Biochemistry2006,45, 5421-5429 5421
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ABSTRACT. The isoform of pyruvate kinase from brain and muscle of mammalsKVK) is allosterically
inhibited by phenylalanine. Initial observations in this model allosteric system indicate that Ala binds
competitively with Phe, but elicits a minimal allosteric response. Thus, the allosteric ligand of this system
must have requirements for eliciting an allosteric response in addition to the requirements for binding.
Phe analogues have been used to dissect what chemical properties of Phe are responsible for eliciting the
allosteric response. We first demonstrate thatif#aminopropanaldehyde substructure of the amino
acid ligand is primarily responsible for binding to;MYK. Since the allosteric response to Ala is minimal

and linear addition of methyl groups beyond thearbon increase the magnitude of the allosteric response,
we conclude that moieties beyond thearbon are primarily responsible for allostery. Instead of an all-
or-none mechanism of allostery, these findings support the idea that the bulk of the hydrophobic side
chain, but not the aromatic nature, is the primary determinant of the magnitude of the observed allosteric
inhibition. The use of these results to direct structural studies has resulted in a 1.65 A structure of M
PYK with Ala bound. The coordination of Ala in the allosteric amino acid binding site confirms the
binding role of the_-2-aminopropanaldehyde substructure of the ligand. Collectively, this study confirms
that a ligand can have chemical regions specific for eliciting the allosteric signal in addition to the chemical
regions necessary for binding.

A linked equilibrium analysis of allosteric regulation rabbit has become a model system for the study of allosteric
quantifies the allosteric coupling independent of the initial enzymes. The most extensive description of changes in
substrate affinity and the initial effector affinityl); As a protein properties associated with the binding of Phe has been
result, a ligand may have chemical regions that contribute provided by Lee and co-workers (e.¢—9). However, at
to binding to the protein but are not employed in the allosteric the onset of the current study the location of the allosteric
coupling; only selective chemical groups of the ligand might amino acid binding site on the structure of PYK had not yet
be responsible for eliciting the allosteric response. Thus, been identified.
linkage concepts might provide a valuable framework for  Additions of Ala to Phe-inhibited MPYK reverse the Phe
understanding the agonistic/antagonistic properties in drug/inhibition (2,10, 11). However, small amino acids have not
receptor studies. previously been reported to elicit an allosteric response from

The pyruvate kinase isozyme found in brain and muscle this enzyme. On the basis of these observations of the
(M1-PYK)! is one of four mammalian isozymes of pyruvate comparative effects of Phe and Ala onYK activity, we
kinase (PYK), all of which catalyze the conversion of gon5|dered that Phe cpuld be an examplg of an aIIostgrlc
phospho(enol)pyruvate (PEP) and MgADP to pyruvate (Pyr) Ilganq tha_lt has_ _Chemlcal regions _speC|f|_c f_or allosteric
and MgATP. Phe is an allosteric inhibitor of NPYK that ~ functions in addition to those specific for binding.
causes a decrease in this enzyme’s apparent affinity for PEP The goal of the current work was to further distinguish
(2). The physiological relevance of this regulation is not fully the chemical regions of Phe responsible for binding to rabbit
understood but may have implications in phenylketonuria M1-PYK and the chemical properties of the allosteric ligand
(3—6). Biochemically, the Phe inhibition of MPYK from that are responsible for eliciting the allosteric response. To
overcome saturation limitations at pH 7.0, we demonstrate
that Phe binds with a higher affinity at pH 9.0. At pH 9.0,
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NADH, L-lactic dehydrogenase (Type Il bovine heart),

Williams et al.

constant K concentration. K concentrations from additions

sodium pyruvate, glycerol, Sephadex G-50, and the potas-of KOH and from counterions of ligands were summed and
sium salt of ADP were purchased from Sigma. Other buffer KCI was supplemented to a total"kKconcentration of 500

components were from Fisher Scientific.

mM in all assays. The enzymatic reaction was initiated with

Due to multiple names associated with many of the ligand PEP and monitored at 340 nm over time. Data were collected
analogues used in this study, we have chosen to use thdén a 96-well format using a Molecular Devices Spectramax
commercial names as given by the supplier. For many of Plus384 spectrophotometer. Initial rates were collected from
the analogues, the combination of low solubility and a low the linear portion of the progress curve.

