samples start at low HEPES concentrations (20 mM), where
the 3-PG is most likely initially bound to the enzyme, but
the buffer concentrations will gradually increase as partial
dehydration occurs.

Difference Infrared Spectra.Light-minus-dark difference
spectra obtained on various PGK samples were generated
by taking a ratio of a spectrum taken after photolysis to one
taken before photolysis. The averaged light-minus-dark
spectra obtained in the absence of protein were normalized
for photolytic release and then subtracted from the averaged
difference spectra taken in the presence of protein. The
following difference spectra were generated and are shown
in Figures 2-4: PGK-ATP minus PGK, PGK-ADP minus
PGK, PGK-ATP-3-PG minus PGK-3-PG, and PGK-
ADP-3-PG minus PGK-3-PG. Individual samples that
contained a 4:1 to 10:1 ratio of caged-nucleotide to protein
yielded similar difference spectra. Figures 2-4 display the
1800-1300 cm-1 region that includes the amide I region

FIGURE 4: Difference spectra generated by subtracting a normalized
light-minus-dark difference spectrum of caged-nucleotide (average
of spectra obtained in the absence of protein) from a light-minus-
dark averaged spectrum containing protein and caged-nucleotide
(same as shown in Figure 2). The 1800-1300 cm-1 region of the
difference spectra shown are for the following: PGK-ATP minus
PGK (solid line) and PGK-ATP-3-PG minus PGK-3-PG (dashed
line). The shaded areas highlight the differences between the two
spectra. Tick marks correspond to 5× 10-3 absorbance units.

FIGURE 5: Difference spectra generated by subtracting a normalized
light-minus-dark difference spectrum of caged-ATP (average of
spectra obtained in the absence of protein) from a light-minus-
dark averaged spectrum containing PGK-ADP (solid line) or
PGK-ADP-3-PG (dashed line) and caged-ATP. The shaded areas
highlight the differences between the two spectra. Tick marks
correspond to 1× 10-3 absorbance units. The inset shows an
overlay of the PGK-ATP minus PGK-ADP exchange spectrum
(solid line) with a spectrum obtained by subtracting PGK-ADP
(Figure 2, dashed line top) from PGK-ATP spectrum (Figure 2,
solid line top). Thex-axis for the inset ranges from 1720 to 1580
cm-1 and the tick marks for the inset correspond to 5× 10-3

absorbance units.

Table 1: PGK Activity Assaysa

[ATP]
(mM)

control
(s-1)

+NPE-ATP
(s-1)

+NPE-ADP
(s-1)

0.025 75 74 20
0.05 96 80 40
0.25 157 143 67

a Rates are averages of three activity assays performed on PGK in
buffer M given in mol product/mol PGK s. Concentrations as described
in Materials and Methods.
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(∼1690-1620 cm-1) and the amide II region (∼1550 cm-1)
that are dependent on the secondary structure of the protein
(30). Other bands observed throughout the 1800-1300 cm-1

region are associated with specific amino acid side chains
and any nucleotide vibrations that are perturbed upon binding
(31, 32). Unpublished absorbance spectra of 3-PG show that
most bands are below 1300 cm-1, but there is a very small
(compared to nucleotide) broad absorbance around 1600
cm-1. The numerous signals present in Figures 2-4 indicate
that a variety secondary structures and amino acid side chains
are differentially influenced by ADP and ATP binding to
PGK.

Comparison of ATP and ADP Binding to PGK and PGK-
3-PG.The comparison of difference spectra associated with
ATP and ADP binding to PGK in the absence of 3-PG show
similar band intensities but a number of different absorptions
(Figure 2, top section). The differences in the 1690-1600
cm-1 region could be associated with protein secondary
structural changes induced by ADP and ATP binding. The
difference infrared data only reflect the net changes in
structure. The PGK-ATP difference data are more complex
in the 1645-1695 cm-1 region. For example, the positive
1651 cm-1 vibration that is more intense in the PGK-ATP
complex, as compared to the PGK-ADP complex, could
arise from a change in theR-helix that is specific to the
PGK-ATP conformation (30). Some other bands that show
greater intensity in the PGK-ATP complex, as compared
to the PGK-ADP complex, include positive 1620 and 1637
cm-1 bands and negative intensity around 1645 and 1679
cm-1. The PGK-ADP minus PGK difference data contain
more negative intensity around 1660 cm-1 as compared to
the PGK-ATP minus PGK data.

