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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-RBR—3-PG complex. Caged nucleotides
(caged-ADP and caged-ATP) were used to initiate nucleotide binding to PGK or-B&G complexes.

The difference spectra include those of P&XTP 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 onr-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 a-helix andg-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 PGK enzyme catalyzes the reversible see refsl—3, 6—14). Many of these crystal structures are
phospho-transfer between 1,3-bisphosphoglycerate (1,3-bPGrompared in Lee et al.7]. PGK crystals obtained in the
and ADP to form 3-phosphoglycerate (3-PG) and ATP. PGK presence of MgATP suggest multiple orientations of the
crystal structures show that PGK has two domains, the terminal phosphate1(). Although the binding of two
N-terminal domain that binds 3-PG and the C-terminal substrates was proposed to result in a closed conformation,
domain that binds MgATP or MgADPL( 2). Both domains many of the crystallized ternary complexes (PGKDP—
of yeast PGK contair strands that are surrounded by 3-PG or PGK-ATP-analogue-3-PG) retain open structures,
o-helices. The two domains are connected through a hingeas do many of the binary complexes (PGKDP and PGK-
region containinga, 8, and irregular structure). It has ATP) (2, 3, 10, 11, 13, 14). The closed crystal structures
been proposed that PGK must have a hinge-bending motionthat have been obtained are tAdgermotoga maritima
that brings the ATP closer to the 3-PG in order for the AMPPNP-3-PG complex ) and theTrypanosoma brucei
phospho-transfer reaction to occd).(A hinge ats-strand MgADP—3-PG complex§, 9). Studies that have compared
L and additional salt bridges between domains are thoughtmany structures have shown that the species specific contacts
to be involved in domain closure3{7). The general between domains stabilize crystal conformations and help
sequence and structure of PGK is highly conserved. To date,explain why domain closure is prevented in some PGK
numerous crystal structures on different PGK complexes ternary complexesl@).

from a variety of sources have been obtained (for examples, \ile crystal structures have not provided much evidence
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1 Abbreviations: FT'R, Fourier transform infrared Spectroscopy; greater ﬂex|b|l|w and Shorter d|stances between ATP and
HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; PGK, - -
phosphoglycerate kinase: 3-PG, 3-phosphoglyceric acid; 1.3-PG, l73_3-PG for PGK in solution as compared to the PGK crystals

bisphosphoglycerate; ATP, adenosingriphosphate; ADP, adenosine ~ (15—17). In addition to providing some evidence for domain
5'-diphosphate; caged-ATP or NPE-ATIP:(1-(2-nitrophenyl)ethyl)- closure, the NMR data have also shown that there is a

adenosine ‘Btriphosphate; caged-ADP or NPE-ADP?-(1-(2-nitro- ; ; Wprr A « ; » :
phenyl)ethyl)adenosine'liphosphate; GAPDH, glyceraldehyde-3- primary anion binding site in the “basic patch” region of

phosphate  dehydrogenase; NADH, reduced nicotinamide adenineth€ N-terminal (_jomainl_(8). The primaf}’ a_nion binding site
dinucleotide; DTT, dithiothreitol. shares two residues with the 3-PG binding site, His62 and
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Argl168, and has helped explain why high sulfate concentra- (4, 24). The caged nucleotideB?-(1-(2-nitrophenyl)ethyl)-
tions influence PGK structure and activityg, 19, 20). ester adenosine'friphosphate (NPE-ATP) an@&?-(1-(2-