affinity to the allosteric binding site of MPYK may have

Phe inhibition alters the apparent affinity ofNPYK for

prevented an observed effect (we have constrained the currenPEP Kapp-pep Without altering maximal velocity\Mmay) and
study to ligand solubility in aqueous buffers without the aid is, therefore, a K-type allosteric system. However, increasing
of organic solvents). Therefore, we indicate the concentration concentrations of 2-phenylethylaminealaninol,L-alanine
ranges of analogues that were used to test for allosteric effectmethyl ester, and-phenylalanine methyl ester decreased

(plain text in brackets) and competitive bindinitalicized
text in brackets L-Phe [0-81 mM] was purchased from
Fluka or Fisher Scientific. The-forms of Ala [0—220 mM]-
[0—80 mM, Arg [0—112 mM][0—32 mM, Asn [0—26 mM]-
[0—3.6 mM, Asp [0—34 mM][0—4.7 mM, Cys [0—105
mM][0—9 mM], GIn [0—80 mM][0—23mM, Gly [0—230
mM][0—50 mM, Glu [0—73 mM][0—10 mM, His [0—45
mM][0—6.4 mM, lle [0—64 mM][0—9 mM], Leu [0—52
mM][0—7.4mM, Lys [0—117 mM][0—33 mM, Met [0—133
mM][0—19 mM, Pro [0—150 mM][0—41 mM, Ser [0-60
mM][0—20 mM, Thr [0—130 mM][0—9 mM], Trp [0—8.3
mM][0—1.2 mM], Tyr [0—4.8 mM][0—0.67 mM, and Val
[0—83 mM][0—12 mM were purchased from Fisher Scien-
tific. 2-phenylethylamine HCI [6200 mM][0—55 mM,
ethylamine [6-40 mM][0—13 mM, and isopropylamine
[0—81 mM] were purchased from Sigma. (S}¥-2-Phen-
ylglycine [0—40 mM][0—5.6 mM, L-homophenylalanine
HCI [0—1.8 mM], 2-aminoisobutyric acid [193 mM][0—
109 mM, 4-nitro-L-phenylalanine [6-3.8 mM], 3-phenyl-
propionic acid [6-141 mM][0—20 mM, butylamine [0-42
mM][0—13 mM, p/L-2-aminocaprylic acid [6-0.27 mM],
N,N-dimethyl+-phenylalanine [6-145 mM], andO-methyl-
L-tyrosine [0-32 mM] were produced by AldriciN-Acetyl-
L-phenylalanine [6-:46 mM][0—6.6 mM, L-homoserine
[0—170 mM][0—75 mM], L-(+)-2,3-diaminopropionic acid
[0—99 mM][0—31 mM, L-(+)-2-aminobutyric acid [6-108
mM][0—31 mM], S-(+)-2-amino-2-methyl-3-phenylpropi-
onoic acid [6-77 mM][0—11 mM, p-phenylalanine [6-61
mM][0—27 mM, propionic acid p—36 mM, andL-alanine
methyl ester HCI [6-100 mM][0—29 mM were purchased
from Acros OrganicsN-Methyl-L-phenylalanine HCI [6-15
mM][0—2 mM], L-phenylalanine methyl ester{50 mM],
L-norvaline [0-62], L-norleucine [6-45 mM], N-methyl-.-
alanine p—65 mM, p-alanine p—116 mM, 3-cyclohexyl-
L-alanine [G-7.7 mM], o/L-2-aminoheptanoic acid {84.7
mM], and L-alaninol [0-160 mM][0—180 mM were ob-
tained from FlukaN-Formyl-phenylalanine [6-11 mM]-
[0—1.5mM], N-formyl-L-alanine P—25 mM, andN-acetyl-
L-alanine P—21] were purchased from MP Biomedicals.
Kinetic AssaysActivity measurements were carried out

Vmax The mechanism by which these analogues alt¥red
was not further investigated.

Data Analysis.Due the ability to derive thermodynamic
values using steady-state dai®)(and the utility of semi-
high throughput data collection using 96-well plate UV/vis
spectrophotometer, the initial velocity data was the primary
data collected in this study. PEP titrations of initial rates (
were fit to the Hill equation:

VinadAl"

V= 1)
(Kapp" + [A]"

whereVnaxis maximum velocity, A is the varied ligan8app

is the concentration of substrate that yields a rate equal to

one-halfVyax andn is the Hill coefficient.

