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ABSTRACT. The insulin receptor and many other protein kinases are activated by relief of intrasteric inhibition
that is regulated by reversible phosphorylation. The changes accompanying activation of the insulin
receptor’s kinase domain were analyzed using steady-state kinetics, viscometric analysis, and equilibrium
binding measurements. Peptide phosphorylation catalyzed by the unphosphorylated basal-state kinase is
limited by a slow rate of the chemical step, and the activated enzyme is limited by product release rates.
Underlying these changes were a 36-fold increase in the rate constant for the chemical step of the enzyme-
catalyzed reaction, a 5-fold increase in the affinity for MgATP, and an 8-fold increase in the affinity for
peptide substrate. This results in binding of substrates that is 2.2 kcal/mol more favorable and a free
energy barrier for transition state formation that is lowered by 2.1 kcal/mol in the activated enzyme.
Therefore, the change in conformational free energy inherent in the protein after autophosphorylation
[Bishop, S. M., Ross, J. B. A., and Kohanski, R. A. (198pchemistry 383079-3089] is equally
distributed between formation of the substrate ternary complex and formation of the transition state complex.

Most receptor tyrosine kinases are monomers in the ically, autophosphorylation of the IR or the IRKD “core”
absence of their ligands. Ligand binding to their extracellular (see below) produces200-fold increased catalytic efficiency
domains induces dimerization, which in turn results in (10—13). Autophosphorylation of tyrosines Y1162 and
autoactivation through phosphorylation of multiple tyrosine Y1163 in the activation loop (residues G1149 to P1172) are
residues in their intracellular kinase domair§. (These sufficient to produce this activation in all forms of the IR
modifications create high affinity binding sites for their kinase (2—16). Use of a soluble recombinant protein at
substrates and/or result in conformational changes leadingreadily determined concentrations simplifies quantitative
to high activity statesd). In the case of the insulin receptor, kinetic characterization of features that maintain the basal
however, the receptor is already a disulfide-linked dimer state and the changes that result from activation.
in the absence of insulirB), and signaling events still re-
quire insulin binding 4). Therefore, it has been of a great
interest to establish the differences in catalytic properties
of the insulin receptor between its basal and activated
states.

To study kinase activation, the insulin receptor’s kinase
domain (IRKD)}?including all of the intracellular residues

from R953 to S1355 Y, 6), can be expressed as an . 7 CL T
. . ’ . . - phorylated proteinX7); intrasteric inhibition regulates the
enzymatically active recombinant protein using a baculovirus : - S :
catalytic activity of many protein kinase$9). Our previous

expression system. The IRKD in its unphosphorylated state.” . : . .
mimics the native insulin receptor (IR) in its unphosphory- " vitro SOI;Jt'.On studies revealed that the basal IRKD is
lated basal stat&’). Regulation by autophosphorylation is a in fact =90 /0 I this mtras_terlcal_ly |nh|b|t0r_y con_format|on
feature of the native insulin receptor that is present both in (20.)’ and . conformatlongl hingrance IS rehevgd by
the IRKD and the conserved catalytic coBe-(L3). Specif- activation loop phosphorylatiori{—21). With the relief of
intrasteric inhibition, there should be improved affinities

There are two structures of the conserved catalytic core
of the IRKD, encompassing V978 to K128B7 18), which
provide insight into the structural basis of the low activity
basal state and the potential roles of autophosphorylation in
the activated enzyme. The activation loop of the kinase
domain is an intrasteric inhibitor in the basal state because
it was found to occupy the active site cleft of the unphos-

t Supported by Grant DK50074 (R.A.K.) from the National Institutes 1OF Substrates. Along with the anticipated steric effects,
of Health. there may be changes in the alignments of catalytically

72;g0|;Nh0m( ;f;;egggn;ize{l:e éhou!ld bs ad%eisid- F’E_Oéei (212) 3411'mportant residues that would have consequences for the
. Fax: - . E-mall: onala.Kohanski@.mssm.edau. .
1 Abbreviations: Ac, acetate; AMP-PNP, adenosihé®y-imido)- chemical step of phOSphoryl tranSféﬂ( 18, 22, 23)' Here

triphosphate; PKA, cyclic-AMP dependent protein kinase; DTT, We have used steady-state kinetic analysis, equilibrium
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; IR, insulin  binding, and viscometric studies to identify stepwise differ-

receptor; IRKD, insulin receptor’s kinase domain; pY, phosphotyrosine; ences and substrate affinity changes that distinguish basal-
Tris, tris(hydroxymethyl)-aminomethane.

2 Numbering of the IR, IRKD and the conserved catalytic core is State from activated-state kinase domains of the insulin
from Ebina et al. §). receptor.
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Changing a Rate-Limiting Step by Kinase Activation
EXPERIMENTAL PROCEDURES

Materials Dithiothreitol (Sigma Ultra), the disodium salt
of ATP (from equine muscle, catalog no. A-5394), ADP,
and bovine serum albumin (BSA, radioimmunoassay grade)
were purchased from Sigma; hydrogenated Triton X-100
(protein grade) was from Calbiochem; EDTA was from
Fluka; Tris acetate, base, and HCI, the ATP analogues
adenosine '5(3,y-imido)triphosphate (AMP-PNP, tetralith-
ium salt), adenosine #)-(3-thiotriphosphate) (ATFS), and
electrophoresis reagents were from Boehringer Mannheim;
magnesium acetate (MgAenzyme grade) was from Fisher.
Insect cell culture media and fetal bovine serum were from
Gibco/BRL. Synthetic peptides were prepared as carboxy-
terminal amides and differed only in the presence of a Tyr,
Phe, or phospho-Tyr (pY) as the eighth residue that is shown
in bold font: Y-IRS939, REETGSEMNMDLG; F-IRS939,
REETGSEEMNMDLG; pY-IRS939, REETGSRY MNM-
DLG. The amino acid sequence of the “parent” tyrosyl-
peptides is based on a phosphorylation sit&? ¥n insulin
receptor substrate-24, 25). Peptides were synthesized using
Fmoc chemistry, HPLC-purified, and confirmed by amino

acid analysis and automated Edman degradation. A different.
synthetic peptide was used as substrate for the product

inhibition studies because it had different retention times than
Y-IRS939 or pY-IRS939 and therefore could be quantified
in our HPLC-based assag€). This peptide was synthesized
with a free carboxylic acid at the C-terminus, with the
sequence KKKLPATGDYMNMSPVGD and is called
IRS727, which was also used in the ternary complex structure
solved by Dr. Steve Hubbardl®). This peptide with
L-tetrafluorotyrosine in place of tyrosine,-lRS727 @7),

was used in control reactions for viscometric measurements.