Additional evidence for domain closure in the ternary nNitrophenyl)ethyl)ester adenosin€-diphosphate (NPE-
Comp|exes was Obtained from Sma”_ang|e X_ray Scattering ADP), were purchased from |\/|0|eCU|aI’ PI’ObeS and diSSOIVed
experiments (SAXS) on human PGE)( The results on the  in buffer M. Dithiothreitol, 3-phosphoglyceric acid (3-PG),
human PGK-MgATP—3-PG complexes also agree with reduced nicotinamide adenine dinucleotide (NADH), glyc-
previous studies on yeast complexes and favor a closederaldehyde-3-phosphate dehydrogenase (GAPDH), ATP, and
structure §, 21). Interestingly, the SAXS studies on human ADP were purchased from Sigma-Aldrich.
PGK—MgADP—3-PG complexes show some closure but not ~ PGK Actiity AssaysThe rates for the reaction converting
as much as the PGKMgATP—3-PG structures5). The ATP and 3-PG to 1,3-bPG and ADP were determined using
SAXS results further solidify the assertion that the solution an enzyme-coupled assay previously described by Scopes
ternary complexes may be more compact than crystal (25) with several minor modifications. The assays were
complexes®). Furthermore, protein unfolding studies on pig Performed at room temperature in a Perkin-Elmer Lambda
muscle and yeast PGK have indicated that the binding of 2S UV/vis spectrometer. Each assay contained ATP with
either nucleotide (MgATP or MgADP) or 3-PG to yeast PGK concentrations ranging from 0.025 to 0.25 mM, 0.16 mM
stabilizes the overall structurd)( The unfolding studies also ~ NADH, 5 mM 3-PG,~1.7uM GAPDH, and~1 nM PGK
show that MgADP binding has a greater stabilization as in buffer M. Additional assays were performed containing
compared to ATP binding, with the MgADAPGK—3-PG either 0.5 mM NPE-ATP or 0.5 mM NPE-ADP. In order to
ternary complexes being the most stable complexes studieddetermine if PGK was still active in buffer salt concentrations
(4). The increased stability of the ternary complexes may that are estimated for partially dehydrated infrared sample
suggest additional interactions between side chains that areconditions, additional activity assays were performed in a
involved in domain ClOSUre4Q. buffer Containing 2000 mM Hepes, 100 mM MgClOO mM

The crystal structure of the yeast ternary complex shows d|th|othre|t<_)I, and 100 mM EDT’_A" pH 7.5 (160butfer M.)‘
an open conformation, while other SAXS and NMR studies P reparation of IR Sampleshe infrared samples contained
suggest a closed structure. In order to obtain more informa- 2PProximately 16-25 nmol of protein, 86170 nmol caged-
tion about the various PGK conformations, especially the nuclepude, and 10:1 ratio ofld|th|othre|tol to caged-nucleotide
active ternary complex, we have used difference Fourier in a final vplume of appr.OX|mater 100L. Some sgmples
transform infrared spectroscopy (FTIR). Difference FTIR has 2ISC contained a 5:1 ratio of 3-PG to PGK. PGK in buffer
been successfully used to observe conformational changed (H20) was used for all infrared experiments. The protein

in the protein backbone and side chains induced by substratesamples were deposited on calcium fluoride win_dows and
binding (for review, see ref@2, 23). This technique has then partially dehydrated under a stream of nitrogen to

allowed us to monitor protein structural changes induced by decrea}se.the strong water absorba@ep: Estimates pbta|ned
nucleotide binding to PGK in the presence and absence of by weighing samplt_as before and after dehydra“Q” suggest
3-PG. In order to monitor these small structural changes, that the concentration of all components, including buffer
spectra must be collected before and after nucleotide binding.Salts’ wquld Increase by.a faCtOT of .100 after partial
A caged-nucleotide is a convenient way to externally initiate d€nydration. A second calcium fluoride window was placed
substrate binding to PGK and generate high signal-to-noise,On top of the sample film (W|thogt a Spa!cer) to form the
difference infrared data. We used difference infrared spec- infrared cell. The pell was placed in the N'COI.et =60 M_agna
troscopy to obtain information on each of the PGK com- s_pe_ctro_meter equipped with a Mercury cad_m|um telluride/A
plexes under the same conditions. The comparison of the“q“'d nitrogen-cooled detector. The resolution of the spectra
data obtained on each of the complexes allows us to identify

was 4 cml. Five hundred scans were coadded for each
peaks specific to each of the ternary complexes and gamlnterferogram with the use of a mirror velocity of 1.8998
additional molecular level information about structural dif-

cm/s and a Happ-Genzel apodization function. Each spectrum
ferences between the binary and ternary complexes. In

took approximately 5 min to collect. The infrared samples
addition, we have used nucleotide exchange experiments to‘k’)"erhe kedpt at-2 _tok—5 °C using a F'Shﬁr SC'GU““'C wa;[er
isolate bands that arise from the differences associated with?ath and a He}rnc temperature controller. .A nitrogen laser
ADP and ATP binding to PGK and PGK3-PG complexes. (LSI Laser Science, Inc) was usec_i to illuminate sa}mples in
Some bands that were observed in the ternary complexthe spectromgter and externally initiate photolysis of the
difference spectra may be associated with the hinge-bendingt@9ed-nucleotides. _ , _
motion and the additional contacts between the C and N Difference Infrared Spectralight-minus-dark infrared

domains when PGK adopts a more closed conformation. SPECtra were generated by taking a ratio of a single-beam
spectrum taken after photolysis to a single-beam spectrum