The npepvalues collected at pH 9.0 increase from near 1
to 1.9 as Phe increased. In the same conditionsnghe
values increase from 1 in the absence of PEP to above 1.5
in the presence of PEP. Therefore plotskaf,-pep as a
function of Phe concentration were fit to
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in order to account for homotropic cooperative ligand binding
(2). In eq 2,K; is Kgpp-a in the absence of XK is the
dissociation constant for X in the absence of @is the
coupling constant between X and Ay is the Hill number
for the response to X in the absence of A; angaa is the

Hill number for the response to X in the presence of
saturating A. Due to the number of parameters in eq 2, large
errors in the fit parameters were often obtained when fitting
to the full equation. Fits were improved by constraining
Ni)—Phe 1O 1 aNdn(xxaay-phererto 1.5, values based on those

at 30 °C using a lactate dehydrogenase coupled assay.experimentally determined as listed above. Therefore, these

Reactions were in 35@L of a Tris buffer containing 50
mM Tris-HCI, 10 mM MgCh, 0.1 mM EDTA, 0.18 mM

constraints have been made throughout this work. In & log
log plot of Kapp-a @s a function of the concentration of R,

NADH, 19.6 U/mL lactate dehydrogenase and 5 mM ADP. is the difference between the upper and the lower plateaus.
With the exception of the studies in which pH was varied, Equation 2 describes the allosteric communications in a
all experiments were at pH 9.0. PEP and effector ligand dimer with one active site and one allosteric site per
concentrations were varied as indicated. Stock solutions of monomer ). Unfortunately, the equivalent equation to
PEP and effector ligand were adjusted to the proper pH describe a tetramer does not reduce. Singg values (in
before addition, and dilutions were in KCl to maintain the presence vs absence of PEP) determine the steepness of
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FIGURE 1: Effects of Phe on thEap,-pepat pH 9.0 @) and pH 7.0 FIGURE 2! Kix—phe (00), Ka-per (®) andQ (a) determined for the
(O). Lines represent the best fits to eq 2 and eq 3, respectively. effects of Phe orKqpp-pep as a function of pHQ could not be

When error bars are not apparent, they are smaller than the datedetermined at pH 7.0 and 7.5 since the upper plateau could not be
point symbols. determined an&x andK, values at pH 7.0 and 7.5 were determined

by fitting the data to eq 3. When error bars are not apparent they
the transition between the upper and lower plateaus in aare smaller than the data point symbols.

dimer example 1), the deviation in the fit that is apparent 0. ] 100 - | i

in Figure 1 (pH 9.0) is likely to be explained by the FA ] ‘B o
application of the dimer derived equation to fit data from a i ) i ]
tetrameric enzyme. Although the fit parameters are compared,__ — 10 I ]
the qualitative comparisons are sufficient to draw the E E 3 E
conclusions reported in this manuscript. Ta =, I
The more extensive the allosteric inhibition is, the smaller & § [ °
Q becomes. When sufficient data cannot be collected to x* X 18 3
define the upper plateau (examples in this study are due to .
the limiting solubility of ligands), eq 2 can be reduced to eq -
3if Ny is 1 (as is thg case for Phe binding ta-MYK in y PP 01 5 e e
the absence of PEP) Phe (mM) Ala (mM)
[X] Ficure 3: Competitive binding of Ala and Phe to MPYK. A)
Kapva = Ka(l + _) (3) Kapp-pepas a function of Phe concentration at 0 m®)(0.08 mM
Kix (0), 0.5 MM @), 2 mM (), 7 mM (a), and 20 mM Q) Ala. Data

were fit to eq 2 or 3 to obtaiKix—phe Values. B) The replot of

We have used 0 metods (0 eValue wamdor Phe Ko sevalies obained n Aas o et o Al were 1o 24’3
f':mqlc_)gues at pH 9.0. If the analogue induced a.n aIIOSterICequations. \levﬁgn error bars are not apparent they arepsrr)naﬁ)ler than
following the effects of the ligand oKapp-per @s has been
demonstrated for Phe at pH 9.0. This approach also allowedmM succinate (pH 5.5), 5.8 mM sodium pyruvate, 2.4 mM
for the quantification ofQ for analogues that displayed MnCl,, 450 mM KCI, and a range of 18 to 20% PEG 8000.
allosteric effects. Crystals were observed to grow over a period of 3 days at

In the second method, the determinationkaf-pne Was room temperature from a solution of 2 of the well

repeated at varying concentrations of analogue. Equation 3solution, 2uL of the 5 mg/ml protein solution, and 0,8

can describe competitive binding between A and128)( of 1.5 M L-Ala. Crystals were cryoprotected by one of two
Therefore Kix—pne Values plotted as a function of analogue methods. In the first method crystals were transferred to a
concentration were fit to eq 3 to determine #Kg-anaiogue 20 uL drop of 26.7 mM succinate pH 5.5, 2.6 mM sodium