Comparison of ADP and ATP binding to the PGK-3-PG
complexes shows some of the same variations observed in
the binary complexes (around 1685, 1670, 1645, and 1630
cm-1) and additional differences between the two spectra
associated with the ternary complexes (Figure 2, bottom
panel). The activity assays suggest that caged-ADP (not
caged-ATP) may be interacting with the substrate(s) binding
sites. If similar interactions occur under protein and nucle-
otide concentrations found in the infrared samples, the
differences between ATP and ADP binding to PGK and
PGK-3-PG complexes could originate from different inter-
actions between the caged-complexes and PGK. Other
differences may be due to the two possible binding sites for
the phosphate chain on the ATP (10). ATP has a more
flexible phosphate chain that can switch between two binding
sites within the active site (10). Unfortunately, we cannot
definitively assign the differences observed between the two
nucleotides. However, additional information may be ob-
tained by comparing the binding of each nucleotide to PGK
and PGK-3-PG complexes and from studying infrared data
obtained from the nucleotide exchange experiments (Figure
5).

Comparison of ADP binding to PGK and PGK-3-PG.
Figure 3 shows the difference spectra associated with ADP
binding to PGK and PGK-3-PG complexes. The difference
spectra presented in Figure 3 show similar intensity and band
positions with a few small differences observed between the
binary and ternary complexes. The overall similarity between
the two difference spectra suggests that analogous changes
in secondary structures are associated with ADP binding to

PGK and the PGK-3-PG complex. The 1620-1695 cm-1

region of the spectra are similar and suggest that the major
changes in PGK secondary structure that occur upon ADP
release and binding are not greatly influenced by the presence
of 3-PG. There are small negative intensities only associated
with the ternary complex (Figure 3, dashed line) that are
around 1674, 1633, 1624, 1606, 1570, and 1468 cm-1. Arg
(1673 cm-1), Asn (1678 cm-1), and Gln (1668-1687 cm-1)
all have bands near 1674 cm-1 (31, 33). Lys, Arg, and His
have bands around 1626-1636 cm-1, while Gln (1586-1610
cm-1) and Phe (1585 and 1605 cm-1) are both possible
contributors to the 1581 and 1606 bands (26, 31, 33). Asp
and Glu vibrations occur in the 1560-1580 and 1400 cm-1

region, while Phe, Pro, and His are all candidates for the
1450-1470 cm-1 bands (31, 33). The increased stabilization
of the PGK-ADP-3-PG complex as observed in protein
unfolding experiments suggests that the small differences
between the spectra in Figure 3 may arise from important
stabilizing interactions between the two domains (4). Most
of the distinctive bands in the PGK-ADP-3-PG complex
could be explained by the formation or perturbation of salt
bridges between domains. Another possibility is that the
presence of the caged-ADP in the samples prevents proper
3-PG binding until after the ADP is released from its caged-
complex.

Comparison of ATP Binding to PGK and PGK-3-PG.
Figure 4 shows the difference infrared spectra associated with
ATP binding to PGK and PGK-3-PG complexes. The
comparison of the difference spectra associated with the
binary and ternary complexes shows substantial differences
throughout the 1800-1300 cm-1 region. The PGK-ATP-
3-PG data (Figure 4, dashed line) have decreased intensities
throughout the region (as compared to PGK-ATP data,
Figure 4 solid line) and a significant decrease in intensity
around 1637 cm-1. The wider linewidths and decreased
intensity of some of the bands in the PGK-ATP-3-PG
spectra may arise from a more diverse set of PGK structures.
Differences in intensity around 1625-1640 and 1675-1695
cm-1 may be due to alteredâ-sheet structures (30). More
negative bands around 1686 and 1672 cm-1 are only found
the PGK-ATP-3-PG difference data (Figure 4, dashed line).
Bands in this region can be associated with changes in
â-structure or amino acid side chains such as Asn, Gln, and
Arg (30, 31, 33). Vibrations associated with the PGK-ATP-
3-PG ternary complexes occur around 1672, 1637, 1620,
1609, 1566, and 1468 cm-1 (Figure 4) and are similar to
those identified in the PGK-ADP-3-PG complexes (Figure
3). We observe additional decreases in intensities around
1470-1450 and 1410-1380 cm-1 in the PGK-ATP-3-PG
data when compared to the PGK-ATP data (Figure 4). The
PGK-ATP-3-PG difference spectrum also contains positive
bands around 1705, 1680, 1535, and 1510-1490 cm-1