MATERIALS AND METHODS taken before photolysis (Figure 1). Multiple spectra were
obtained before photolysis. A ratio was made of the spectra
Materials. Yeast phosphoglycerate kinase was purchasedtaken before photolysis to ensure that no significant spectral
from Sigma-Aldrich and exchanged into buffer M that is changes were observed before photolysis (Figure 1, dashed
composed of 20 mM Hepes, 1 mM MgClL mM dithio- line). Three light-minus-dark infrared spectra obtained on
threitol, and 1 mM EDTA, pH 7.5. Exchange was performed each caged-nucleotide (caged-ATP or caged-ADP) in the
by centrifuging PGK in a Microsep 10k Omega centrifugal absence of protein were averaged. Three light-minus-dark
device from Pall Life Sciences with at least four dilution difference spectra on similar protein samples were averaged
and concentration steps. The concentration of PGK wasfor each set of sample conditions. For direct comparison of
determined using the molapgy—= 2.1400x 10* M~ cm™? the four different protein complexes, the averages of the
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Ficure 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-

Wavenumber (cm'1 )

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 Ilne_, top) and caged-ATP and PGK dark averaged spectrum containing protein and caged-nucleotide.
(long dashed line, top). A control difference spectrum (dashed line) The 1806-1300 cnT? region of the difference spectra shown are
was obtained on the sample containing caged-ATP and PGK by I > . .

- - . . 7 for the following: PGK-ATP minus PGK, PGK-ADP minus
taking a ratio of two spectra taken before photolysis. The resulting PGK. PGK—ADP—3-PG minus PGK.3-PG. and PGKATP—3-
difference spectrum PGKATP minus PGK (solid line) obtained PG minus PGK-3-PG. Tick marks correspond to & 103
after normalization of caged-ATP spectrum (dotted line) was absorbance units ) P
subtracted from the PGK caged-ATP (long dashed line) spectrum. )
Tick marks correspond to & 1073 absorbance units.

1641

difference spectra were then normalized for protein content
using the amide 141650 cm?) vibration of the correspond-
ing averaged absorbance spectra. Normalization of spectre
was also obtained using the amideH1(550 cn1?) vibration

and spectra were found to be nearly identical to those , |
presented in this paper (data not shown). Difference infrared 2
spectra were generated by subtracting the averaged, weightecs
difference infrared spectrum of a sample containing only {::
caged-nucleotide (Figure 1, dotted line) from an averaged «
difference spectrum containing caged-nucleotide and protein [ 1570 S e
(Figure 1, long dashed line). The strong 1525 and 1344cm | ¢ | PGK-ADP-3PG
bands associated with asymmetric and symmetric, NO
vibrational peaks from the nitrophenyl cage were used to ‘

normalize the amount of nucleotide released between sample: 1660

(27). Difference data were obtained using caged-ADP and - T I | I

caged-ATP to generate PGKATP minus PGK and PGK 1800 1700 1600 1500 1400 1300
ADP minus PGK difference spectra. In addition, data were Wavenumber (cm’ )

also collected for samples that contained P&KPG and kg re3: Difference spectra generated by subtracting a normalized
caged-nucleotides in order to obtain PGKTP—3-PG light-minus-dark difference spectrum of caged-nucleotide (average
minus PGK-3-PG and PGK-ADP—3-PG minus PGK-3- of spectra obtained in the absence of protein) from a light-minus-

PG data. Direct comparison of the difference spectra showndark averaged spectrum containing protein and caged-nucleotide
in Figures 2-4 can be performed (same as shown in Figure 2). The 18aB00 cnt? region of the

- . difference spectra shown are for the following: PGKDP minus
PGK samples containing ADP or ADP and 3-PG with  pg (solid line) and PGk ADP—3-PG minus PGK-3-PG (dashed

caged-ATP were used to investigate the effects of nucleotideline). The shaded areas highlight the differences between the two

exchange on PGK complexes. Samples contained150 spectra. Tick marks correspond tox510~2 absorbance units.

nmol of PGK, 140 nmol of caged-ATP, 15 nmol of ADP,

and 1.5¢mol of DTT. Some samples also contained 15 nmol €agé were perfor_med as described above in order to yield
of 3-PG. For direct comparison of the two different protein the PGK-ATP minus PGK-ADP and PGK-ATP—3-PG

complexes (PGKADP and PGK-ADP—3-PG), the light- minus PGK-ADP—3-PG difference spectra shown in Figure

minus-dark averages were then normalized for protein S.

content using the amide K1650 cnt?) vibration of the . RESULTS AND DISCUSSION

corresponding averaged absorbance spectra. Three light-

minus-dark difference spectra on similar samples were Enzyme Actiity AssaysAn enzyme-coupled activity assay
averaged for each set of sample conditions, and subtractionsvas used to monitor the activity of PGK. The assay couples
to remove contributions from the photolytic release of the the formation of every 1,3-bPG to the oxidation of one
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Table 1: PGK Activity Assay’s

1637
| [ATP] control +NPE-ATP +NPE-ADP
(mM) (s (s (s
m 1672 1579 1522 0.025 75 74 20
1620 —_— 0.05 96 80 40
/ 1535 11500 1398 0.25 157 143 67
N,

a8 Rates are averages of three activity assays performed on PGK in
g buffer M given in mol product/mol PGK s. Concentrations as described
~|' | in Materials and Methods.