This second approach for the evaluation Kyf-anaiogue IS pyruvate, 1.1 mM MnGl 200 mM KCI, 170 mML-Ala,
demonstrated in Figure 3 for the competitive binding between 22% PEG 8000 and 5% glycerol. The crystals were
Ala and Phe. For data with only small allosteric coupling, transferred to new drops containing increasing glycerol in
Q > 0.1, theKix—ananguewas determined by competition with 5% increments to a final concentration of 25%; all other
Phe binding. Due to the experimental design, the maximum buffer components were held constant. In the second method
concentrations of analogues that could be used in competitioncrystals were first transferred to new drops containing
studies were less than those used to determine if the analoguécreasing pH to a final pH of 9.0, all other buffer
elicited an allosteric respondé andQ values obtained for  components were as used in the first method. These crystals
Phe analogues are reported in Tables 2 and 3. at pH 9.0 were transferred in stepwise fashion, as described
Crystal Preparation Crystals of the M-PYK:Pyr:K:Mn: above, to drops containing 25% glycerol. The crystals were
Ala complex were grown by the vapor diffusion hanging cryocooled prior to data collection by immersion directly
drop method using conditions similar to those previously into liquid nitrogen. Data on cryocooled crystals maintained
reported 14). Briefly, M;-PYK was desalted into 10 mM  at 100 K were collected at Beamline X6A, NSLS, Brookhaven
HEPES (pH 6.0) and 100 mM KCI using a Sephadex G-50 National Laboratory. No differences were observed between
syringe barrel column and the protein concentrated to 5 mg/the structures solved on crystals soaked at pH 9.0 and those
mL. The mother liquor solution consisted of 700 of 60 at pH 5.5 and only the pH 9.0 structure is reported here.
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Molecular Repla_cementThe initia_l phases for rabbit Table 1: Data and Model Statistics for;NMYK:Pyr:K:Mn:Ala 1.65
muscle pyruvate kinase were obtained by the method of A structure

molecular replacement using the program MOLRHB) (

. ; . beam line BNL-X6A
encoded in the CCP4 suitdg). X-ray coordinates of the wavelength 0.9795 A
muscle pyruvate kinase tetraméd), PDB entry 1F3W, was space group P1
used as the search model after being stripped of all water unitcell a= 8925-62,%: %%950,(3:11;1;1-3%5)
. . (l: .z, = . ’V = .
mole_cules, IlganQS anq ions. The mplecular replacement resolution limits 76.51.65 A
solution resulted in an initial model with two tetramers in  ynjque reflections 508,412
the asymmetric unit. completenesg%; all data) ~ 92.1 (55.2)
Structural RefinemenRefinement of the PK model was Ir/e(?uandancs/ i'781(%13)3)
carried out in Refmac5l() encoded in the CCP4 suite. The g ¥ a» 0.08 (0.28)
refinement strategy consisted of an initial round of rigid- molecules/ASU
body refinement, followed by cycles of positional minimiza-  solvent content 44.4%
tion and a final round of TLS refinement. After each round ~ 2mino acids residues 4176
. . water molecules 4794
of refinement Fo-Fc and 2Fo-Fc electron-density maps were j;q2+ 8
produced and manual model building/optimization was K+ 8
carried out using the model-building/map-fitting program  Na* 11
Coot (18). The addition of ligands, metals and water Efworgc 1‘7"-%0
. . . H ree N 0
molecules was also c'arrled ogt using Coot prior to a f]nal average Factor 15.5 &
round of restrained refinement in Rafmac5. During the initial | uzzati coordinate error 0.195A
rounds of refinement, tight NCS restraints were utilized. In  bond length RMSD 0.01A
subsequent rounds of refinement medium NCS restraints_Pond angle RMSD 115
were used on residues 13%75. In the final round of aValues in parentheses represent statistics for data in the highest

refinement all NCS restraints were removed. It has been resolution shells. The highest resolution shell comprises data in the
reported that inclusion of TLS parameters gives improved 'ange of 1.7+1.65 A.® Rmerge = ria3ill g - Ol Tha 3l herel
refinement statisticsl@). A final round of TLS refinement S the' observation of a reﬂe_ctuon with '.ndd’kl and the angle br%Ckets

