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ABSTRACT:. A protein—protein association regulated by phosphorylation of tyrosine is examined by NMR
structural studies and biochemical studies. Binding of glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
and aldolase to the N-terminus of human erythrocyte anion transporter, band 3, inhibits enzyme activity.
This inhibition is reversed upon phosphorylation of band 3 Y8, as shown by kinetic studies on purified
components, as well &s vivo studies. Thus, tyrosine phosphorylation mediagginstthe intermolecular
protein—protein association, in contrast to the positive control involving SH2 and PTB domains where
phosphorylation is required for binding. To elucidate the basis of recognition and negative control by
tyrosine phosphorylation, the structure of a synthetic peptide, B3P, corresponding to the first 15 residues
of band 3 (MEELQDDYEDMMEEN-NH), bound to G3PDH has been determined using the exchange-
transferred nuclear Overhauser effect. The G3PDH-bound B3P structure was found to be very similar to
the structure recognized by aldolase. A hydrophobic triad forms from side chains within a loop structure
of residues 4 through 9 in both bound species. Another structural feature stabilizing the loop, in the case
of the B3P-G3PDH complex, is a hydrogen bond between the side chains of Y8 and D10 associated
with a g-turn of residues 811. Based on the structure of thgsosphorylatiorsensitiveinteraction (PSI)

loop, it is suggested that tyrosine phosphorylation disrupts pref@iotein association, in part, by
intramolecular electrostatic destabilization. The inhibition by B3P is competitive with respect to the
coenzyme NAD and noncompetitive with the substrate analog arsenate. Specific binding of B3P to
G3PDH is demonstrated by reversion of the NMR spectral properties of bound B3P to those of the free
peptide upon addition of coenzyme and substrate analog. The stoichiometry of binding for the B3P
G3PDH complex was determined from Sephadex G-50 displacement experiments to be 4:1. Collectively,
these results are consistent with B3P binding the active site of G3PDH.

Phosphorylation of tyrosine regulates the formation of 1994). In its unphosphorylated form, band 3 binds and
protein—protein complexes both in the initial and in the inhibits the enzymatic activity of aldolase, phosphofructoki-
downstream steps of signal transduction pathways. Thenase (PFK), and glyceraldehyde-3-phosphate dehydrogenase
phosphorylated form of tyrosine is required for binding to (G3PDH) (Low, 1986). Phosphorylation reverses binding
SH2 and phosphotyrosine binding (PTRBjomains in the and inhibition of glycolytic enzymes, as shown toyitro
regulation of protein kinase activity. Alternatively, phos- kinetic studies (Low et al., 1987). Further, the addition of
phorylation can mediatagainstprotein association, as in compounds that promote phosphorylation of band 3 to
the case of band 3, the erythrocyte anion transporter. Bandresealed erythrocytes increases glycolysis in a manner related
3 is a substrate of pP¥ tyrosine kinase (Harrison et al., to the release of glycolytic enzymes from band 3 (Harrison
et al., 1991). Structural studies related to complexes under
positive control by phosphorylation have been critical for
tunderstanding these proteiprotein associations (Hubbard
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et al., 1994; Andreotti et al., 1997; Xu et al., 1997; Sicheri have a general role in the negative control of protgirotein

etal., 1997). Here, we report NMR and biochemical studies interactions.

that examine the structural features of the band 3 interaction  The aims of this paper are to elucidate the binding of B3P

with G3PDH, a complex under negative control by tyrosine to G3PDH and inhibition of enzyme activity, and to further

phosphorylation. characterize the role of the PSI loop in mediating protein
Erythrocytes exhibit a high level of protein tyrosine kinase protein association.

activity (Tuy et al., 1983) even though these cells are

terminally differentiated and do not undergo cell division. MATERIALS AND METHODS

In spite of the curious presence of kinase activity, the basis . . .
for triggering this activity remains unknown. It has been Peptide and Enzyme Preparatiorihe band 3 peptide

shown that band 3 is the major tyrosine-phosphorylated (MEELQDD_YED_MMEEN'NHZ) was _synthe_gized by the
protein (Tuy et al., 1983, 1985; Harrison et al., 1994). Pur_d_ue Unlver5|t_y Peptlde Syr_1the3|s Facility and further
Investigations with red cell membrane ghosts purified in the Purified as described in Schneider and Post (1995). Both

presence of p7% show Y8 to be the most readily phos- t-BOC and FMOC amino acid derivatives were used.

phorylated residue (Dekowski et al., 1983; Yannoukakos et Briefly, @ Pharmacia preparatory column (25 mn15 cm,
al., 1991). A series of studies has lead to the suggestionC2Cis 15um silica particle size) was used for separation
that tyrosine phosphorylation control of the association of With & solvent system of 0.1% TFA in 95%8&/5% HPLC-
band 3 with glycolytic enzymes forms part of a regulatory 9rade acetonitrile and 0.1% TFA in 5%@®/95% HPLC-
scheme for red cell metabolism (Low et al., 1987, 1993; 9rade acetonitrile.

Harrison et al., 1991). G3PDH was purchased as a crystalline suspension and
With approximately one million copies per erythrocyte and concanavalin A as a lyophilized powder, both from Wor-
a molecular mass of 93 000 daltons, band 3 protein makesthington. Unless otherwise noted, enzymes were dialyzed
up roughly 25% of human erythrocyte membrane protein overnight in 5 mM |m|daz_ole/4 mM sodium acetate at pH
(Low, 1986), and functions to exchange chloride for bicar- /-5 and 4°C.  Concentrations were checked at 276 nm for