A Absorbance

! {
) 1
169511662§ 1614

‘ Bl -15 ADP (0.5 mM) resulted in decreased activity at all concen-
1686 ' trations of ATP tested. Inspection of the crystal structure
L3 indicates that the interaction of caged-ADP with the nucle-
' ' ) ! otide binding site may position the cage in such a manner

1800 1700 1600 1500 1400 1300

.| that the 3-PG is unable to successfully bind to PG (
Wasenimber (o) Equilibrium dialysis experiments have also suggested that

Ficure 4: Difference spectra generated by subtracting a normalized MgADP binding is competitive with both MgATP and 3-PG

light-minus-dark difference spectrum of caged-nucleotide (average binding @8). It should be noted that we are not able to

of spectra obtained in the absence of protein) from a light-minus- £ tivit . diti that directly mimic th
dark averaged spectrum containing protein and caged-nucleotideP€ 0 activity assays in conditions that directly mimic the

(same as shown in Figure 2). The 18aIB00 cnt? region of the protein, nucleotide, and caged-nucleotide concentrations
difference spectra shown are for the following: PGKTP minus present in the infrared films. However, we can determine

PGK (solid line) and PGKATP—3-PG minus PGK-3-PG (dashed  PGK activity in concentrations of buffer salts that are similar
line). The shaded areas highlight the differences between the W05 those found in the infrared samples.

. Tick k 103 its. . . L .
spectra. Tick marks correspond (o510 absorbance units 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 inxQfuffer 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

A Absorbance

. ol B PGK-ATP minus PGK-ADP original buffer M components (HEPES, EDTA, MgCand
----- PGK-ATP-3PG minus PGK-ADP-3PG DTT) while buffer M concentrations of the other three
[‘636 : : : components were maintained. The results of these additional
1200 1700 1600 1500 1400 1300 assays suggest that the high HEPES concentrations are

responsible for the decreased activity observed in thex100

Ficure5: Difference spectra generated by subtracting a normalized buffer M activity assays (data not shown). Previous studies
light-minus-dark difference spectrum of caged-ATP (average of h.ave.* suggested that sulfate ions can interfere with subsirate
spectra obtained in the absence of protein) from a light-minus- b'lnd[ng and deqrease enzyme activiy 25, 29). Ther(_afore,

dark averaged spectrum containing P&XDP (solid line) or it is likely that high concentrations of HEPES may interfere
PGK—ADP—3-PG (dashed line) and caged-ATP. The shaded areaswith substrate binding. It should be noted that P&XPG
highlight the differences between the two spectra. Tick marks samples start at low HEPES concentrations (20 mM), where

correspond to 1x 1073 absorbance units. The inset shows an . . —
ove”a)'? of the PGK-ATP minus PGK-ADP exchange spectrum (€ 3-PG is most likely initially bound to the enzyme, but

(solid line) with a spectrum obtained by subtracting PGXDP the buffer concentrations will gradually increase as partial
(Figure 2, dashed line top) from PGKATP spectrum (Figure 2,  dehydration occurs.
solid line top). Thex-axis for the inset ranges from 1720 to 1580 pifference Infrared Spectrd.ight-minus-dark difference
gg‘sorgggctehinti'&k marks for the inset correspond tox510~ spectra obtained on various PGK samples were generated
' by taking a ratio of a spectrum taken after photolysis to one
NADH. The rates of PGK activity were calculated from the taken before photolysis. The averaged light-minus-dark
change in NADH concentration over time. Three samples spectra obtained in the absence of protein were normalized
were assayed and averaged for each rate presented in Tablfor photolytic release and then subtracted from the averaged
1. Caged-ATP (0.5 mM) was added to the assays at eachdifference spectra taken in the presence of protein. The
concentration of ATP. PGK activities calculated from assays following difference spectra were generated and are shown
performed in the presence and absence of caged-ATP weren Figures 2-4: PGK—ATP minus PGK, PGK-ADP minus
very similar to those obtained in the absence of any caged-PGK, PGK-ATP—3-PG minus PGK3-PG, and PGK
nucleotides. Therefore, we suggest that the presence of cagedADP—3-PG minus PGK-3-PG. Individual samples that
ATP is not significantly preventing ATP and/or 3-PG from contained a 4:1 to 10:1 ratio of caged-nucleotide to protein
binding under the conditions used for the activity assays. yielded similar difference spectra. Figures2display the
However, activity assays performed in the presence of caged-1800-1300 cn1! region that includes the amide | region