Both IRS727 peptides were generously provided by Dr.
Philip Cole.
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then replaced with fresh media. Cells were harvested at 53
h from the start of infection. Cells were resuspended in
homogenization buffer (250 mM sucrose, 50 mM Tris base,
20 mM NacCl at pH 7.5) and stored at80 °C, at least
overnight. IRKD purification was done as described in
Bishop et al. 21). The purified protein was quantified
spectrophotometrically at 278 nma £ 40 200 Mt cm™?)

and stored at-20 °C in 38% glycerol (w/w). The double
truncation mutantAA-IRKD, both unphosphorylated and
after autophosphorylation, was used for the equilibrium
binding and viscometric measurements. Its basal-state and
activated-state kinetic properties were the same as those of
the unphosphorylated JIMY2F-IRKD and autophosphorylated
full-length wild-type IRKD, respectively (not shown). Fur-
thermore, our previous reports demonstrated that core
flanking regions do not have any statistically significant effect
on the kinase activation process or maximum specific activity
(20). Using the double truncation mutaftA-IRKD for the
basal state avoids partial activation coincident with jux-
tamembrane autophosphorylation (a phenomenon described
previously, ref29). It is also easier to generate and re-isolate
the activated state of the double truncation muteftIRKD

in higher yields because there are only three autophospho-
rylation sites, as described by Wei et al3).

Autophosphorylation of the Kinase DomaMlild-type
IRKD (or double truncation mutamhA-IRKD) was auto-
phosphorylated according to Ablooglu et aR7). The
reaction was for 60 min at 5 mM ATP, 20 mM MgAm
50 mM TrisAc, 5 mM DTT, and 0.05% hydrogenated
Triton-X 100, pH 7.0, at room temperature. Autophospho-
rylated kinase was repurified by anion exchange chroma-
tography after initial removal of small reactants and products
using electro-elution. Preliminary experiments established
conditions for IRKD and ATP concentration and time of

Adenine nucleotides and synthetic peptides were dissolved@Utophosphorylation that produced the highest specific activ-

in 50 mM TrisAc, pH 7.0, the pH was readjusted to 7.0 with

ity. The maximally activated kinase domain was character-

the addition of dilute acetic acid and/or NaOH, and the 1Z€d by its increased mobility in nondenaturing PAGE as
concentrations were adjusted to the desired values for stockdescribed previously 30), specific activity, and peptide

solutions. These stocks were kept-a20 °C for frequent
use or at—80 °C for prolonged storage. Integrity of the

mapping: Autophosphorylation of tyrosines in the activation
loop was determined by reverse-phase HPLC mapping of

reagents was checked periodically by reverse-phase HPLcPeptides from an endoproteinase Lys-C digest; the activation

(peptides) or by thin-layer chromatography (nucleotides). The

loop was~80% trisphosphorylated plus20% bisphospho-

concentrations of adenine nucleotides and synthetic peptidedylated, and there was no evidence for unphosphorylated or

were determined spectrophotometrically using the following
extinction coefficients: ATP and ADR,= 15300 Mcm?

at 259 nm; AMP-PNP and ATFS, e = 15000 Mt cm™?

at 260 nm; Y-IRS93% = 1300 Mt cmt at 278 nm; pY-
IRS939,¢ = 340 Mt cmt at 278 nm; F-IRS93% = 352
M-t cmt at 257 nm.

Protein Expression and PurificatioBaculovirus encoding
amino acid residues 953355 of the insulin receptor’s
cytoplasmic kinase domain was a generous gift of the late
Dr. Ora Rosen@). The mutant IMY2F-IRKD and the double
truncation mutantAA-IRKD (residues 9781283) mutant
were subcloned in this laborator®Q) using a human insulin
receptor cDNA kindly provided by Dr. Jonathan Whittaker
(28). Wild-type and mutant kinase domains were expressed
in “High Five” cells (Invitrogen), maintained at 27:5 0.5
°C. The monolayers were grown to 60% confluence at the
time of infection. Viral infection was done for-34 h at a
multiplicity of infection of 9—10. The infection media was

monophosphorylated activation loop peptides (not shown).
The activated kinase was stored in 38% glycerol (w/w) at
—20 °C. The concentration of phospho-IRKD was deter-
mined spectrophotometrically, using an extinction coefficient
€=35200 M1cm*at278 nm at pH 7.0 in 50 mM TrisAc.
The lower extinction coefficient was due to the lower molar
absorption byphosphtyrosine as compared to tyrosine.