(Figure 4, dashed line). Asp and Glu (COOH) vibrations may
occur in the 1760-1710 cm-1 region (31, 33). A peak
associated with ATP binding to PGK-3-PG complexes was
observed at 1535 cm-1 and could be due to perturbations in
a Lys side chain (22). Pro, Trp, and Asn side chains all have
infrared absorbances around 1620 cm-1, and Asp and Glu
(COO-) vibrations are observed around 1560-1580 and
∼1400 cm-1 (31, 33, 34). Difference data associated with
each of the ternary complexes show decreased intensity
around 1570 cm-1. However, the data associated with the
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PGK-ATP-3-PG complex compared to the PGK-ADP-
3-PG complex has a broader, more intense difference in this
region and may suggest the participation of multiple Asp
and Glu side chains in the formation of the active complex.
Other candidates for the differences observed around 1398
cm-1 could include Pro (1400-1465 cm-1), Trp (1412-1435
cm-1), or Thr (1385-1420). Glu341, Asp372, Pro336,
Lys213, and Lys217 are all located in the nucleotide binding
site and could account for some of the vibrational differences
we observe (2). Figure 4 also shows that some bands are
only found in the PGK-ATP minus PGK difference spectra
and include positive bands at 1620, 1579, and ca. 1398 cm-1.

Nucleotide Exchange.The results of the activity assays
in buffer M suggest that the caged-ADP and caged-ATP may
interact differently with PGK in more dilute protein and
nucleotide concentrations than those found in the infrared
films. The possibility exists that the comparison of the PGK-
ATP minus PGK and PGK-ADP minus PGK difference
data obtained in Figures 2-4 may also include some
variation between the initial PGK-caged-nucleotide com-
plexes. In order to provide an additional means to identify
bands associated with each of the PGK-nucleotide bound
states, we performed infrared experiments where PGK-ADP
complexes were exchanged with excess ATP released from
the caged-complex. In these experiments, the caged-ATP
should not interact with the PGK until it is released from its
cage and subsequently displaces the ADP from PGK. The
MgCl2 used in buffer M ensures Mg2+ is present in the
infrared samples and results in Mg-nucleotide-PGK com-
plexes. The excess ATP (10:1 ratio of ATP:PGK) should
ensure nucleotide exchange. In addition, the nature of
difference infrared spectroscopy dictates that only the
proteins that exchange nucleotides (or change after photolytic
release of caged-ATP) will contribute to the difference
infrared spectra observed in Figure 5. The difference spectra
shown (Figure 5, solid line) reflect those changes that result
from the displacement of ADP and binding of ATP in the
absence of 3-PG.

Previous studies have shown that PGK-ATP and PGK-
ADP complexes are quite different from each other and that
the PGK-ADP structure is a more stable structure (4, 10,
35). Additional studies have suggested that the MgATP

structure has greater flexibility due to two possible terminal
phosphate binding sites for ATP (10). Evidence for dif-
ferential binding also comes from studies performed on
human PGK Lys215 mutants. This substitution weakens the
MgATP binding but not the MgADP binding (36). The
mutation studies agree with theT. bruceicrystal structure
that shows that the Mg2+ is not directly coordinated to the
protein in the PGK-AMP-PNP complex, as is observed in
the MgADP complex (9). Equilibrium dialysis and NMR
studies have also shown different locations for the cation in
each of the nucleotide complexes and tighter MgADP
binding to PGK (28, 35). These differences should be
reflected in Figure 5 (solid line).