-1
Wavenumber (cm )
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(~1690-1620 cm?) and the amide Il region§1550 cn1?) PGK and the PGK3-PG complex. The 16201695 cnt*
that are dependent on the secondary structure of the proteirregion of the spectra are similar and suggest that the major
(30). Other bands observed throughout the 180800 cnr? changes in PGK secondary structure that occur upon ADP
region are associated with specific amino acid side chainsrelease and binding are not greatly influenced by the presence
and any nucleotide vibrations that are perturbed upon binding of 3-PG. There are small negative intensities only associated
(31, 32). Unpublished absorbance spectra of 3-PG show thatwith the ternary complex (Figure 3, dashed line) that are
most bands are below 1300 cinbut there is a very small  around 1674, 1633, 1624, 1606, 1570, and 1468'cvrg
(compared to nucleotide) broad absorbance around 1600(1673 cnt'), Asn (1678 cm?), and Gln (1668-1687 cn1?)
cm1. The numerous signals present in Figuresgtandicate all have bands near 1674 cit(31, 33). Lys, Arg, and His
that a variety secondary structures and amino acid side chaindiave bands around 1626636 cn1?, while GIn (1586-1610
are differentially influenced by ADP and ATP binding to cm™) and Phe (1585 and 1605 c#) are both possible
PGK. contributors to the 1581 and 1606 band@s, (31, 33). Asp
Comparison of ATP and ADP Binding to PGK and PGK  and Glu vibrations occur in the 156580 and 1400 cnt
3-PG.The comparison of difference spectra associated with region, while Phe, Pro, and His are all candidates for the
ATP and ADP binding to PGK in the absence of 3-PG show 1450-1470 cm® bands 81, 33). The increased stabilization
similar band intensities but a number of different absorptions of the PGK-ADP—3-PG complex as observed in protein
(Figure 2, top section). The differences in the 169600 unfolding experiments suggests that the small differences
cm! region could be associated with protein secondary between the spectra in Figure 3 may arise from important
structural changes induced by ADP and ATP binding. The stabilizing interactions between the two domaidys Most
difference infrared data only reflect the net changes in of the distinctive bands in the PGKADP—3-PG complex
structure. The PGKATP difference data are more complex could be explained by the formation or perturbation of salt
in the 1645-1695 cm! region. For example, the positive bridges between domains. Another possibility is that the
1651 cnit vibration that is more intense in the PGIATP presence of the caged-ADP in the samples prevents proper
complex, as compared to the PGKDP complex, could 3-PG binding until after the ADP is released from its caged-
arise from a change in the-helix that is specific to the  complex.
PGK—ATP conformation 80). Some other bands that show Comparison of ATP Binding to PGK and PGR-PG.
greater intensity in the PGKATP complex, as compared  Figure 4 shows the difference infrared spectra associated with
to the PGK-ADP complex, include positive 1620 and 1637 ATP binding to PGK and PGK3-PG complexes. The
cm ! bands and negative intensity around 1645 and 1679 comparison of the difference spectra associated with the
cm 1. The PGK-ADP minus PGK difference data contain binary and ternary complexes shows substantial differences
more negative intensity around 1660 thas compared to  throughout the 18061300 cnr? region. The PGK-ATP—
the PGK-ATP minus PGK data. 3-PG data (Figure 4, dashed line) have decreased intensities
Comparison of ADP and ATP binding to the PGR-PG throughout the region (as compared to PGKTP data,
complexes shows some of the same variations observed irFigure 4 solid line) and a significant decrease in intensity
the binary complexes (around 1685, 1670, 1645, and 1630around 1637 cm'. The wider linewidths and decreased
cm™1) and additional differences between the two spectra intensity of some of the bands in the PGKTP—3-PG
associated with the ternary complexes (Figure 2, bottom spectra may arise from a more diverse set of PGK structures.
panel). The activity assays suggest that caged-ADP (notDifferences in intensity around 1624640 and 16751695
caged-ATP) may be interacting with the substrate(s) binding cm™* may be due to altered-sheet structures3). More
sites. If similar interactions occur under protein and nucle- negative bands around 1686 and 1672 tare only found
otide concentrations found in the infrared samples, the the PGK-ATP—3-PG difference data (Figure 4, dashed line).
differences between ATP and ADP binding to PGK and Bands in this region can be associated with changes in
PGK—3-PG complexes could originate from different inter- S-structure or amino acid side chains such as Asn, GIn, and
actions between the caged-complexes and PGK. OtherArg (30, 31, 33). Vibrations associated with the PGIRATP—
differences may be due to the two possible binding sites for 3-PG ternary complexes occur around 1672, 1637, 1620,
the phosphate chain on the ATRO{. ATP has a more 1609, 1566, and 1468 crh (Figure 4) and are similar to
flexible phosphate chain that can switch between two binding those identified in the PGKADP—3-PG complexes (Figure
sites within the active sitelQ). Unfortunately, we cannot  3). We observe additional decreases in intensities around
definitively assign the differences observed between the two 1470-1450 and 14161380 cmt in the PGK-ATP—3-PG
nucleotides. However, additional information may be ob- data when compared to the PGIKTP data (Figure 4). The
tained by comparing the binding of each nucleotide to PGK PGK—ATP—3-PG difference spectrum also contains positive
and PGK-3-PG complexes and from studying infrared data bands around 1705, 1680, 1535, and 151890 cni?
obtained from the nucleotide exchange experiments (Figure(Figure 4, dashed line). Asp and Glu (COOH) vibrations may
5). occur in the 17661710 cn1?! region @1, 33). A peak
Comparison of ADP binding to PGK and PGI8-PG. associated with ATP binding to PGI3-PG complexes was
Figure 3 shows the difference spectra associated with ADP observed at 1535 cmiand could be due to perturbations in
binding to PGK and PGK3-PG complexes. The difference a Lys side chainZ2). Pro, Trp, and Asn side chains all have
spectra presented in Figure 3 show similar intensity and bandinfrared absorbances around 1620 épand Asp and Glu
positions with a few small differences observed between the (COO-) vibrations are observed around 156680 and
binary and ternary complexes. The overall similarity between ~1400 cm? (31, 33, 34). Difference data associated with
the two difference spectra suggests that analogous changesach of the ternary complexes show decreased intensity
in secondary structures are associated with ADP binding toaround 1570 cm'. However, the data associated with the
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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 B, GIn
(+) 1681 ) 1678 B, Asn, GIn, Arg
(—) 1672 Asn/GIn/Arg
(+) 1661 () 1661 a-helix, nucleotide
(—) 1651 a-helix, nucleotide
(—) 1637 ) 1637 f, Arg, Lys
(—) 1624 () 1628 B, Lys,His
(+) 1620 B, Tyr, Trp, Pro
(—) 1614 Gln, Tyr, Asn, Pro
(+) 1603 nucleotide/Tyr/Phe
(—) 1566 Asp, Glu (CO0O)
(+) 1535 Lys
(+) 1502 Tyr, Phe, Trp
(+) 1485-1430 Phe, Pro, Trp, His, Thr
(=) 1397 Pro, Trp, Asp, Glu, Thr