. . indicate an average over dllobservationsS Ryok Where Y nlF g -
was carried out after the optimal number of TLS groups for F o/ SikF oy WhereF o, is the magnitude of the calculated structure
each chain was determined on the TLSMD web server (Wtp:// actor with index hkl and is FO, the magnitude of the observed
skuld.bmsc.washington.edulsmd/). Due to limitations in structure factor with indexkl. @ Ryee was calculated aByork, Where
Refmac5, only five TLS groups were used for each PK chain, F5, values were taken from a set of 25 590 reflections (5% of the
for a total of 40 TLS groups. This resulted in a decrease in data) that were not included in the refineme2)(
both R and R values from 16.1% and 19.3% to 14.8%
and 17.4%, respectively. The final data and model statistics induced little or no allosteric effects on apparent PEP affinity

are summarized in Table 1. were determined by competitive binding with Phe (Table
3). This approach is demonstrated in Figure 3. More complete
RESULTS AND DISCUSSION tables showing analogue structures are included in the

) Supporting Information.

pH Dependence of {Ki, and Q.Figure 1 compares the In Figure 3B there is no evidence for the formation of an
response OKapp-pep @ @ function of Phe concentration at nner plateau. This is consistent with competitive binding
pH 7.0 and 9.0. At pH 7.0, the curve is shifted to the right, peqyeen Ala and Phe and there is no available data that
indicating that the affinity for Phe is reduced as compared suggests Ala and Phe bind to different binding sites and
to that at pH 9.0. As a result, no indication of saturation by infyence each other's binding allostericallylj. Gly binds
Phe (upper plateau) is visible at pH 7.0 a@dcannot be  .mpetitively with Phe (Table 3). However, the addition of
estimated. Also apparent is that the affinity for PEP in the 4 B-methyl group (Ala) greatly increases ligand affinity
absence of Phe (vertical placement on the {eéixis) is  (Taple 3). Therefore, Ala seems to contain the requirements
increased at pH 9.0. for binding and some chemical property beyondgheethyl

The dependence &f,, Kix, andQ on pH is demonstrated  group is primarily responsible for eliciting the allosteric
in Figure 2.Q could only be determined at pH values greater response.
than 8.0, but over the pH range of 8.0 to 9.5 there does not  No binding was detected for Phe and Ala analogues that
appear to be a large change in this parameter. Thus, thenave additions to the amino group (propionic adiemethyl-
communications between the allosteric binding site and the | -alanine N-formyl-L-alanine N-acetyl+-alanine, 3-phenyl-
active site, as monitored b, are relatively insensitive to  propionic acid, N-methyl+-phenylalanine, N-formyl-L-
pH. In contrast, the binding affinities of PEP and Phe are phenylalanineN-acetyl+-phenylalanine, antl,N-dimethyl-
both sensitive to pH. We assume, therefore, that dataphenylalanine). The single exception to this was Pro. In
collected at pH 9.0 will be sufficiently informative to  agreement with earlier studies1j, no binding was apparent

understanding the allosteric regulation of-MYK by Phe.  for the o-forms of Phe or Ala. The ability to accommodate
Accordingly, the remaining experiments reported in this work replacements of the-hydrogen with other chemical groups
were performed at pH 9.0. was not conclusive. Replacing toehydrogen by a methyl

Binding of Allosteric LigandsFor analogues that elicit group has a relatively small effect on the affinity in the
an allosteric responsKix—ananguevalues were obtained from  absence of the phenyl group (Ala vs 2-aminoisobutyric acid).
data fits using eq 2 or 3 as described in Materials and However, in the presence of the phenyl group, this same
Methods (Table 2). Affinities of amino acid analogues that replacement removes all evidence of binding (Ph&¢$)-
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Table 2: Fit Parameters for Phe and Ala Analogues That Elicit
Allosteric Effect$

Commercial Name Kix (mM)P o
Common amino acids; alphabetically
L-alanine - 0.53+0.01
L-isoleucine 4.7+0.2 No Upper
Plateau
L-methionine 8.540.3 0.015+0.002
L-phenylalanine 1.06+0.01 0.0064+0.0005
L-proline - 0.33+0.03
L-valine 8.140.3 No Upper
Plateau

Uncommon amino acid analogs; alphabetically
L-alanine methyl ester

HEC‘O)\(% - 0.37£0.03
° NH,
L-alaninol
HQ CH, - 0.37+0.07
NH,
L-(+)-2-aminobutyric acid
HQ cH, - 0.37+0.01
o NH,
D/L-2-aminoheptanoic
acid® 0.75£0.07 No Upper
CHs Plateau

I
O

° NH,

O-methyl-L-tyrosine

HQ CH, 4.610.2 No Upper
o Plateau

NH,
L-norleucine
H

O,

CHs 0.78+0.07 0.0078+0.0009

Y

° NH,

L-norvaline
H CHs 616 No Upper
Plateau

X

o NH,

L-phenylalanine methyl
ester 0.3240.02 0.0050+0.0003

O
o NH,
(S)~(+)-2-phenylglycine

5443 No Upper
HO)\Q Plateau
° NH,

aKapep is 0.025:0.001 mM.P For analogues that induced @

greater than 0.XKix-ananguevalues were determined by competition with
Phe and are listed in Table 3For racemic mixtures, effects are
assumed to be due to theform, and data are reported in terms of the

L-form concentration.