In the absence of 3-PG, the difference data associated with
PGK-ATP minus PGK-ADP show positive 1651 and 1637
cm-1 bands and negative signals at 1695, 1662, and 1645
cm-1 that are most likely associated with some secondary
structures that are differentially influenced by nucleotide
binding. When ATP is bound, there is a change in theR-helix
shown by the negative 1662 and 1645 cm-1 peaks and a
possible increase inâ-structure, as shown by the positive
1637 cm-1 peak (30). The intensity at 1637 cm-1 could also
arise from Arg or Lys side chains. Changes around 1580
and 1400 cm-1 may be due to the COO- vibrations of Asp
or Glu that are altered upon nucleotide exchange (31). A
positive peak at 1446 cm-1 could be associated with a Pro
perturbation such as the Pro 336 in the nucleotide binding
site (31). Further insight into the differences between ATP
and ADP binding can be observed in the inset. The inset
shows an overlay of the PGK-ATP minus PGK-ADP
exchange spectrum (Figure 5, solid line) with another
spectrum (dashed line) obtained by subtracting PGK-ADP
(Figure 2, dashed line top) from PGK-ATP spectrum (Figure
2, solid line top). Although both spectra shown in the inset
should reflect differences between ADP and ATP binding,
the magnitude of the peaks differs by about a factor of 5. It
is possible that the inset provides additional evidence that
the original PGK-caged-nucleotide interactions are different
for caged-ATP and caged-ADP. Another possible explanation
for the inset is that the initial nucleotide binding causes the
largest changes and that the exchange data only include
differences arising from the terminal phosphate on ATP and
the corresponding rearrangements in protein structure.

Nucleotide exchange experiments were also performed in
the presence of 3-PG in order to investigate how the different

Table 2: Unique Infrared Signals Associated with
PGK-ATP-3-PG Complexes

PGK-ATP-3-PG bands

Figure 4 Figure 5 tentative assignments

(+) 1730-1705 (+) 1730-1705 Asp, Glu (COOH)
(-) 1686 (-) 1686 â, Gln
(+) 1681 (-) 1678 â, Asn, Gln, Arg
(-) 1672 Asn/Gln/Arg
(+) 1661 (+) 1661 R-helix, nucleotide
(-) 1651 R-helix, nucleotide
(-) 1637 (-) 1637 â, Arg, Lys
(-) 1624 (+) 1628 â, Lys,His

(+) 1620 â, Tyr, Trp, Pro
(-) 1614 Gln, Tyr, Asn, Pro

(+) 1603 nucleotide/Tyr/Phe
(-) 1566 Asp, Glu (COO-)
(+) 1535 Lys
(+) 1502 Tyr, Phe, Trp

(+) 1485-1430 Phe, Pro, Trp, His, Thr
(-) 1397 Pro, Trp, Asp, Glu, Thr

(-) 1340 nucleotide, Trp

FIGURE 6: The open structure of yeast PGK with some examples
of amino acids that could be involved in ternary complex formation
and domain closure shown in spacefill (2, 4-7).
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nucleotides influence the ternary complex. Many of the
changes observed in the presence of 3-PG (Figure 5, dashed
line) are similar to those observed in its absence (Figure 5,
solid line). However, numerous additional changes are also
observed when PGK-ADP-3-PG complexes exchange
ADP for ATP. Positive peaks around 1730-1720 and at 1705
cm-1 may arise from Asp or Glu (COOH) residues influ-
enced by ATP binding. A large positive 1651 cm-1 vibration
suggests that a unique change inR-helix is associated with
the active, ATP ternary complex (30, 31). In addition, there
is an increase of negative intensity in the 1690-1675 cm-1

region that could also reflect a perturbation in side chains
such as Arg, Asn, and Gln as well as alteredâ-structure (30,
31). Similarly, a broad positive feature from 1630 to 1600
cm-1 is unique to the nucleotide exchange in the ternary
complex and could contain contributions fromâ-sheet or side
chains such as Lys or Arg (30, 31). The small positive peak
around 1535 cm-1 is also suggestive of a Lys side chain
that reorients upon ATP exchange (31, 33). Perhaps the most
pronounced differences associated with the ternary complex
exchange occur in the 1510-1430 cm-1 region. Many of
these bands could be associated with amino acids, such as
Phe, Trp, and Pro side chains (31, 33). The intensity of the
positive peaks in this region suggests that numerous side
chains are perturbed when ATP is substituted for ADP in
the ternary complex. What is interesting is the similar
intensity around 1400 cm-1 that suggests that the Asp and
Glu (COO-) side chains influenced by nucleotide exchange
are not differentially altered when 3-PG is present in the
complex (31). However, other Asp and Glu residues (COOH)
are uniquely influenced by nucleotide exchange in the 3-PG
complex, as evidenced by the positive intensity in the 1730-
1700 cm-1 region (31, 33). These bands may be associated
with the productive, most closed, PGK ternary complex.
Varga et. al have suggested that side-chain hydrogen bonding
and electrostatic interactions between Asp and Glu residues
as well as Lys and Arg are crucial for the formation of the
closed PGK structure (4).