(=) 1340 nucleotide, Trp

PGK—ATP—3-PG complex compared to the PGRADP—

Biochemistry, Vol. 47, No. 1, 20089

e
Ficure 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 spaceffl 4—7).

structure has greater flexibility due to two possible terminal
phosphate binding sites for ATRL@). Evidence for dif-

ferential binding also comes from studies performed on
human PGK Lys215 mutants. This substitution weakens the

3-PG complex has a broader, more intense difference in thisMgATP binding but not the MgADP binding3¢). The
region and may suggest the participation of multiple Asp mutation studies agree with the bruceicrystal structure
and Glu side chains in the formation of the active complex. that shows that the Mg is not directly coordinated to the
Other candidates for the differences observed around 1398protein in the PGK-AMP—PNP complex, as is observed in

cm* could include Pro (14001465 cmt), Trp (1412-1435
cmY), or Thr (1385-1420). Glu341, Asp372, Pro336,

the MgADP complex §). Equilibrium dialysis and NMR
studies have also shown different locations for the cation in

Lys213, and Lys217 are all located in the nucleotide binding each of the nucleotide complexes and tighter MgADP
site and could account for some of the vibrational differences binding to PGK 28, 35). These differences should be
we observe ). Figure 4 also shows that some bands are reflected in Figure 5 (solid line).

only found in the PGK-ATP minus PGK difference spectra
and include positive bands at 1620, 1579, and ca. 1398.cm
Nucleotide Exchangelhe results of the activity assays