bonate anion. As indicated above, band 3 may also functionG3PDH [ =1.053 mL mg* cm™* (Worthington Enzymes,
in the regulation of red cell metabolism. High-affinity 1996)] and at 280 nm for concanavalin A £ 1.056 mL
binding sites for glycolytic enzymes are present on the acidic Mg+ cm™* (Worthington Enzymes, 1996)] using a Perkin
N-terminus region of band 3 (Low, 1986), and binding has Elmer Lambda 6 UV/Vis spectrometer.
been shown to have reversible inhibitory effects on enzymatic  Enzyme KineticsInitial velocity measurements, following
activity (Murthy et al., 1981; Tsai et al., 1981). G3PDH NADH production at 340 nm, were conducted on G3PDH
preferentially binds to residues-11, while aldolase binds  with either NAD" (Boehringer Mannheim GmbH) or arsen-
to both residues411 and 13-31 (Low, 1986; Kaul et al., ate (J. T. Baker Chemical Co.) as variable substrates, and
1983). Further, direct observation finds the majority of the inhibitor B3P at concentrations of 0.0, 0.05, and 0.10
G3PDH in red blood cells to be associated with the mM. Arsenate was used in place of phosphate to prevent
membrane (Rogalski et al., 1989), and glycolytic levels in product inhibition; the product, 1-arsenate-3-phosphoglyc-
the red blood cell can be altered 30-fold by modulating the erate, is unstable and hydrolyzes to 3-phosphoglycerate and
interaction between band 3 and the glycolytic enzymes (Low arsenate (Orsi & Cleland, 1972). A 1.5 mL cuvette with a
etal., 1993). These results collectively support a mechanismpath length of 1 cm was used for all UV measurements.
for controlling red cell metabolism via the banet§lycolytic Conditions for kinetic measurements were 10 mM imidazole
enzyme association. and 8 mM sodium acetate at pH 7.5 and 25 G3PDH