Steady-State KineticSteady-state kinetic parameters were
determined using an HPLC-based ass#y 27). Reactions
were performed at room temperature in 50 mM TrisAc, 5
mM DTT, 0.05% BSA (w/v), 2-8 nM phospho-IRKD, 20
mM MgAc,, 40—160 uM IRS939, and 46160 uM ATP.
Dead-end inhibition studies were done using F-IRS939 over
the range 186800uM, or AMP-PNP over the range 260
800uM. The constant substrate concentrations wergMO
ATP with variable Y-IRS939, or 8«M Y-IRS939 and
variable ATP concentration. Product inhibition studies were
done with ADP over the range 5@00 uM, with 60 uM
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ATP and variable Y-IRS939 or 6@xM Y-IRS939 and The conditions for nucleotide binding measurements were
variable ATP. Product inhibition by pY-IRS939 was over 1uM IRKD, 0.4 M KI, 0.2 M KCI, 1 mM N&S,03, 50 mM
the range 6061500uM at fixed 80uM ATP and variable TrisAc, 20 mM MgAg, 1 mM DTT, 0.05% hydrogenated
IRS727, or 15Q«M IRS727 and variable ATFKy, rs727= Triton X-100 (v/v), pH 7.0. Sixty-three microliters of the
180+ 20 uM at pH 7.0 7). The reactions with variable  kinase mixture was mixed with L of 10-fold concentrated
peptide concentrations were initiated with the addition of nucleotide to a final volume of 70L. Sixty microliters of
ATP, and those with variable ATP were initiated by the this kinase/nucleotide mixture was used to obtain fluores-
addition of peptide. Reactions using the JMY2F mutant as cence emission spectra. The fluorescence quenching data
the basal state enzyme were done as described previouslyvere first corrected with the blank spectrum taken without
(30). To determineK; for both dead-end inhibitors in the IRKD. An additional correction for primary absorbance
basal state, using JMY2F, the concentrations of AMP-PNP effects was made as described in Birsdall et &h).(The
were varied between 1 and 4 mM at constant 0.5 mM absorbance filtering effects at high concentrations of adenine
Y-IRS939 and variable ATP from 0.5 to 5.0 mM. The nucleotide, which occurred even wiflx = 300 nm, were
concentrations of F-IRS939 were varied between 0.5 and 4determined by loss of fluorescence from a stock:N
mM at constant 2 mM ATP and variable Y-IRS939 from N-acetyltryptophan amide (NATA) solution, where binding
0.5 to 2.5 mM. Inhibition constants were determined from between NATA and adenine nucleotide does not occur over
the best global fit for linear competitive inhibition. the concentrations of nucleotide employed. The decrease in
Steady-state kinetic parameters of the maximally auto- the integrated fluorescence intensity was fit to a single
phosphorylated kinase were fit to the random-order rapid- exponential
equilibrium Bi Bi reaction mechanisnm3{—33), which is
also the mechanism suggested for the partially purified full- Flops= FloefbL 4)
length IR B4). Global fitting of the data was done using
SigmaPlot and the following equations. For a sequential two- where Flys is the integrated fluorescence intensity (Fl) at

substrate kinetic mechanism, the concentration of adenine nucleotide (ligand for the IRKD;
L), Flp is the FI observed in the absence of any ligand, and

Vo AB b is the emperically determined postexponential coefficient
Ui = KK, + KB+ KA+ AB 1) that describes dependence of the inner filter effect on ligand

concentration. For ADPh = 0.021 4+ 0.002 mM (n =
14;r = 0.945;p < 0.0001).

Binding data were analyzed by nonlinear least-squares
fitting to a hyperbolic (saturable) decrease ig,Etb variable

where the substrate concentrations are indicated layd
B, theKy for each substrate is indicated By andKp, and
Kia is the binding constant for substrafe For data with
variable dead-end or product inhibitors that are competitive ~’

or noncompetitive against variable substr@{ge., variable Fl. =Fl.— AFL/K. + L 5
substrateA with fixed substrateB) the following equations obs ™ © 70 (Kg+L) ©)
were used: where AF is the maximum decrease in Fl extrapolated to
Vv saturating ligand concentrations, algis the dissociation
Vo= max> ) constant. Because the total ligand concentration was in large
bOKy@+IK)+S excess over kinase concentratidnwas taken as the free
ligand concentration in these equations. Binding data are
_ Viad displayed as fractional saturation versus ligand concentration.
v = Ky (1 + 1/K) + 1 + I/K) ©) Viscometric MeasuremenfBhe viscosity dependence for

keat @and keofKv were determined using sucrose as the

wherel is the inhibitor concentration and is the dissocia- microviscogen a_nd polx[(etlhylenf_ glycofl) I(IPE.G SOOogl_aitr:je
: Cop macroviscogen in control reactions, following publishe
tion constant for the inhibitorL). procedures36, 37). Phosphoryl transferase reactions with
phosphorothioates (e.g., APB) tend to be slower than the
orresponding phosphoryl transfers and are chemistry-limited
38—40). Similarly, we have reported characteristics for a
peptide substrate of the activated kinase with poor turnover
but a fairly average Michaelis constar@7]; the tetrafluo-
rotyrosyl peptide FIRS727 k= 0.5+ 0.1 s, Ky =
0.21+ 0.05 mM). Therefore, ATPS and B-IRS727 were
used as controls for nonspecific effects of viscogens on the
measurements dé,. The solution viscosities were deter-
mined using an Ostwald capillary viscometer maintained at
4 4+ 0.1 °C in a temperature-controlled circulating water
ath, and the relative viscosity'®) was calculated with the
following equation:

Equilibrium Binding Measurement$here is a nucleotide-
dependent decrease in the intrinsic fluorescence of the basal
state kinase when measured in the presence of potassiu
iodide. Steady-state fluorescence emission spectra wer
obtained with an SLM 4800 spectrofluorometer operating
in the single-photon counting mode. The excitation polarizer
was set at 55and the emission polarizer was set atto
avoid the Wood’s anomaly of the emission grating. An
excitation wavelengthlex = 300 nm was used to reduce
primary absorbance effects (inner filter errors) from high
concentrations of nucleotides. The excitation slit and emis-
sion slits were set at 8 nm band-pass. Integrated fluorescenc
intensity was taken from emission spectra collected over the
range 310 nnE Adem < 420 nm with 1-nm increments, and
the final spectra were determined from the average of three 0
data points at each wavelength. All fluorescence experiments ;7’9' = t—-ﬁo (6)
were done at 22C. t P
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Table 1: Kinetic Parameters for Substrates and Inhibitors of the
Insulin Receptor Kinase Domain in the Activated and Basal States