In the absence of 3-PG, the difference data associated with
PGK—ATP minus PGK-ADP show positive 1651 and 1637
cm ! bands and negative signals at 1695, 1662, and 1645

in buffer M suggest that the caged-ADP and caged-ATP may cm™! that are most likely associated with some secondary

interact differently with PGK in more dilute protein and

structures that are differentially influenced by nucleotide

nucleotide concentrations than those found in the infrared binding. When ATP is bound, there is a change indHeelix

films. The possibility exists that the comparison of the PGK
ATP minus PGK and PGKADP minus PGK difference
data obtained in Figures-2 may also include some
variation between the initial PGKcaged-nucleotide com-

shown by the negative 1662 and 1645 énpeaks and a
possible increase ig-structure, as shown by the positive
1637 cn! peak @0). The intensity at 1637 cm could also
arise from Arg or Lys side chains. Changes around 1580

plexes. In order to provide an additional means to identify and 1400 cm! may be due to the COOvibrations of Asp

bands associated with each of the P@licleotide bound
states, we performed infrared experiments where PGRP

or Glu that are altered upon nucleotide excharg®. (A
positive peak at 1446 cm could be associated with a Pro

complexes were exchanged with excess ATP released fromperturbation such as the Pro 336 in the nucleotide binding
the caged-complex. In these experiments, the caged-ATPsite (31). Further insight into the differences between ATP
should not interact with the PGK until it is released from its and ADP binding can be observed in the inset. The inset
cage and subsequently displaces the ADP from PGK. Theshows an overlay of the PGKATP minus PGK-ADP
MgCl, used in buffer M ensures Mg is present in the  exchange spectrum (Figure 5, solid line) with another
infrared samples and results in Mgucleotide-PGK com- spectrum (dashed line) obtained by subtracting PGP
plexes. The excess ATP (10:1 ratio of ATP:PGK) should (Figure 2, dashed line top) from PGKATP spectrum (Figure
ensure nucleotide exchange. In addition, the nature of 2, solid line top). Although both spectra shown in the inset
difference infrared spectroscopy dictates that only the should reflect differences between ADP and ATP binding,
proteins that exchange nucleotides (or change after photolyticthe magnitude of the peaks differs by about a factor of 5. It
release of caged-ATP) will contribute to the difference is possible that the inset provides additional evidence that
infrared spectra observed in Figure 5. The difference spectrathe original PGK-caged-nucleotide interactions are different
shown (Figure 5, solid line) reflect those changes that result for caged-ATP and caged-ADP. Another possible explanation
from the displacement of ADP and binding of ATP in the for the inset is that the initial nucleotide binding causes the
absence of 3-PG. largest changes and that the exchange data only include
Previous studies have shown that PGKTP and PGK- differences arising from the terminal phosphate on ATP and
ADP complexes are quite different from each other and that the corresponding rearrangements in protein structure.
the PGK-ADP structure is a more stable structude 10, Nucleotide exchange experiments were also performed in
35). Additional studies have suggested that the MgATP the presence of 3-PG in order to investigate how the different
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nucleotides influence the ternary complex. Many of the The similarities of bands observed in difference data associ-
changes observed in the presence of 3-PG (Figure 5, dashedted with the ternary complexes suggest some comparable
line) are similar to those observed in its absence (Figure 5, interactions between side chains for both PGKDP—3-

solid line). However, numerous additional changes are alsoPG and PGK-ATP—3-PG complexes. Our data support the
observed when PGKADP—3-PG complexes exchange fact that additional interactions present in both ternary
ADP for ATP. Positive peaks around 1730720 and at 1705  complexes arise from new salt bridges and the movement
cm ! may arise from Asp or Glu (COOH) residues influ- of helices, sheets, and other protein structures as a result of
enced by ATP binding. A large positive 1651 chvibration domain closure. Interactions between domains have been
suggests that a unique changeoihelix is associated with  proposed by Varga et al. and include new hydrogen-bonding
the active, ATP ternary comple8@, 31). In addition, there ~ and electrostatic interactions between residues such as

is an increase of negative intensity in the 169®75 cnr?® arginine, threonine, lysine, asparagine, aspartate, glutamate,
region that could also reflect a perturbation in side chains and histidine 4, 5).
such as Arg, Asn, and GIn as well as altefestructure 80, Comparison of the data in Figures 4 and 5 also shows