2-amino-2-methyl-3-phenylpropionic acid). Taken together,
the allosteric binding site of MPYK appears to be specific

Table 3: Ligand Affinity Values As Determined by Competitive
Binding with Phe

Commercial Name Kix (mM)
Common Amino Acids; Alphabetically
L-alanine 0.83+0.02
L-cysteine 0.43£0.01
L-glycine 4442
L-methionine 14.2+0.6
L-proline 38+1
L-serine 0.455+0.006
L-threonine 3.85+0.09
Uncommon Amino Acid Analogs;
Alphabetically
L-alanine methyl ester
H:"C\O)\<CH3 1.05+0.03
© NH,
L-alaninol
HQ CH, 17.8+0.3

NH,
L-(+)-2-aminobutyric acid

HQ CH, 0.9740.04

° NH,

2-aminoisobutyric acid 2.140.1

Ho;HGC CHs

o NH,

L-(+)-2,3-

diaminopropionic acid 202
HN

H}\e

© NH,

isopropylamine 14.0+0.7

3
H.C

NH,

The methyl ester derivative of Ala{alanine methyl ester)
did not interfere with ligand binding. Therefore, the negative
charge of the carboxyl does not appear to play a major role
in binding. However, removal of the carboxyl group (ethyl-
amine) abolished detectable binding. Replacing the carboxyl
group with a methyl group or a methyl alcohol group
(isopropylamine and-alaninol, respectively) greatly reduced
binding affinity, but there is very little difference between
the affinities of M-PYK for the two ligands containing these
replacements. The same data trends were apparent with Phe
analogues (butylamine,-phenylalanine methyl ester, and
2-phenylethylamine). Collectively, these results could be
consistent with a dependence of ligand binding affinity on
the planer geometry of the ligand’s carboxyl group oxygens.
However, a second explanation consistent with these results
is that the binding role of the ligand carboxyl group is
isolated to the aldehyde oxygen. The latter possibility is most
consistent with the structural data presented below that show
hydrogen bonds between the carbonyl oxygen of the amino
acid ligand and both the d2 nitrogen of H463 (3.24 A) and
the NH1 amino group of R105 (3.14 A) (Figure 6). Taken

for L-amino acids, and the amino group of the ligand seems together, the data support that th@-aminopropanaldehyde
to contribute substantially to the binding affinity of the sub-structure of the amino acid ligands is primarily respon-
allosteric ligand. As shown below, these results are consistentsible for binding to M-PYK.

with the short hydrogen bond (2.69 A) between the amine

Triggering the Allosteric SignalThe allosteric response

nitrogen of the bound amino acid and the backbone carbonylto Ala is small, and initially we did not consider Ala to be

of 1468 (Figure 6).

an allosteric analogue. However, this Ala inhibition was



5426 Biochemistry, Vol. 45, No. 17, 2006 Williams et al.

10 g i @ are able to trigger the allosteric inhibition. The maximum
§A 1 B 3 size of a hydrophobic side chain that can be accommodated
is unknown. These data also do not address if, beyond a
defined hydrophobic length of the side chain, additional
hydrophilic and/or charge groups can be included.
In the absence of carbons beyond fhearbon, polar (but
not charged) groups can be accommodated agtbarbon
1 , ] with little change in affinity (Ala vs Ser vs Cys us(+)-
o.oj‘ 1T ) | 2,3-diaminopropionic acid). When thecarbon is present,
0 1 10 1000 1 10 100 a polar group or a hydrophobic group at ffrearbon causes
Effector Analog (mM) a decrease in affinity.¢(+)-2-aminobutyric acid vs Thr vs
FIGURE4: Apparent PEP affinity as a function of (A) amino acids  Val). In the presence of two carbons beyond fhearbon,
with increasing lengths of linear carbon chains and that allosterically the addition of a methyl group at the-carbon increases
inhibit: Ala (@), 2-aminobutyric Acid 1), norleucine ©), and affinity (L-norvaline vs Ile). When a branch at thecarbon