£ £ IRKD?
2 g parameter activated basal
Keat (S72) 8.3+0.7 1.2+0.3
S0 000 00z 008 006 too  oor oo o2 Nu%leootideos émM) 0104
K .04+ 0.01 1. .
1/[IRS939] (1/uM) M ATP
1/ {ATP] (1/uM) o . u . K 0.24% 0.04 b
FiGURE 1. Steady-state kinetics of peptide substrate phosphorylation Ki app 0.03+ 0.01 1.1+ 0.2
by the activated IRKD. Double reciprocal plots from measurements Ki amp 0.31+0.04 >10°
of initial velocity versus ATP concentration (left) and peptide Ki atpys 0.21+0.04 nd
substrate concentration (Y-IRS939; right). Initial velocities are Peptides (mM)
expressed as mol of phosphopeptide formed (mol of kindse) K 0p05j:001 2
min—L. The following substrate concentrationsM) were used: K IRS9%9 11401 —
ATP, 20 (J), 40 (@), 60 (0), 100 (¥), and 200 £); Y-IRS939, 10 Koo 17400 31403
(0), 20 @), 40 (©), 60 (¥), and 200 4&). Reaction conditions are il . . : :
given under Experimental Procedures. 2 The activated IRKD is the maximally autophosphorylated protein

and basal IRKD is the unphosphorylated protéiWalues of the

0 P ; dissociation constant& were also determined from equilibrium binding
wheret® andt are the transit times for a given standard and 2> " (Figure 2): 3:20.6 MM AMP-PNP, 1.1+ 0.2 mM

viscous buffer, respectively, and andp are the densities  aApp. and>100 mM AMP.
of the standard and viscous buffers, respectivély).(The
standard buffer was 50 mM TrisAc, pH 7.0. Viscosity . . .. . .
dependencies df.y were done as follows: 0.2M basal- |nh|b|t|qn constants, _I|sted n Table_ L .alslo shovy .t.hat
state kinase. 0.132.66 mM Y-IRS939. constant 8 mM ATp.  nucleotide binding is tighter than peptide binding. Inhibition
and then extrapolated to saturating substrate by fitting the by _AMZ I\(A_/as ana_lyge;)dl toneter:m;]ne Its _af_f||n|ty X)I\r/lghe
observedk:s versus peptide concentration to a rectangular g(l:\lngate_ (')ngjd('M_ F rl? )F]W Ich was S'.T]'zfl_to i
hyperbola. Reactions with 3 nM activated kinase were done Ki = 0.24 mM). Finally, the reaction wit 7F5 was )
at 1 mM ATP and 0.36 mM IRS939. To determine the analyzed _for subsequent use in V|sclometr|c studies (below);
viscosity dependencies fdt¢./Ku arp measurements were the reaction showed.y = 0.014 s*, a 600'f0|.d lower
done at 0.3 mM ATP and 2.7 mM IRS939 for the basal- turnover number than for ATP. Because of this low rate,
state kinase. and at 0.015 mM ATP and 0.18 mM IRS939 binding of this nucleotide to the kinase was readily analyzed
for the activa;ted kinase. To determine the viscosity depend- by inhibition of.the ATP-dependent peptide phosphorylation
encies folk.a/Ku y—irsozgoMmeasurements were done at 8 mM reaction, y|eld|nq<i ” 0.21 mM ATRS (Table 1).

ATP. 0.36 MM Y-IRS939 for the basal-state kinase. and at Steady-State Kinetic Parameters for the Unphosphorylated
1 mf\/l ATP. 0.027 mM IRS939 for the activated k'inase Kinase.We have reported previously some of the basal-state
Reactions were done twice in triplicates. The results will be kinetic parameters29). We have repeated the data obtained

used to estimate a limited number of stepwise rate constantsorigina”y with the JMY2F mutant, now using the double-

. P truncation mutant, and report the best estimateskfgr=
as applied to protein kinases by Adams and Tayl@ énd 1 ’ . -
in further detail by Wang et al3f). 1.2 st and Ky values in the millimolar range for both

substrates (Table 1). In addition, we have expanded the data
RESULTS to include inhibition constants for nucleotides and peptides
o o for comparison with the activated enzyme (Table 1). These
Steady-State Kinetic Parameters for the Aated Kinase.  yegyits show that nucleotide binding affinities change dra-
Primary |n|_t|al velocn.y data were collected from five ATP matically and that AMP has extraordinarily weak binding
concentrations and six Y-IRS939 concentrations. These werey, the basal-state enzyme, since it fails to inhibit the kinase
analyzed by global fitting using eq 1, and the results are gaction at concentrations as high as 10 mM. However, the
shown in the double-reciprocal plots of Figure 1. The pattern o\ turnover number and millimolak, and K; values
of intersecting lines is consistent with a sequlentlal addition yequired high concentrations of substrates and inhibitors for
of substrates. This analysis produded= 8.3 s™*, Ky mgarp these analyses. Because those conditions produced poor
= 0.04 mM, andKy,y-rseso=0.05 mM (Table 1). To better  signal-to-noise ratios in our HPLC-based assag),(we
define the steady-state kinetic mechanism, substrate anagqy|g not obtain data of sufficient quality to analyze patterns
logues were used as dead-end inhibitors; AMP-PNP was aj gouple-reciprocal plots nor to discriminate among formal
competitive inhibitor against ATP and noncompetitive against mechanisms by curve fitting, and thus a formal steady-state
Y-IRS939, and F-IRS939 was competitive against Y-IRS939 kinetic mechanism could not be assigned with confidence
and noncompetitive against ATP. These findings with dead- (5 the hasal-state kinase. These concerns about precision led
end inhibitors are consistent with a rapid-equilibrium random- ;5 to develop an indirect assay for nucleotide binding at
order mechanism. The inhibition constars for each  equilibrium to confirm the data from inhibition studies.
inhibitor, listed in Table 1, show that nucleotide binding is Equilibrium Binding of Adenine Nucleotides to the Un-
tighter than peptide binding. The product-inhibition patterns phosphorylated Kinasdodide quenching in the basal-state