31). Similarly, a broad positive feature from 1630 to 1600 signals that are only associated with the productive PGK
cm™! is unique to the nucleotide exchange in the ternary ATP—3-PG complex. These bands could prove to be the
complex and could contain contributions frghsheet or side most interesting. Although we cannot definitively say
chains such as Lys or Ar@0, 31). The small positive peak  whether the PGK adopts a closed conformation, we can
around 1535 cmt is also suggestive of a Lys side chain discern substantial differences between the P@RKP and
that reorients upon ATP exchand¥(33). Perhaps the most PGK—ATP—3-PG complexes. Our data support previous
pronounced differences associated with the ternary complexstudies on human PGK ternary complexes and suggest that
exchange occur in the 1530430 cm? region. Many of the yeast PGKATP—3-PG complexes may exist in a more
these bands could be associated with amino acids, such agompact state than the PGHADP—3-PG complexess).
Phe, Trp, and Pro side chair®l( 33). The intensity of the Table 2 summarizes the bands that are associated with the
positive peaks in this region suggests that numerous sideproductive ternary complex and suggests some tentative
chains are perturbed when ATP is substituted for ADP in assignments for these interesting peaks. Figure 6 shows the
the ternary complex. What is interesting is the similar yeast PGK structure with some of the amino acids that may
intensity around 1400 cm that suggests that the Asp and be involved in domain closur@,(4—7). Many of the infrared
Glu (COO) side chains influenced by nucleotide exchange bands that are associated with the active ternary complex
are not differentially altered when 3-PG is present in the are consistent with the formation of salt-bridges and alternate
complex B1). However, other Asp and Glu residues (COOH) secondary structures necessary for phospho-transfer (Table
are uniquely influenced by nucleotide exchange in the 3-PG 2).
complex, as evidenced by the positive intensity in the £730 The most interesting peaks should be those that are found
1700 cnr! region @1, 33). These bands may be associated only in the PGK-ATP—3-PG difference data and are also
with the productive, most closed, PGK ternary complex. observed in the PGKATP—3-PG exchange data (Table 2).
Varga et. al have suggested that side-chain hydrogen bondingNumerous bands support the involvement of lysine and
and electrostatic interactions between Asp and Glu residuesarginine side chains in the productive complex. Figures 4
as well as Lys and Arg are crucial for the formation of the and 5 show changes in the 1637 dpeak when the PGK
closed PGK structured. ATP—3-PG spectra are compared to either the PGRP
or PGK—ADP—3-PG spectra. The difference in intensity

CONCLUSIONS may be due to an Arg that is differently influenced by the

We have presented the first difference infrared studies of PGK—ATP—3-PG complex §1). For example, the crystal
nucleotide binding to PGK. The difference infrared data structure of 3-PG bound to pig muscle PGK shows that there
provide complementary information to that previously ob- is an H bond between an arginine and a threonB)ed).
tained using other spectroscopic techniques. The sampleAnother vibration that may be assigned to a perturbation of
conditions used to generate the difference infrared data mosian Arg is around 1680 cm. For the interdomain contacts
likely have high concentrations of buffer salts and could be to occur between a positively charged side chain of the Arg
somewhat similar to crystal conditions with high sulfate or Lys, there should be a negatively charged side chain in
concentrations?). However, the partially dehydrated infrared the other domain that participates in the formation of new
samples resemble thin films and may exist in a more gel- contact (Figure 6). We expect that the negative charge may
like intermediary state between solution and crystal condi- arise from a COG on either an Asp or a Glu side chain
tions. The ability to directly compare data associated with that would appear in the 1581560 and 1400 cmregions
each of the complexes has allowed us to isolate important(31). In all cases where the binary and ternary complexes
signals that are associated with each of the PGK ternaryare compared, we observe some changes in these regions.
complexes. Changes that would be specific to 3-PG binding Difference data associated with each of the ternary complexes
that are not influenced by nucleotide binding would be show decreased intensity around 1570 &nHowever, the
subtracted out using our methods, as the 3-PG is alwaysdata associated with the PGIATP—3-PG complex shows
bound to PGK before the nucleotides are released. We area broader, more intense difference in this region and may
not able to perform an experiment where we would initiate suggest participation of multiple Asp and Glu side chains in
3-PG binding externally, as caged-3-PG is not commercially the formation of the active complex. The changes that are
available. Previous DSC studies suggest that 3-PG bindingreproducibly unique to the PGKATP—3-PG complex are
to PGK may show even larger changes as 3-PG binding consistent with the formation of new hydrogen-bonding
stabilizes PGK more than MgATP or MgADP bindind)( interactions between side chains from different domains and
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the

movement of botfi-structure andx-helices around the

nucleotide binding sites and in the hinge region.
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