2-aminoheptanoic acidll); (B) the standard amino acids that show ; i .
allosteric effects: Pro®). Met (O). lle (©), and Val @). In each was introduced, affinity was decreased sufficiently that no

panel, the dashed line indicates the fit of Phe inhibition at pH 9.0 Pinding was detected {norvaline vs Leu). Linear additions
from Figure 1. Solid lines indicate the best fits to eq 2 or eq 3. Of hydrophobic carbons to the end of the side chain of
When error bars are not apparent, they are smaller than the data -norvaline increase binding affinity {norleucine ana/L-
point symbols. Corresponding fit parameters are listed in Tables 2 2-aminoheptanoic acid). Further support for altered ligand
and 3. affinity upon modification of the amino acid side chain is
10 & apparent when comparing the natural amino acids. This
: 3 sensitivity ofKix to the chemical modifications of the side
chain is consistent with a role of the side chain in eliciting

—_ ] the allosteric response.

E e R The M—PYK:Pyr:K:Mn:Ala StructureMost structures of

Ta f /,’D i mammalian PYK isozymes reported to date have been
PO e 1 cocrystallized with a PEP analogue. This may imply that

E the presence of a PEP analogue aids crystal lattice formation.
] If true, then the relatively high magnitude of the inhibitory
coupling between PEP and Phe affinities will provide a

|
ooj bl il technical challenge for simultaneously saturating both the
o 1 10 100 active and allosteric sites with the respective ligands.
[Phe] mM Therefore, cocrystallizing the ternary complex including Phe
FIGURE 5: Apparent PEP affinities as a function @tmethyl- seems unlikely. There is sufficiently less coupling between

tyrosine. The dashed line indicates the fit of Phe inhibition at pH PEP and an amino acid with a short hydrophobic side chain
9.0 from Figure 1. The solid line indicates the best fits to eq 3. (Ala or 2-amino butyric acid). Obtaining crystals with both
Etrror bars are smaller than the data point symbols. Correspondlngthe PEP analogue and an amino acid that has a short
parameters are listed in Table 2. S o - e 1
hydrophobic side chain circumvents the technical difficulties
reproducible (Figure 4A). We used this minimal response present when using Phe. Using this knowledge, we have
elicited by Ala Q = 0.53) to define “no allosteric effect” as identified crystallization conditions that result in crystals of
a Q less than 0.53 using up to 100 mM effector. Linear Mi-PYK when both Ala and pyruvate (a reaction product)
additions of carbons beyond tffecarbon (-(+)-2-aminobu- are present. This approach is useful for identifying the amino
tyric acid and_-norleucine) increase the allosteric inhibition, acid binding site but is not necessarily valuable in character-
as indicated by small€p values (Figure 4A), when compared izing protein changes associated with the allosteric inhibition.
to Ala. This finding is not consistent with a consideration  The structure of PYK reported here represents the highest
of allostery as all-or-none, as would be predicted by the two- resolution structure of any PYK isozyme reported to date.
state MWC model. No binding of long polar or charged The resulting model is of good quality with Proche&iY
amino acids (Arg, Asn, Asp, GIn, Glu, His;homoserine, analysis resulting in 93.5, 6.1, and 0.4% of the residues
and Lys) was detected. Consistent with previous studi®s ( falling in the most favored, allowed, and generously allowed
Pro, Met, Val, and lle elicit allosteric responses (Figure 4B). regions of the Ramachandran plot, respectively. One residue,
Together, these results support the conclusion that the steric130 of chain B, falls in the disallowed region of the
bulk, not aromaticity, of the hydrophobic side chain is most Ramachandran plot. As with other structures ofR¥K,
important for determining the magnitude of the allosteric the homotetramer consists of subunits that contain three main
inhibition. domains (A, B, and C domains); the N-terminus may be
Because Trp, Tyr, 4-nitro-phenylalanine, 3-cyclohexyl-  considered as a fourth domain. The location of the B-domain
alaninep/L-2-aminocaprylic acid, ancdchomophenylalanine  in the Mi-PYK:Pyr:K:Mn:Ala complex is different than
have low solubility at pH 9.0, an evaluation of these either of the two orientations observed in the structure in

compounds was not instructive. HoweveD-methyl4 - the absence of Ala (1F3W). These multiple B-domain
tyrosine elicits an allosteric inhibition that appears to be positions may support a structural ensemble Z2); an
comparable to that of Phe (Figure 5). In additiar,-2- involvement of a B-domain rotation in the allosteric regula-

aminoheptanoic acid allosterically inhibits (Figure 4A). These tion (23) cannot be addressed since the structure with Phe
results indicate that hydrophobic side chains larger than Phehas not been determined. The remaining domains and the
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FIGUurRe 6: Schematic representation (A) and stick model (B) of the allosteric amino acid binding pocket showing hydrogen bonds formed
between the bound Ala and protein residues, together with three water molecules (shown as gray spheres in A and cyan spheres in B).