In an initial approach to defining structural features of a was dialyzed overnight at 4C in the same buffer. The
complex involving an integral membrane protein and a components, 4.26 10" M G3PDH, 0.1 mM dithiothreitol
soluble one, the three-dimensional structure of a penta-(Sigma), 0.1 mM NAD or arsenate, and 0.029.100 mM
decameric peptide derived from the N-terminus of band 3 arsenate or NAD, respectively, were placed into the cuvette
(B3P) when it is bound to G3PDH was determined using and the reaction was initiated with the addition of 0.1 mM
interproton distances interpreted from exchange-transferredG3P (Sigma). Initial velocities were obtained from the
nuclear Overhauser effect data (Balaram et al., 1973; Cloreabsorbance change over the first 10 s only, since G3P is
etal., 1982, 1983; Campbell & Sykes, 1993; Ni, 1994; Murali unstable in solution (Duggleby & Dennis, 1974). The kinetic
et al., 1994). These investigations were motivated in part constants were found with the least-squares fitting program
by the question of whether the structure of band 3 recognizedKinetics (Cleland, 1979).
by G3PDH is similar to that recognized by aldolase. Earlier = Sephadex G-50 Displacement Chromatograp8gphadex
studies on the B3Paldolase complex determined the aldo- G-50 columns were prepared from beads washed 3 times in
lase-bound structure of B3P to be a loop conformation which 1.0 mM imidazole at pH 7.0 and left in the same buffer
folds around the tyrosine side chain and is stabilized by overnight, and then poured ;& 1 cni syringe. Columns
nonpolar interactions of the triad L4, Y8, and M12 (Schneider were first spun for 2 min to remove excess buffer, and no
& Post, 1995). Based on thighosphorylationsensitive peptide was detected in the flow-through when placed, in
interaction (PSI) loop conformation, it was proposed that the the absence of enzyme, onto the Sephadex G-50 column.
mechanism by which phosphorylation diminishes protein  Varying concentrations of B3P, from 0.04 to 4.52 mM, were
protein association is destabilization of this loop structure added to 0.15 mM G3PDH in 1.0 mM imidazole at pH 7.0
by intramolecular electrostatic repulsion. Results reported and 4°C; 100uL volumes were placed onto the Sephadex
here show that a similar loop conformation is recognized G-50 column, and the column was spun in an IEC Clinical
by G3PDH, suggesting that the PSbop mechanism may  Centrifuge at level 4, approximately 4@5for 2 min.
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Collected fractions were then analyzed for their G3PDH and data sets, and the time domain data were weighted with
B3P content. Displacement of a single column volume yields Gaussian apodization in both dimensions.
only the B3P-G3PDH complex since the mobility of free Assignments at pH 7.5 were determined by measuring the
B3P through the column is significantly less than that of the pH dependence of the chemical shifts using previously
complex. G3PDH concentrations were determined from assigned resonances at pH 5.5 (Schneider & Post, 1996).
absorbance at 276 nm and not corrected for the relatively The pH of 2.5 mM B3P samples was adjusted by ap-
small B3P absorption. B3P was separated by FPLC with a proximately 0.5 pH increments, from 5.5to 7.5, in the NMR
Pharmacia pepRPC HR 5/5 analytical column {28, 5 tubes with sodium deuteroxide and deuterium chloride using
um silica particle size) using the solvent system described an ultra-thin, long-stem NMR electrode (Aldrich). For amide
above. B3P concentrations were determined from peakresonances, titrations were conducted with a 1,1-echo pulse
heights of 210 nm absorbance and standards constructed witlsequence (Sklenar & Bax, 1987), to avoid saturation of water,
B3P to relate peak heights to concentration. A total of 15 in 85% H0/15% D,O. For aliphatic resonances, titrations
data points were collected in triplicate over the course of 4 were conducted with a standard two-pulse sequence using
preparations of this experiment, and the standards werethe decoupler for presaturation of the HDO resonance in
recalibrated each time. 99.96% DO. Several chemical shift changes were observed
Rabbit muscle G3PDH as received from Worthington is for the amide protons, including 0.05 ppm for N15 Eind
known to contain at least one coenzyme per tetramer (Vijlder 0.10 ppm for E14 Ij. The largest chemical shift observed
& Slater, 1968; Fox & Dandliker, 1956). The affinity of in the aliphatic region was that of M1 JH shifting ap-
coenzyme binding the first site on G3PDH is about 10 nM proximately 0.15 ppm upfield from pH 5.5 to pH 7.5. There
(Meunier & Dalziel, 1977). Thus, some samples for is considerably more overlap at pH 7.5 as compared to pH
displacement chromatography were purified further by 5.5. This overlap was especially problematic among the
charcoal treatment. Dialyzed enzyme was added to 1.0%protons M11 Hi,», M12 H,1,2, D6 Hgigo, and D7 Hago,
charcoal (Norit SX2) and stirred in 1.0 mM imidazole at which resonate at 2.27 ppm, and meant many NOE interac-
pH 7.0 at 4°C for approximately 20 min. The charcoal was tions were not used for structure determination since they
separated from soluble enzyme by low-speed centrifugation could not be assigned unambiguously.
and the enzyme solution concentratedRfold. After NMR Structure Determinationlnterproton distance re-
repeating this procedure twice, the measuhed Aseo ratio straints were categorized based on integrated NOESY cross-
was 1.62, equivalent to approximately 0-3072 mol of peak intensities. In the case of ET-ssNOESY spectra,
coenzyme per tetramer (Vijlder & Slater, 1968; Fox & observed intensities were weighted by the excitation profile
Dandliker, 1956) still present. Further charcoal treatment calculated with the program Axum (TriMetrix, Inc) for a
was not found to remove significant amounts of coenzyme composite of two sinc functions with equal offsets but
and led to substantial loss of enzymatic activity. The opposite signs (Smallcombe, 1995). Only the F2 dimension
Sephadex G-50 displacement assay was repeated 5 times witlvas weighted.
0.16 mM charcoal-treated G3PDH and 4.52 mM B3P. The cross-peak between the ring protons of Y8 was used
Sample Preparation and NMR Spectroscodyamples as a reference for both the ET-ssNOESY data taken in 85%
were pH adjusted in O and lyophilized for solvent  H,O/15% DO and the ET-NOESY data measured in 99.96%
exchange. They were placed into 5 mm NMR tubes with D,O. This reference is the summed intensity for two NOE
0.8 mL of either 99.96% BD (Isotec, Inc.) or 85% LD/ pairs (H1—H. and Hx—H,.,) each with a fixed interproton
15% DO with final buffer concentrations of 10 mM distancer =2.5 A. Other NOE intensities were categorized
imidazole and 8 mM sodium acetate. Unless otherwise as strong (1.82.7 A restraint), medium (1:83.3 A re-
noted, the pH was adjusted to 7.5 where the pH meter valuestraint), or weak (1.85.0 A restraint), assuming arg/
was not corrected for deuterium effects. dependence of the cross-peak intensity. With regard to the
Exchanged-transferred (ET) symmetrically shifted NOESY exchange process, setting the cross-peak intensity propor-
(sSNOESY) (Clore & Gronenborn, 1982, 1983; Smallcombe, tional to 1/ assumes that this process affects the intensities
1992) spectra were recorded at 14.1 T on a Varian UnityPlusuniformly. At the level of accuracy of the qualitative
600 at 4°C using an 8 mm probe with a self-shielded categorization of distances, this assumption is valid in the
z-gradient coil. A symmetrically shifted pulse, with maxima fast exchange limit and because the differences due to
set at+2148 Hz from the transmitter, was used as the variations in the free peptid€l values are small at 150 ms
NOESY read pulse. All othetH spectra, including ET-  mixing time (Zheng & Post, 1992).
NOESY experiments in 99.96%,D, were collected on a Three-dimensional structures of B3P bound to G3PDH
Varian VXR-500 at 4°C using the decoupler or transmitter were determined using simulated annealing with two force
channels to saturate the HDO resonance for a period of 2.5fields and otherwise similar protocols. The first case
s. All ET-NOESY spectra contained 256 hypercomplex t1 employed X-PLOR 3.1 (Brunger, 1992) and a force field
date points and 2K data points in the t2 dimension collected (topallhdg.pro and parallhdg.pro files) with no electrostatics,
in the phase-sensitive mode using the method of States et soft square-well potential for the distance restraints, and a
al. (1982) for quadrature detection, 32 transients per t1 purely repulsive van der Waals terkygu(rmin?> — r?)?, where
increment, and a 12 ppm spectral window centered at thek,qy is the force constant anghi, is the sum of the van der
water resonance. A mixing time of 150 ms for all 2D data Waals radii between two atoms (Brunger, 1988; Kraulis et
was employed with a recycle time of at least 2.5 s. al., 1989). The second case employed CHARMM version23
VNMR 3.1 software from Varian running on a SUN Sparc (Brooks et al., 1983) and a force field (top_all22_prot.inp
1+ workstation was used for all spectral processing. Two- and par_all22_prot.inp files) (MacKerrell et al., 1992) with
dimensional spectra were zero-filled to generate 34KK no electrostatics, a square-well potential for the distance
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restraints, and a full Lennardlones potential. A force constant of B3P from G3PDH not bound to NADequal to
constant of 50 kcal mot A=2 was used for restraining  140uM andKy, the Michaelis-Menten constant for NAD,
distances based on NOE intensity in all molecular dynamics equal to 46uM. The affinity of both band 3 and its
and energy minimization steps. Modifications to the cytoplasmic portion under similar conditions has been found
CHARMM force field were made to ensure tyrosine ring to be higher withK, approximately 2.0x 1078 M (Tsai et
planarity and a trans peptide bond; improper dihedrals with al., 1982). The peptide also exhibited mixed inhibition with
500 kcal mot? rad™2 force constants were added to the the substrate analog, arsenate, Wiz, the dissociation
tyrosine ring, and improper dihedrals with 100 kcal mol  constant of B3P from G3PDH without arsenate bound, equal
rad-2 force constants were added to the peptide bond. Toto 210 uM, Ky, the dissociation constant of B3P from
make the search of conformational space more efficient, 14 G3PDH with arsenate bound, equal to 50, andKy, the
¢ dihedral restraints were used in the initial stages to limit Michaelis-Menten constant for the substrate analog arsenate,
peptide structures te-180° < ¢ < —30°, the region of a equal to 27uM. These types of inhibition of G3PDH were
Ramachandran plot populated by nearly all non-glycyl found for band 3 protein and the 23 kDa N-terminal fragment
residues. Importantly, these dihedral restraints were removedof band 3 (Steck et al., 1982), demonstrating that B3P binding
for the final steps of molecular dynamics and energy is a good model for the interaction of band 3 with G3PDH.
minimization and, as such, were not a determinant in the When the dissociation rat&, is much greater than the
final structures. CHARMM23 was modified to incorporate longitudinal magnetic relaxation and cross-relaxation, nuclear
a harmonic dihedral restraint function with a window. The Overhauser effects are efficiently transferred between the
force constant for this restraint function was 5 kcal Mol  bound state and the free state. Thus, the observed cross-
rad-2 for high-temperature dynamics, increased to 200 kcal relaxation is related to the bound-state cross-relaxation in a
mol~?* rad2 during cooling and minimization, and set to 0 straightforward manner (Clore & Gronenborn, 1982). In the
for the final molecular dynamics and energy minimization case of diffusion-limited bindingk.s can be calculated as
steps. Kdakon, Where ko is the association rate anly is the
One hundred B3P models were generated starting fromdissociation constant of B3P from G3PDHK4 was set to
either a right-handed-helix or an extended chain, and either 140uM, the competitive inhibition constari;. (Using the
of the 2 force fields described above, giving a total of 400 highest affinity measured from the above kinetic studies gives
structures. Based on 89 distance restraints and¢l4 the most conservative estimate fof.) Assuming a diffu-
restraints, 30 ps of molecular dynamics simulation at 1000 sion-limited value fotk,, of 10° M~ s™* (Espenson, 1981),
K was followed by cooling to 100 K over a 15 ps period Kot for B3P from G3PDH is calculated to be 1:410* s™.
and energy minimization. This rate is much greater than the cross-relaxation rates of
A second stage of simulated annealing included eight 50 S estimated for proteins the size of G3PDH, safely
additional NOE restraints assigned by resolving ambiguous Putting this complex into the fast-exchange limit.
NOE interactions based on distances in the first-stage SPecificity of B3P Binding to G3PDHIt is important to
structures. Also, the intraresidue restraints between Yg rule out the possibility of nonspecific binding of B3P at the
H.iieo and either H or Hy were redefined as very weak high concentrations used for the ET-NOESY experiments
(1.8-6.0 A) since the collective list of original restraint (Murali etal.,, 1993, 1994). The predominance of specific
values was found to be incompatible with good geometry binding is shown here by demonstrating competition between
for Y8. It is likely that the observed intensities were B3P and NAD plus arsenate, the coenzyme and substrate
enhanced by spin diffusion involvingstand H, although analog for G3PDH, respectively. The longitudinal relaxation
internal dynamics of bound B3P could also be a factor. No time, T1, the transverse relaxation time2, and the cross-
other NOE interactions were consistently violated in the first relaxation time responsible for an NOE are mole fraction
stage, so additional corrections for spin diffusion were not Weighted averages between the free and bound states when
justified. Thirty picoseconds of molecular dynamics at 1000 2 ligand is in fast-exchange. Thug]l andT2 values for
K, with cooling to 100 K at a linear rate over a 15 ps period, B3P decrease upon the addition of G3PDH. Figure 1B
was followed by additional molecular dynamics for 5 ps at illustrates how the addition of 0.125 mM G3PDH to 1.5 mM
100 K that excludedp angle restraint terms. Finally, all B3P broadens the relatively narrow resonances of free
structures were subjected to 3500 steps of conjugate gradienP€Ptide, shown in Figure 1A. With the subsequent addition