were also determined, showing that each product was ajRkp s minimaP (Figure 2, panel A, inset). In the presence
competitive inhibitor against both substrates, which supports

a rapid-equilibrium random-order mechanism for the IRKD 3 Previous mutagenesis and iodide quenching studies showed that

activated by autophosphorylation. This conclusion was \y1175,in the active site cleft, is the dominant fluorophore of the IRKD
reached previously for the autophosphorylated3®.(The emission spectrun?().
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3 e Scheme 1
] g2 ET k(D)
e T ) E ETY = EDpY —> E
g '; 2 avdlength o) N Py
E 1} 8 N BY 7 k(D)
©
2 Lf by kearandk.o/Ky are subject to the same limitations before
T 360 00 a00 420 and aftgr kina_s_e _activation. _
Wavelength () A rapld-equn!brlu_m random-ord_er pathway accounting f(_)r
steady-state kinetics of the activated IRKD is shown in
1.0 NS Scheme 1 as a framework to interpret the viscosity-
s.sL B A 7 dependence experiments. The constants for addition of
[ A /o /°/ substrates MgATP (T) and tyrosyl-peptide (Y) are shown
§ 08 /A A for the experimental conditions used to determiagKy
T o4l /A g/ by saturating with one substrate and using low concentrations
£ /‘ V4 of the other substrate. Steps for release of products MgADP
£02F , £ o® . (D) and phosphotyrosyl-peptide (pY) are included in the net
00 g;l: /g n g nﬂnl;!. rate constant,. The equilibrium constar,, = (E-D-pY)/
R X 1 10 (E-T-Y) = ks/k—3 describes interconversion of the substrate
[Ligand] (mM) and product ternary complexes; it probably favors the latter

Ficure 2: Nucleotide binding affinities to the basal-state kinase. such thaks > k-3 (see Discussion). For this mechanism and

Adenine nucleotide binding was determined by changes in iodide this assumptiorke is defined by
quenching of tryptophan fluorescence. Panel A: fluorescence

emission spectra of AM unphosphorylated (basal-state) IRKD in B k3k4' N k3k4'
the presence of 0.4 M Kl as quencher, taken in 50 mM TrisAc, pH Keat= K.+ K -+ K, k.+k (7)
7.0, 0.2 MKCI, 1 mM DTT, 1 mM NaS;03, and 20 mM MgAg,- CoR

with an excitation wavelength of 300 nm. Spectra for the kinase . . . . ,
alone @) and in the presence of 10 mM nucleotide analogues: Increased viscosity will not change the chemical step’s rate

AMP-PNP (), ADP (), AMP (0). Spectra have been corrected constant but will alter the diffusive step’s rate constiant

for blanks and inner filter errors arising from the high nucleotide by a factoru, wherev is proportional to . The ratio
concentrations, as described under Experimental Procedures (eq 4){kc 30 in the absence of viscogen vers{i&.}? in the
Theinsetshows the fluorescence emission spectra of the unphos- - f Vi . a
phorylated kinase at constant 0.6 M potassium salts: Solid line, presence of viscogen IS
0.6 M KCI; dotted line, 0.4 M KH 0.2 M KCI. Panel B: Binding 0

. {kead . ks + vk,

data from iodide quenching at the indicated concentrations of rel
adenine nucleotides are presented as fractional saturation for AMP- {keat ™~ = v
PNP (), ADP (a), and AMP (0); data for AMP were analyzed {keat!  UKs T Ky)
assuming the same assay endpoint would be reached here as for
AMP-PNP and ADP. The dashed lines were generated by nonlinearWhen{k;,¢ " is plotted versug™ the resulting line passes
curve fitting to eq 5. through the point (1,1) with a slope given by
of 10 mM ADP or 10 mM AMP-PNP, there is significant rel
qguenching, but there is virtually no increase in iodide n_ {keat " —1 _ ks
guenching induced by AMP at concentrations up to 10 mM {keat " = 77re| 1 o ks + Ky (©)
(Figure 2, panel A). The increase in iodide quenching is
dependent on the concentration of adenine nucleotide forThese equations will be used to calculate stepwise rate
AMP-PNP and ADP (Figure 2, panel B). Fitting these results constants from the steady-state kinetic data &gl ”.
for a single nucleotide binding site, we determined dissocia- Control reactions for the effects of microviscogens on
tion constants of 3.2 mM AMP-PNP, 1.1 mM ADP, and determination of kinetic parameters were performed first,
estimatedy > 100 mM AMP from the marginal effect of  using the activated IRKD. As shown in Figure 3, panel A,
this nucleotide on iodide quenching. These observationsthe macroviscogen PEG had a only slight effect kg ™',
confirm the weak binding of nucleotides to the basal-state yielding a slope of~-0.10+ 0.10. This result suggested that
IRKD and support the findings from steady-state kinetics subsequent effects of the microviscogen sucrose would be
using both the JIMY2F and double-truncation mutants of the due to collisional effects on microsolutes. Reactions using
kinase (Table 1). sucrose with ATRPS showed no variation ifikeg ™ with
Viscometric Changes in Steady-State Kinetic Parameters.increasing viscosity. Similarlyk... measured with JFIRS727
Substrate binding and product release are diffusional stepsshowed no viscosity-dependent change. These results, ex-
in an enzyme catalyzed reaction that will be sensitive to pected for a chemical step-limited reaction (see Discussion)
changes in solution viscosity. In contrast, the chemical step- suggest there are no “chemical” effects of sucrose on either
(s) should be insensitive to solution viscosity because thesesubstrate (Y-IRS939 or MgATP, respectively) that would
occur within the active site cleft, sequestered from exchangeconfound interpretation of the results, e.g., changes in the
with the free ligands. These factors have been exploited oxidation state or hydration state of the substraB¥s 47).
widely to better understand the rate-limiting steps of enzyme Increasing viscosity changéds; for the activated kinase
catalysis 88, 42—47). Here we used viscosity effects to but not for the basal-state kinase (Figure 3, panel B). The
determine whether rate constants for catalytic steps entailedpositive slope for the activated kinase was Gt82.08 which