P470

R105

(

T

Ficure 7: Conformational changes at the allosteric site with (red)
and without (yellow, 1F3W) alanine bound (blue). The distance
between the NH2 amine of R105 and the carbonyl oxygen of the
bound alanine is also illustrated.
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Ficure 8: The Phe ligand that allosterically inhibits;MYK has
chemical region specific functions. The2-aminopropanaldehyde
substructure of Phe (red) is primarily responsible for binding and
the hydrophobic nature and size of the side chain elicits the allosteric
response (green).

Ka and Kix (1). Therefore, there is a possibility (not a
requirement) that only a specific chemical group of a ligand
is involved in the allosteric regulation of a protein’s affinity
for a second ligand2(?). It follows that modification of the
allosteric specific moiety of the ligand might alter the
magnitude of the allosteric response. Collectively, analogue
studies in the current work support the conclusion that the

orientation of the monomers composing the tetramer are L-2-aminopropanaldehyde substructure of amino acids is

similar to the structures of the other known isozymes/
complexes (1A49, 1A5U, 1AQF, 1F3W, 1F3X, and our
model) (L4, 24, 25). Superposing of a single monomer of

1F3W with the corresponding monomer in the reported
structure results in a@CRMSD between the two structures

of only 0.51 A.

primarily responsible for binding to MPYK and that the
bulk of the hydrophobic side chain is most important for
determining the magnitude of the allosteric inhibition (Figure
8).

The experiments using analogues in the current study were
completed without a characterization of the ligand binding

Ala binds in a deep pocket between the A and C domains Site on the structure of MPYK. However, we have utilized

and distant from both the active site and the Fru-1,6-BP the coupling information presented herein to direct cocrys-
binding site identified in other isozymes. The rim of this tallization studies. These studies have resulted in a structure

pocket is surrounded by a number of positively charged of Mi-PYK cocrystallized with pyruvate and Ala, solved at
residues. This ligand binding site is the same as that@ 1.65 A resolution. The coordinating interactions between

previously considered as a potential nucleotide binding site Ala and Mi-PYK (Figure 6) further support the binding role

based on low resolution crystal soalké); Ala coordinates
through hydrogen bonding with His463, Argl105, and the
backbone carbonyl of 11e468 (Figure 6). This site is quite
similar to the unliganded structure with the exception of
Arg105 (Figure 7). Upon Ala binding, Arg105 adopts a
conformation with its side chain extending toward the Ala
ligand forming a hydrogen bond with one carboxylate oxygen
of the bound Ala.

CONCLUSIONS

A linkage analysis of allosteric regulation (eq 2) quantifies
the magnitude of the allosteric couplin@)(independent of

of the L-2-aminopropanaldehyde substructure.

From the results of the analogue studies, concluding what
types of environments the phenyl ring of Phe might occupy
is difficult. This difficulty is because as PEP binds, the
binding energy of Phe to the enzyme must drive an
increasingly unfavorable energetic coupling (inhibition)
involving the phenyl ring. The phenyl ring might then be
placed in an energetically favorable (likely hydrophobic) or
unfavorable environment, either of which could elicit changes
in the protein. Some clue to the protein environment to which
the phenyl ring interacts might be gained by considering the
Kix values determined for those analogues that elicit allosteric
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Finally, we have illuminated an example of the linkage
based consideration that a specific chemical group of a ligand
may be involved in the allosteric regulation. This consider-
ation may provide a theoretical basis to explain a number of
“partial allosteric effects” and agonistic/antagonistic effects
reported for other systems. Furthermore, an understanding
that only a select region of an allosteric ligand may contribute
to determining the magnitude of the allosteric response will
aid in drug design; examples might include designing
competitive ligands that do not elicit an allosteric response
or allosteric ligands that bind selectively to only one isozyme.
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space should enable the site to accommodate much larger 2. Carminatti, H., Jimenez de Asua, L., Leiderman, B., and Rozen-
ligand than Ala, such as Phe. Figure 9 demonstrates that two ~ gurt, E. (1971) Allosteric properties of skeletal muscle pyruvate
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