minimization based on the CHARMM 22 force field includ-  Of 15 mM NAD" and 15 mM arsenate (Figure 1C), the
ing electrostatics and the refined NOE restraint list. resonances revert to within 10% of their original line widths,

&onsistent with the relative affinities of the coenzyme and
peptide for G3PDH. With respect to longitudinal relaxation,
the B3PT1 values for Hi+s2 and Hiy., of Y8 decrease to
0.58 s in the presence of G3PDH, but revert back to that of
the free peptide, 1.4 and 1.7 s forsibs, and Hiteo,
respectively, upon addition of the coenzyme and substrate
analog. Similarly, the significant NOE between;k, and

From the set of 400 B3P structures, a subset was selecte
for structural analysis based good geometry and few NOE
violations. Approximately 80 structures were selected by
having no NOE violations greater than 0.25 A. This set was
further reduced to 20 by eliminating those structures with
any ¢,y value in the disallowed regions of the Ramachandran
plot (Gunasekaran et al., 1996; Kleywegt & Jones, 1996)

specified with Procheck-NMR (Laskowski et al., 1996). Haieo In the presence of enzyme reverts back to the
negligible value of the free peptide when coenzyme and
RESULTS substrate are added. A 10:1 NAIB3P ratio was necessary

for these competition assays because the coenzyme binds
Enzyme Kinetics B3P was found to be a competitive allosterically and they values for coenzyme binding the
inhibitor with the coenzyme, NAD, with K|, the dissociation  third and fourth sites on G3PDH (Meunier & Dalziel, 1978)
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Ficure 2: Sephadex G-50 displacement experiment of B3P and
G3PDH prepared without charcoal treatment showing a stoichi-
ometry of approximately three peptide molecules per enzyme

T T T A T tetramer when one G3PDH site is occupied by coenzyme (see text).
6.73 6.63 6.53 The abscissa shows the varying B3P:G3PDH ratios added to the
ppm Sephadex G-50 column in 1Q@ volumes. The ordinate shows

the B3P:G3PDH ratios measured in the flow-through which contains
the complex, while free peptide is retained on the column since
the mobility of the ligand through the column is significantly slower.