CONCLUSIONS

We have presented the first difference infrared studies of
nucleotide binding to PGK. The difference infrared data
provide complementary information to that previously ob-
tained using other spectroscopic techniques. The sample
conditions used to generate the difference infrared data most
likely have high concentrations of buffer salts and could be
somewhat similar to crystal conditions with high sulfate
concentrations (2). However, the partially dehydrated infrared
samples resemble thin films and may exist in a more gel-
like intermediary state between solution and crystal condi-
tions. The ability to directly compare data associated with
each of the complexes has allowed us to isolate important
signals that are associated with each of the PGK ternary
complexes. Changes that would be specific to 3-PG binding
that are not influenced by nucleotide binding would be
subtracted out using our methods, as the 3-PG is always
bound to PGK before the nucleotides are released. We are
not able to perform an experiment where we would initiate
3-PG binding externally, as caged-3-PG is not commercially
available. Previous DSC studies suggest that 3-PG binding
to PGK may show even larger changes as 3-PG binding
stabilizes PGK more than MgATP or MgADP binding (4).

The similarities of bands observed in difference data associ-
ated with the ternary complexes suggest some comparable
interactions between side chains for both PGK-ADP-3-
PG and PGK-ATP-3-PG complexes. Our data support the
fact that additional interactions present in both ternary
complexes arise from new salt bridges and the movement
of helices, sheets, and other protein structures as a result of
domain closure. Interactions between domains have been
proposed by Varga et al. and include new hydrogen-bonding
and electrostatic interactions between residues such as
arginine, threonine, lysine, asparagine, aspartate, glutamate,
and histidine (4, 5).

Comparison of the data in Figures 4 and 5 also shows
signals that are only associated with the productive PGK-
ATP-3-PG complex. These bands could prove to be the
most interesting. Although we cannot definitively say
whether the PGK adopts a closed conformation, we can
discern substantial differences between the PGK-ATP and
PGK-ATP-3-PG complexes. Our data support previous
studies on human PGK ternary complexes and suggest that
the yeast PGK-ATP-3-PG complexes may exist in a more
compact state than the PGK-ADP-3-PG complexes (5).
Table 2 summarizes the bands that are associated with the
productive ternary complex and suggests some tentative
assignments for these interesting peaks. Figure 6 shows the
yeast PGK structure with some of the amino acids that may
be involved in domain closure (2, 4-7). Many of the infrared
bands that are associated with the active ternary complex
are consistent with the formation of salt-bridges and alternate
secondary structures necessary for phospho-transfer (Table
2).

The most interesting peaks should be those that are found
only in the PGK-ATP-3-PG difference data and are also
observed in the PGK-ATP-3-PG exchange data (Table 2).
Numerous bands support the involvement of lysine and
arginine side chains in the productive complex. Figures 4
and 5 show changes in the 1637 cm-1 peak when the PGK-
ATP-3-PG spectra are compared to either the PGK-ATP
or PGK-ADP-3-PG spectra. The difference in intensity
may be due to an Arg that is differently influenced by the
PGK-ATP-3-PG complex (31). For example, the crystal
structure of 3-PG bound to pig muscle PGK shows that there
is an H bond between an arginine and a threonine (3, 4).
Another vibration that may be assigned to a perturbation of
an Arg is around 1680 cm-1. For the interdomain contacts
to occur between a positively charged side chain of the Arg
or Lys, there should be a negatively charged side chain in
the other domain that participates in the formation of new
contact (Figure 6). We expect that the negative charge may
arise from a COO- on either an Asp or a Glu side chain
that would appear in the 1580-1560 and 1400 cm- regions
(31). In all cases where the binary and ternary complexes
are compared, we observe some changes in these regions.
Difference data associated with each of the ternary complexes
show decreased intensity around 1570 cm-1. However, the
data associated with the PGK-ATP-3-PG complex shows
a broader, more intense difference in this region and may
suggest participation of multiple Asp and Glu side chains in
the formation of the active complex. The changes that are
reproducibly unique to the PGK-ATP-3-PG complex are
consistent with the formation of new hydrogen-bonding
interactions between side chains from different domains and
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the movement of bothâ-structure andR-helices around the
nucleotide binding sites and in the hinge region.
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