(8)
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T T LI T T 1 k2k3k4v k2k3
KealKny = ~
KK 5+ KoKy + Kiky K, + Ky

(10)

where the assumption thiag > k-3 (product release is faster
than back-conversion of the product ternary complex) allows
the last ratio to be used. Added viscogen will alter each
diffusive step,k; and k_,, by a factorv and the relative
change ink.a/Ky is

{ kcaf }rel

B
2 0
§. rel {kca!KM,Y} _ vK_, + Ky
.gg {kca!KM,Y} - v - (k + k ) (11)
= {keafKuyt" K2 TKg
" > 2 1 2 3 Graphically, a plot of keafKn} ™ versusy™ will pass through
qrel o the point (1,1) and have a slope given by
Ficure 3: Viscosity dependence of steady-state kinetic parameters rel
for the basal and the activated kinases. Plotékaf} ™ and { keaf " {keafKm}— — 1 ks
Kwu}' versus relative viscosity™ are shown. Panel A: control {keafKnt" = = (12)

I
experiments fo kso¢ ™ using the activated IRKD. Viscosity was ﬂre -1 k—2 + k3

increased with the macroviscogen PEG80O). Reactions using
the microviscogen sucrose with A7B (a) and with R-Irs727 ©). For the nucleotide substrate MgATH)( the viscosity
Panel B: plots ofke} ™ for basal kinase®) and activated kinase  dependencies follow the same rationale and equations for

(O). Panel C: plots of keafKm mgatr} ™ for basal kinase®) and . P
activated kinased). Panel D: plg (5 Of Keaf Kin v 1rsosd @ for basal peptide substratey], substitutingk; andk-; for k, andk-,,

kinase ®) and activated kinasej). Determinations were made ~ 'espectively. . o .
in twice in triplicate. Data were fit by linear regression (solid ~ The parametek../Kyv did not change with increasing

lines). viscosity for the basal-state or activated kinases for either
substrate: the slopes given Hk../Km}#n were slightly
Table_2: Kinetic Parameters Determined from Viscometric negative at—0.01 and—0.04, for k.,/Ku arp in the basal-
Experiments state and activated kinase, respectively (Figure 3, panel C),
parameter activated IRKD basal IRKD and slopes 0f-0.04 and—0.15 fork.o/Kw in the basal-state
Observed and activated kinase, respectively (Figure 3, panel D).
{keat” 0.8+0.1 0 Because these slopes do not fall outside the range determined
{ kealKn.7}" 0 0 from control experiments, they are presented as zero-values
{eafKu}” 0 0 in Table 2. For the activated kinase, this indicates the
) Calculated” substrate ternary complex{EY) equilibrates rapidly with
ka(sD) 42+ 26 1.240.2 : .
ke (s9) 105+ 1.4 =12 substrates versus its conversion to 'products, suchkthat
K1 (MM) 0.25 1 > ks. In turn, this leads to dissociation constants for each
Ka.y (MM) 0.20 2 substrate that are 5-fold greater than the corresponding
aThese parameters were calculated from the following relationships: Michaelis constants, which may be expected for a rapid-
In the activated statéy = keal{keag”; ks = KeaKa/(Ke — Kea); Koy = equilibrium random-order mechanism in which product
K.y (ks + ke)/ks which is derived from the relationshiy v = ku(k-2 release is partially rate-limiting (cfef 42). For the basal

+ ks)/ko(ks + Ky) at saturating nucleotide substrdtand the condition : — !
where k-, > ks is satisfied under a rapid equilibrium mechanism state kinasek- > ks from {kea/Ku} 7 0, andks < ky

(discussed in relation to Figure 1 and TableKyr = Kyt (ks + ke)/ from {keaf” = O, together makeky and K4 numerically
ks which is derived from the relationshiur = ka(k-1 + kg)/ka(ks + equivalent (see footnote in Table 2). These values for

ky) at saturating peptide substrafeand the condition wherk-; > ks substrateKy's in the basal-state are listed in Table 2.
is satisfied under a rapid equilibrium mechanism. In the basal $tate,

~ kearWhen{kea}” = 0 becauseéu > ks, thus setting a lower limit of DISCUSSION

ke = 10ks; Kgr was determined by equilibrium binding (Figure 3);

Kay &~ Kuy When{kea/Km,y}” = 0 such thak> > ks and the condition Differences in Steady-State Kinetic Paramet¥®ve have

ke > ks is also met (abovefValues are meant one standard  clearly demonstrated that increased catalytic efficiency of

deviation, calculated using the ranges Kat and{ keag”. the autophosphorylated kinase domain of the insulin receptor
resulted from changes ik, and Ky for both substrates.

indicates a partially diffusion-step limited reaction. The rate Previous reports suggested that autophosphorylation of the

constants for the chemical and product release steps werdnsulin receptor caused a change Whax (Kea) Without

calculated and indicatie; ~ 4k (Table 2). The absence of  affectingKy for the peptide substrate4g, 49) and for ATP

viscogen sensitivity shown by the basal-state kinase indicates(10). These apparent discrepancies may have resulted from

this reaction is limited by the rate of the chemical step, such subtle details of the assay conditions. For example, use of

thatks = kear Thus ks = 10ks, as indicated in Table 2. These protamine to activate the kinase or a MhMg?" mixture

constants were calculated as described in the footnote toas the divalent metals for ATP may have been factors; the

Table 2. activation by polycations is complex and not fully reversible

To grasp the significance of the viscogen (in)dependenceupon dilution @0, 50), and choice of divalent metal ion has
of keafKm this parameter is illustrated here for peptide at a significant impact orky for ATP (29, 40). In addition,
saturating MgATP, use of a peptide substrate with an intrinsically higlor in
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which the reaction is limited by the chemistry (e.gs F Table 3: Relative Changes in Kinetic Parameters and the