FiGURe 1: (A) 1D H NMR spectra showing the Y8 4152 (6.79
ppm) and Y8 Hi+.2 (6.50 ppm) resonances of 1.5 mM B3P in the
free state, (B) in the presence of 0.125 mM G3PDH, and (C) in
the presence of 0.125 mM G3PDH, 15.0 mM NARnd 15.0 mM
arsenate. Binding of B3P is specific, since the addition of coenzyme by charcoal treatment. From the 280 nm:260 nm ratio,

and arsenate, a substrate analog, reverses the broadening of B3Bpproximately 1.6-1.22 mol of coenzyme/mol of G3PDH
resonances that results from binding G3PDH. Samples containedremained after dialysis and approximately 08072 mol

10 mM imidazole and 8 mM sodium acetate in 99.96%0D of coenzyme/mol of G3PDH remained after charcoal treat-
are nearly equal to the inhibition constant of the coenzyme ment. Given the relative weaker affinity of B3P for G3PDH

peptide complex. That the increase in ionic strength by indicated by &; of 140uM, B3P is not expected to displace
addition of NAD" and arsenate weakens B3P binding residual coenzyme at concentrations practical for these
(Mitchell et al., 1965) to produce the above effect was ruled studies. As such, binding of B3P was measured using
out by adding 60 mM sodium acetate to give the same ionic dialyzed G3PDH (associated with 1 mol of coenzyme) and
strength as the samples shown in Figure 1C. The line widthscharcoal-treated G3PDH (associated with 6:80r2 mol of
of B3P and the NOE intensity between Y8k, and Y8 coenzyme) to identify the influence of coenzyme binding
H.1+c2 do not revert back to those of the free peptide when on the apparent binding stoichiometry. Without charcoal
acetate is added to the B3&3PDH complex. treatment, the limiting B3P:G3PDH ratio off the column
Binding of B3P to concanavalin A, a tetramer at pH 7.5 given by the plateau region in Figure 2 is approximately 3.0.
(Chowdhury & Weiss, 1995), was probed in a similar fashion In the case of charcoal-treated enzyme, the limiting ratio in
as binding to G3PDH to examine possible nonspecific the elution volume is 3.5 for addition of a 32:1 mole ratio
binding by B3P to proteins in general at the high concentra- to the column. Taken together, these results indicate that
tions for NMR. The proton spectrum of 1.5 mM B3P and the binding stoichiometry for B3P is 4.0, or one B3P
0.125 mM concanavalin A in 99.96%,D, pH 7.5, was  molecule per G3PDH subunit.
measured at 4C. Not only did the addition of this enzyme Work with human red cell ghosts and the cytoplasmic
have little effect on B3P line widths, but no change was domain of band 3 has reported that band 3 binds the aldolase
observed in either peptid&l values or the NOE intensity ~ or G3PDH tetramer with a stoichiometry of 1:1 (Yu & Steck,
between Y8 Hit+s2 and Y8 Hiteo. 1975; Stapazon & Steck, 1977). That the N-terminal
Stoichiometry of the B3PG3PDH Complex. The B3P fragment, B3P, binds with a higher ratio, 4:1, to both G3PDH
interaction with G3PDH was further characterized by and aldolase (Schneider & Post, 1995) suggests steric
determining the number of binding sites per G3PDH tetramer hindrance as one reason for the reported differences in the
using Sephadex G-50 displacement chromatography (Penefstoichiometry of binding.
sky, 1977) as described under Materials and Methods. From Structure of B3P Bound to G3PDH from Transferred NOE
solutions of varying concentrations of B3P and G3PDH Intensities. The amide region of the ET-ssSNOESY spectrum
added to the column, the stoichiometry of the complex is in Figure 3A shows transferred NOE cross-peaks for in-
determined from the limiting [B3P]:[G3PDH] ratio eluted tramolecular B3P interactions. NOE interactions involving
off the column as a function of added [B3P]:[G3PDH] ratio G3PDH protons are not observable because of their broad
(Figure 2). Measurement of the stoichiometry for B3P line widths. B3P was previously shown to have negligible
binding to G3PDH is complicated by residual coenzyme that NOE interactions in the unbound state (Schneider & Post,
copurifies with G3PDH since B3P competes with coenzyme 1995). Thus, the intensities measured in the presence of
for binding (described above). Coenzyme displays negative G3PDH are a result from cross-relaxation in the bound state
cooperativity for association with G3PDH and equals 10 nM (Figure 3A,C). This point is illustrated by comparing
for binding the highest affinity site (Meunier & Dalziel, NOESY spectra at 150 ms mixing time of B3P in the absence
1978). Dialysis does not remove all of the bound coenzyme, (Figure 3B) and presence (Figure 3C,D) of enzyme. Cross-
as monitored by the ratio of absorbances at 280 and 260 nmpeaks to Y8 H,+s> and Hi+., include only the fixed distance
(Vijlder & Slater, 1968; Fox & Dandliker, 1956), although Hs;—H. and one weak t-H; intraresidue NOE interactions
part of the coenzyme remaining after dialysis can be removedin the free state, but in the presence of either G3PDH or
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7'86_ A A Table 1: Comparison of B3P NOE Interactions When Bound to
] @ @ @ ) either G3PDH or Aldolase
7.94] Y residues 49
F2 1 @ 0 0 G3PDH and for G3PDH
(ppm) ] J %Y/) G3PDH aldolase aldolase  and aldolase
8.02; NOEs 97 68 46 29
J intraresidue 54 37 27 17
RTAPREIT . W YT peresdie g1
Bl ] U Y U o, Ni+1
. . — s >1 residue apart 16 18 11 7
6.8 6.5 41 3.7 3.3 29 Ho,i—Hoi+1 0 1 - -
F1 (ppm) Hni—Hn,i+1 4 3 2 1
alisted are the number of NOE interactions used to define B3P
5-6-.,1._. B interproton distance restraints for simulated annealing and the number
gg s . of NOE interactions observed for both G3PDH and aldolase complexes.
: -T._ . : . . b Cross-peaks between protons of residue 2 and 3, 3 and 4, 8 and 9, 9
F2 6.6] R - - - C and 10, and 14 and 15Cross-peaks between protons of residue 4
(ppm)6.8] - and 8 (4), 8 and 10, 8 and 12 (4), and 6 and 8 {B)ross-peaks between
7.0 . 2 - protons of residue 8 and 9, 13 and 14.
6.6 - - o o -
68| °% A
7‘0* ‘0@ < <> o -
7 6 2771