IRS727) could have masked changesjn Associated Free Energies

It was hoped that changes in substrate binding affinities fold  AAGo fold  AAGy
would be useful in quantitatively assessing relief of intrasteric = parameter chg (kcal/mol)  parameter chg (kcal/mol)
inhibition. However, as shown by th& values in Table 1, 36 21 e 7 11
adenine nucleotide binding may change by 8-fold for AMP- 5  —1.0  Kyare 25  —1.9
PNP, 30-fold for ADP, or>300-fold for AMP where the Kd,y-Irse3o 8 —-1.2 Kw,y -1rse39 40 —2.2
last nucleotide has no significant interaction with the basal- k/Kdare 180 =31  kealKuarp 175 -30
state enzyme (Figure 2). Furthermdfgfor the phenylalanyl ko/Kay-soso 290  —83  kealKuy-irsoss 280  —3.3
peptide substrate-analogue F-IRS939 wa& InM in either aThe changes in free energy were calculated from the Gibbs free

energy relationshipAAG, = —RTIn(fold-change) at 298K.

state and is thus not significantly changed by autophospho-
rylation. In the case of adenine nucleotides, these studies
suggest thes-phosphate may be essential for nucleotide  The enhanced catalytic efficiency reported by second-order
binding in the basal-state but appears less important in therate constants/Kq or keo/Kw is about 3 kcal/mol more
activated statel; values for AMP-PNP versus AMP, Table favorable for each substrate after activation because of the
1). Therefore, the broad range of affinity changes for adenine 36-fold increased rate for the chemical step of the reaction
nucleotides is not entirely consistent with a direct steric more so than the 5- or 8-fold tighter binding of that substrate.
occlusion model for activation by relief of intrasteric This can be seen from the free energy-reaction profile shown
inhibition; i.e., one in which the nucleotide binding site is in Figure 4. From independent experimeng&l)( it was
the same in the activated and basal states and the activatioishown that the activated IRKD has 3.9 kcal/rfessintrinsic
loop only acts as if it were a competitive inhibitor in the conformational free energy than the basal-state IRKD
basal state. To the contrary, these features suggest thafAAGh,o); this difference is indicated by the relative free
nucleotides are not bound in structurally equivalent confor- energies of the enzyme prior to substrate binding~(E +
mations in the basal and activated states. For the peptideY). The basal-state IRKD is assigned an arbitrary free energy
binding site, a single interpretation of binding affinities is of zero as a reference value. The ternary complex (ETY) in
equally elusive. In the case of F-IRS939, weak binding in the activated state is 1.7 kcal/meksstable than the same
the basal state may be from intrasteric inhibition, but weak complex in the basal state, despite the fact that substrate
binding in the activated state may result from lack of a binding affinity has increased 5-fold for MgATP and 8-fold
hydrogen bonding interaction between the (absent) phenolicfor peptide substrate (Table 3). Furthermore, the difference
hydroxyl of the PO residue and D11327j. These factors in ternary complexes deduced from these relative free
cannot be parsed from a steady-state kinetic analysis, andenergies is consistent with different structural requirements
therefore peptide inhibition constants by themselves failed for adenine nucleotide binding deduced from variations in
to provide useful insights into relief of intrasteric inhibition K; values, as described above. The free energy barrier to
at the peptide binding site. reach the transition state in the forward directidGY) is
Changes in the Rate-Limiting Step and Changes in 17.6 kcal/mol for the basal-state enzyme and 15.4 kcal/mol
Substrate BindingRate constants determined from visco- for the activated enzyme, a net difference of 2.2 kcal/mol in
metric analysis suggest the effects of activation by auto- favor of the activated kinase. However, the net difference
phosphorylation are restricted to steps leading up to andin relative free energy of the transition state complex is only
including the transition state complex. Product release steps0.5 kcal/mol in favor of the activated enzyme.
may not be altered significantly following activation by  To calculate relative free energies of the ternary complexes
autophosphorylation, assuming the lower limit kgrgiven with products (EDpY), we need a value for the internal
in Table 2 is a good approximation for product release rate equilibrium between ternary complexéd§,, which can be
in the basal-state enzyme. In the basal-state kinase, thejetermined from the overall equilibriuteq and kinetic
chemistry is rate-limitingK; < ks and{kea¢” = 0), but in parameters. The steps of the enzyme-catalyzed reaction,
the activated-state kinase chemistry and product release arghown in Scheme 2, frames the overall equilibrium between
each partially rate-limitingkz andk, are of similar magni- products MgADP (D) and phosphotyrosyl peptide (pY), and
tudes and{ke.3” = 0.8). The change irks produces the  the substrates MgATP (T) and tyrosyl-peptide (Y)
change in the rate-limiting step between the basal-state and
activated-state kinases, and underlies the free-energy differ- [D][pY] KapKapy
ences for binding and chemical steps in the reaction catalyzed Keqg= [TIY] =K KY K ' (13)
by the activated versus the basal-state kinase (Table 3). The ATy
major effect of autophosphorylation is a 36-fold change in
the Cher_mcal step’s rate constagin ,ComraSt to the 7-fold 41t is possible to calculate the on- and off-rate constants for substrate
change in turnover numbé.:determined from steady-state  pinding, given the dissociation constants in Table 2. Thus, for peptide
kinetics alone. This change was obscured withinby the substratek-, > 12 s becausek—, > ks in the basal state follows
relative magnitude of the net rate constant for product reIeasegomlg‘gelvli‘f';_?fig"gggi'ltgtgg?ﬁ)’“ﬂé'}i '?%Khééf;ﬂgrgc?\}a?gg% e
ke (Table 2 and eq 7). The folds-change drssociation thése parameters are estimated td@@izz ><d'106 MIstandk =
constants for substrates are smaller than suggested by thgoo s, using the same approach. Because these numbers are highly
respective Michaelis constants because the large change itlependent on other calculated parameters and therefore large errors