5 4 3
F1 (ppm)

FiGure 3: (A) Amide region of an ET-ssNOESY spectrum of 5.0
mM B3P with 0.125 mM G3PDH measured in 85%®15% DO
with a Varian UnityPlus 600 MHz spectrometer. The NOE
interactions for M11 Iy include the interresidue ones with Y§13,
(6.79 ppm), Hi ., (6.5 ppm), and I g (2.69 ppm). (B) Aromatic
region of 2D NOESY spectra measured on a Varian VXR-500
spectrometer of 5.0 mM B3P free, or (C) in the presence of 0.125
mM G3PDH, and (D) 2.8 mM B3P with 70M aldolase showing
both the lack of NOE interactions with the free peptide (B) and
the similarity of NOE interactions in the presence of either
glycolytic enzyme (compare panel C with panel D). The Y3
and H; ., NOE interactions include L4 K, (0.55 ppm) and M12
H. (1.76 ppm). Spectra taken in the presence of G3PDH were u
collected at pH 7.5 and 4C with 10 mM imidazole and 8 mM -90- ‘ - —
sodium acetate, while those of B3P alone and in the presence of
aldolase were collected at pH 5.5 and°25with 10 mM phosphate.
Gaussian apodization with zero-filling was used to generatex4K
4K data matrices and a mixing time of 150 ms in all cases.

Psi (degrees)

H
i

-1351

L_

aldolase (Schneider & Post, 1995), a number of interresidue ~ -180 -135 %0 -45 0 45 90 135 180
NOE interactions are found for the tyrosine ring. The Phi (degrees)

intraresidue NOE interactions are also more intense in the
presence of these glycolytic enzymes.

A total of 97 NOE interactions were interpreted from
NOESY spectra in either » or 85% HO/15% BO. Of
these, 54 were intraresidue interactions, 27 were sequential
(i — j| = 1), and 16 were nonsequentidl  j| > 1)
interresidue interactions (Table 1). With 37 NOE interac-

tions, Y8 is the dominant residue contributing to the total FIGURE 4: (A) Ramachandran plot containing all 20 selected B3P
number of NOE interactions. structures bound to G3PDH chosen from a set of 400 based on

T ] both low NOE violations and good geometry. (B) Individual residue
Structure determination of B3P bound to G3PDH involved Ramachandran plots of residues Y8 through M11 that fofivtan

14 ¢ dihedral restraints in the initial conformational search for the 20 selected B3P structures. Plots were generated by
that were not included in the final steps, as described underProcheck-NMR (Laskowski et al., 1996).

Materials and Methods. As such, the dihedral restraints structures started with a-helix for the initial coordinates.
facilitate convergence starting from initial coordinates, but The average total energy and NOE energy for the 20
are not determinants of the final structures. The lack of bias structures were-223 4 67 kcal mot?! and 8.0+ 1.1 kcal
from the ¢ restraints in the final 20 structures is evident in mol™%, respectively. The average summed distance of
the Ramachandran plot in Figure 4A produced using violations per structure was 22 0.3 A, and the average
Procheck-NMR (Laskowski et al., 1996). Protocols with number of NOE violations exceeding 0.2 A was 2.8
either force field (see Materials and Methods) yielded with a maximum violation of 0.25 A.

structures having favorable van der Waals contacts and The G, trace for the 20 NMR structures is shown in Figure
electrostatic interactions, resulting in half of the final 20 5A. The average rmsd over the set of 20 for main-chain
structures generated from each force field. Fifteen of theseatoms (N, G, and C) of residues 4 through 11 was 127

ASP 10
i :

7

%

°

B
]

Psi (degrees) @
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values for the individuapB-turn residues, Y8 through M11,
is shown in Figure 4B. All but one of the values falling
within the classical left-handed-helix region are from
residues E9 and D10.

Comparison of B3P Bound to G3PDH and Aldolasehe
structures of B3P modeled from ET-NOESY data in the
presence of either aldolase or G3PDH are similar. The
comparison shown in Table 1 of the NOE interactions for
B3P bound to either G3PDH or aldolase reveals the basis
for this structural similarity. Out of 68 and 97 interactions
for the aldolase and G3PDH complexes, respectively, 46 are
observed in common. The majority of these, 29/46, involve
residues 4 through 9. In addition, greater than half of the
interresidue NOE interactions of the tyrosine ring (10/18)
are common to both complexes. Many of the additional
NOE interactions observed for the G3PDH complex, but not
the aldolase complex, involve amide protons, which could
be a consequence of a more efficient water suppression
method in the ssSNOESY experiment rather than an actual
difference in the structures of bound B3P. The structural
similarity in the PSI loop is shown in Figure 6C by
superposition of main-chain atoms from residues 4 through
9 for five structures each of B3P determined for the G3PDH
complex (green) and the aldolase complex (red) (Schneider
& Post, 1995). The average rms pairwise difference in main-
FiGure 5: (A) C, trace along with the side chain of Y8 from 10 chain atoms (N,&, and C) for residues 4 through 9 using
of the final 20 selected structures of B3P (MEELQDDYEDM- the 20 selected structures for each of the complekes (

MEEN-NH,) bound to G3PDH. Main-chain atoms (NgGnd C) . . .
of residues 4 through 9 were used to superimpose structures. (B)400 rms difference values) is 1.950.39 A. This average

Backbone of residues 5 through 12 of the 20 selected B3P structuredS slightly larger than the two averages, comparing residues
bound to G3PDH. Main-chain atoms of residues 8 through 11, a 4 through 9, calculated within the set of NMR structures for
type IV -turn, were used to superimpose the structures. This figure gne complex, which is 1.1% 0.40 A for G3PDH and 1.21
was generated with QUANTA (Molecular Simulations Inc.). + 050 A fé)r aldolase. The ranges of rms pairwise

0.48 A, while that for all main-chain atoms was 4451.20 differences for the 20 G3PDH structures, the 20 aldolase

A, determined after a least-squares superposition of main-structures, and the comparison between the two sets are
chain atoms for residues 4 though 11 and residues 1 through0.07-1.91 A, 0.25-2.18 A, and 0.86-2.92 A, respectively.

15, respectively. These values illustrate the relatively good The overlap of the ranges for comparison within a set of
convergence in structure within the central residues of the structures and between the two sets indicates similar
peptide and the disorder among the termini. The PSI loop structural solutions of B3P binding either G3PDH or aldolase.
is stabilized intramolecularly through nonpolar interactions The side-chain interactions of the PSI loop are also compa-
involving the triad of L4, Y8, and M12, and through a side- rable for the two glycolytic enzyme complexes of B3P.
chain/side-chain hydrogen bond between Y8 and D10 (Figure Comparison of B3P bound to G3PDH (Figure 6A) and to
6A). These structural features are supported by the NOE g|dolase (Figure 6B) indicates that the nonpolar interactions
interactions in Figure 3D (triad), and by the combined NOE f | 4, Y8, and M12 stabilize both structures. We also note
interactions of E9 with Y8 and D10 (hydrogen bond). The hat the N and C termini are not converged in the NMR
relative spatial orientation of the side chains of L4, Y8, and solutions for either complex. In the aldolase complex (Figure

M12 is maintained among the 20 structures in spite of the 6B), th : P ;
. : . . , the tyrosine ring is sandwiched between L4 and M12,
disordered structure of the terminal residues of B3P. This while in the G3PDH complex the ring is rotated, and the

internal structure can be described by the triangle defmedﬁ-turn orients the main chain from residues 8 to 11 such

from three vectors joining L4, Y8, and M12: the distance that L4 and M12 lie on one side of the ring. The side-chain

L4 C,to Y8 C, L4 C, to M12 C, and Y8 G to M12 C.
The area of such a triangle is 9.971.47 A, showing small hydrogen bond b_etween Y8 and D10, found for the G3PDH
complex, occurs in some, but not all, of the aldolase-bound

variation among the 20 structures. fAturn terminates the _

PSI loop. The NOE interactions between the side-chain B3P structures. In 'Fhe structural solut_|ons for BSP_bound
protons of Y8 and M11 W (see Figure 3A) result in an 0 @ldolase, the relative arrangement within the triad is more
average distance between Y8 @&d M11 G of 6.0 + 0.4 variable than that for G3PDH, due probably to the fewer
A, and theg,y angles from the 20 structures fall within a amide distance restraints obtained for the BaRlolase
miscellaneous category termed type IV (Lewis et al., 1973; complex. Fewer amide distance restraints may also be the
Wilmot & Thornton, 1988). TheB-turn is well-defined reason ngs-turn was found in the aldolase-bound structure
(Figure 5B) with an rmsd of 0.3% 0.25 A for main-chain of B3P, since thg8-turn in the G3PDH complex is defined
atoms of residues 8 through 11. The distributiongof by NOE interactions involving M11 Kl
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C

Ficure 6: Stereoview of B3P main-chain plus residues that stabilize the PSI loop, L4, Y8, M12, and D10 for B3P bound to (A) G3PDH
or to (B) aldolase. Shown in each case is 1 of the 20 structures that had low total energy and low NOE restraint energy. (C) Protein cartoon
of five computed structures of B3P bound to either aldolase (red) or G3PDH (green), showing the similarity in the PSI loop recognized by
both glycolytic enzymes. Main-chain atoms (N,,@nd C) of residues 4 through 9 were used to superimpose the structures. These figures
were generated with QUANTA (Molecular Simulations Inc.).

DISCUSSION senate (this work; Tsai et al., 1982). The NMR studies

PSI Loop of the B3PG3PDH Complex The penta- reported here on the B3R33EDH complex, along w_ith
decameric peptide, B3P, mimics the interaction of band 3 those on B3P-aldolase (Schneider & Post, 1996), elucidate
with G3PDH; B3P, the cytoplasmic domain of band 3, and certain structural features of the interaction between band 3
full-length band 3 in erythrocyte ghost preparations all exhibit and the glycolytic enzymes and the disruption of this
competitive inhibition against the coenzyme NARnd interaction upon tyrosine phosphorylation of band 3. We
noncompetitive inhibition against the substrate analog ar- recognize that the complex formed by the larger cytoplasmic
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domain of band 3 may involve features not contained within based on intramolecular destabilization for negative regula-
this peptide-protein model; however, structural information tion of protein—protein association by tyrosine phosphory-
on the full protein-protein complex must await the difficult  lation. Taken together, the factors described here for
task of crystallization of a large molecular mass complex stabilization, and destabilization upon phosphorylation, lead
involving the cytoplasmic domain of band 3-43 kDa) to a plausible consensus for the PSI loop: -(D/E)LxxxYXx-
bound to a glycolytic enzyme~140 kDa). (D/E)xM(D/E)-.

Band 3 peptide binds to G3PDH in a PSI loop structure  Binding Site for B3P The biochemical data are consistent
which, as a nonregular polypeptide structure, is well-defined with B3P binding within the active site of G3PDH or
by the NMR data. Residues4.1 fold around Y8 (Figures  aldolase; for both complexes, the measured stoichiometry
5 and 6) so that the nonpolar interactions of the L4, Y8, of binding is one B3P molecule per monomer, the enzyme
M12 triad and the Y8D10 side-chain hydrogen bond kinetic data show competitive inhibition, and the displace-
stabilize the loop structure. The positions of D10 and M12 ment of B3P by substrates was demonstrated directly by
are linked to the type I\B3-turn for residues 811 formed NMR spectroscopy. For aldolase, the NMR structures of
at the end of the PSI loop by residues 8 through 11. B3P were modeled in the active site using simulated
Calculation of the solvent-accessible surface shows that theannealing with NMR distance restraints for the peptide
tyrosine ring is buried and therefore not involved in (Schneider & Post, 1995), and the strong steric and energetic
intermolecular contacts. complementarity between B3P and the active site in the

A key finding by these studies is that B3P binds G3PDH resulting complexes are clearly consistent with active-site
and aldolase with a markedly similar structure, consistent binding of B3P. The modeled complexes include a number
with the high fraction of NOE interactions common to both of intermolecular hydrogen bonds involving acidic B3P
complexes (Table 1). The main-chain fold for residues residues with Lys and Arg residues of aldolase. In the case
4-11, forming the PSI loop, is nearly identical for B3P of G3PDH, crystallographic structures of lobster muscle
binding either to G3PDH (green in Figure 6C) or to aldolase G3PDH-coenzyme complex (Buehner, 1974; Harris &
(red in Figure 6C), and the nonpolar interactions of the triad Waters, 1976) reveal R10 and K19 to be feasible candidates
L4, Y8, and M12 result in a similar internal structure of the for interaction with acidic B3P residues. These G3PDH
loop (compare Figure 6A and Figure 6B). Importantly, the residues are in contact with the pyrophosphate moiety of
PSI loop structure reflects specific binding as shown by NAD™ and the phosphate moiety of the substrate. To
displacement of B3P by the enzymatic substrate or coenzymedetermine that the active site of G3PDH can accommodate
(Schneider & Post, 1995; this work). It is useful to note B3P sterically, and to assess the electrostatic complementarity
that no evidence was found for the intrinsic structure of B3P with B3P, we visualized the NMR model for B3P in the
free in solution. context of the enzymatic active site using coordinates for

Tyrosine Phosphorylation Control of ProteiifProtein G3PDH from human muscle (Watson & Campbell, 1972)
Association. Binding recognition and tyrosine phosphory- (PDB entry 3GPD). Although the NMR structure has been
lation control of proteir-protein association based on the determined here for B3P bound to G3PDH from rabbit
PSI loop differ from those involving SH2 or PTB domains muscle, G3PDH coordinates from this source are not
of kinases and adapter proteins (Yu & Schreiber, 1994; available in the Brookhaven Protein data bank. The amino
Beattle, 1996; Harrison, 1996; Eck & Trub, 1996; Zhou et acid identity between G3PDH from these two sources is 90%
al., 1996). In the case of SH2 and PTB domains, phospho-according to the BLAST algorithm (Altschul et al., 1990),
rylated tyrosine is required for binding, and the phosphoty- so that the assessment using the human muscle protein is
rosine interacts directly with residues of the SH2 or PTB reasonable. The active site of G3PDH is a crevice as wide
protein. In contrast, recognition of the PSI loop by glycolytic as 20 A, which can easily accommodate B3P spanning a
enzymes is for unphosphorylated tyrosine, with the tyrosine maximum distance of approximately 15 A. Furthermore, the
making only intramolecular contacts. In addition, a phos- conserved residues R10, K183, K191, and R231 (numbers
phopeptide binds to SH2 and PTB domains in a largely refer to lobster muscle G3PDH) (Harris & Waters, 1976)
extended conformation, in contrast to the coiled structure of form an electropositive surface that would provide a plausible
the PSI loop. binding region for the electronegative surface of B3P residues

Phosphorylation of band 3 mediates against formation of D6, D7, and E9. From the combination of the biochemical
the complex between band 3 and the glycolytic enzymes results and the structural considerations, we conclude that
(Low et al., 1987; Harrison et al., 1991). The origin of this B3P binds to the active site of G3PDH.
disruption by tyrosine phosphorylation is proposed to be
intramolecular electrostatic repulsion based on the PSI loop CONCLUSIONS
structure (Schneider & Post, 1995). In the B3Rdolase The structural similarity of B3P bound to G3PDH and
complex, the spatial proximity of the tyrosine hydroxyl group aldolase underscores the importance of the PSI loop in the
to carboxylates from Glu and Asp two to five residues regulation of proteir-protein association by tyrosine phos-
removed from tyrosine means that tyrosine phosphorylation phorylation. The proposal made in this paper for negative
would destabilize the PSI loop structure by strong electro- control is based on the close intramolecular packing around
static repulsion. An analysis of the B3P structures for the tyrosine and obvious electrostatic destabilization that would
G3PDH complex finds E3, D10, and E13 carboxyl groups result from tyrosine phosphorylation due to the proximity
at short distance to the Y8 hydroxyl group, consistent with of several acidic residue side chains. Given the intramo-
this proposal. Moreover, the Y810 hydrogen bond lecular nature of this mechanism for phosphorylation control,
established for the B3PFG3PDH complex would be lost with  the question arises of whether a PSI loop might be involved
tyrosine phosphorylation, further supporting a mechanism in controlling protein-protein interactions other than that
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between band 3 and the glycolytic enzymes. It is of interest, Gamblin, S. J., Davies, G. J., Grimes, J. M., Jackson, R. M,
in this regard, to note that tyrosine phosphorylation mediates Littlechile, J. A., & Watson, H. C. (1991). Mol. Chem 219,
against association in downstream signaling events associate%u5n7a35_e?(;?én K., Ramakrishnan, C., & Balaram, P. (1995)ol
with cytoskeletal interactions (Balsamo et al., 1996; Behrens ~ ~pom 264, 191-198. T T '
etal., 1993; Hamaguchi et al., 1993; Matsuyoshi et al., 1992; Hamaguchi, M., Matsuyoshi, N., Ohnishi, Y., Gotoh, B., Takeichi,
Takeda et al., 1995) and the control of microtubulin M., & Nagai, Y. (1993)EMBO J. 12 307—-314.

polymerization by microtubulin associated proteins (Wan- Harris, R. K. (1986)Nuclear Magnetic Resonance Spectroscopy

dosell et al., 1987).
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