ia hi i ; — ) ) must apply, the actual values are much less important than the
ks is hidden within the expressidfiy = Keke/(ks + k). Thus qualitatively accurate observation that substrate binding equilibrates

the free energies of binding for each substrate are only abouttaster than the chemical step of the catalytic cycle, as described in the
1 kcal/mol more favorable following activatidn. text.
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12 eyt by 1.4 kcal/mol. These calculated valuesKgyare consistent
ol with the assumption that > k-3 made in deriving expres-
) sl sions for viscosity dependence (eqs%and 16-12). For
g comparison, the phosphorylation of seryl-peptide substrates
'f.‘,g 3 [ aacy,q) by MgATP catalyzed by PKA §6) and by calcium/
£z °f a6t calmodulin-dependent protein kinase3F) yield Keq= 2000
_g% 3t andKeq = 3500, respectivelyK, = 100 for PKA ©8).
s s} This analysis shows that the largest free energy difference
e ol — between the basal and activated enzymes is inherent in the
12 protein itself after autophosphorylation. As we had suggested
EeT+y  (ETY) (EDpY)  E+DpY previously, thisloss of conformational free energy in the
Step in the Catalytic Cycle phosphorylated protein is quantitatively sufficient to account

FiGure 4: Free energy profile for peptide phosphorylation by the for the 200-fold increased catalytic efficiency determined
insulin receptor’s kinase domaifthe free energies for five steps  from the fold-change ik../Ku (21). The free energy changes

in the kinase-catalyzed phosphorylation of Y-IRS939 (Y) by ;
MQATP (T) are shown for the basal-state (thin line) and activated- across the reaction apply to the system that encompasses the

state kinase (thick line). The reference state for the reaction is the Prot€in plus the reacting species. In a broader thermodynamic
basal-state kinase and its unbound substrates with an arbitrary valuéense, it is true that interactions between enzyme and the
AGg s= 0 kcal/mol, where the subscript S or P indicates substrate- transition state ligandegethewith side chain and backbone

or product-associated steps. The activated kinase is less stable bynteractions throughout the protein sum to approximately the

3.9 kcal/mol AG, = +3.9 kcal/mol), determined by denaturation : .
studies AAGo from ref 21). Each ternary complex free energy same value in both activated and basal states. However, the

was calculated relative to the dissociated substrates from theMOSt economical explanation to account for the small
equation AAG, = AGys — RTIn(Ky1Kqy), and the ternary  difference in relative free energies of the transition state
complexes relative to products from the equattohG, = AGop complexes is to expect only small differences in active site

(— R“;‘(tKi,DKi,pv){ WhgggR(;s th?j %esd.constanné istthe al?(so|Uée, geometries and bonds during the chemical step of the
room) temperature , an Inding constants are rouna in : PR H H
Table 2 Ki)gnd Table 3Ky). The value%fAGo,p is 1.4 keal/mol reaction; it is the same reaction catalyzed by the enzyme in

lower thanAGy s because\Gop — AGy s = —RTIN(Keg) andKeq= its besal and activated states. Thu_s, Whethe_r the activation
10, as described in the text. The difference in free energy betweenloop is phosphorylated may have little direct impact on the
each ternary complex and the transition state was calculated fromtransition state. Instead, the higher barrier to reach the
the rate constant for the chemical stépif Table 3) using Eyring's  yransition state should result from a residual unfavorable

equatiorks = kTK*/h wherek is Boltzmann’s constant, is Planck’s . . inina in th | I h
constant, and® is the “equilibrium” between transition state and INteraction remaining in the basal state ternary complex. The

ground-state complexes, yielditgs* = —RTIn[ke-h/(KT)] relative fact that net conformational free energy was lost upon
to each ternary complex. autophosphorylation indicates that greater mobility can exist
in the activated enzyme2q). This greater mobility should
Scheme 2 be as important for the chemical step of the reaction as steric
E i_'g) BT "—’((2: ETY "32 EDpY ‘k_J: ED ("_5: E freedom in the a(_:ti_ve site is for tighter substrate binding. In
k., P s o) ks(D) structural terms, it is generally accepted that lobe movement

must occur during the catalytic cycl23), and Hubbard has

The equilibrium, by definition using the middle ratio, is Shown the activation loop is an impediment to such move-
independent of the presence or absence of enzyme andnentin the basal state protein Wlthout substrates bol@)d (
therefore independent of whether the enzyme is in its basal T @ken together with the analysis presented here, we suggest
or activated state. On the basis of parameters determinedhat an impediment to lobe rotation persists when substrates
from other protein tyrosine kinases, an average valué.pf ~ are bound to the basal-state enzyme, and this is responsible
= 10 for tyrosyl-peptide phosphorylation is derived from for the slower rate of the chemical step of pho_sphoryl
the literature® Product inhibition constant; can be used ~ transfer. These structural features should be sufficient to
in place of product dissociation constamts as described explaln the differences in free'energy-reaetlon profiles in
by Cleland 65). UsingK; values from Table 1 andq values F|gure 4, Therefore, the changein conformat|onal_ free energy
from Table 2, we calculate similar values fé. in the |nherent_|n _the protein after autephosphorylatuﬂi)(ls
activated versus basal kinase-catalyzed reactions (9.8 versugdually distributed between formation of the substrate ternary
6.5, respectively). Thus the product ternary complex is 1.4 cOMplex and formation of the transition state complex.
to 1.1 kcal/mol more stable than the corresponding substrate The novel finding that conformational free energy has an
ternary complex, and products are favored over substrates€dual impact on substrate binding and the chemical step of
this kinase’s catalytic cycle may be a special feature of
5 Overall equilibra for tyrosyl-peptide phosphorylation from MgATP receptor tyros_lne kinases VY'th adjacem, aCtI_Vatlon loop
have been determined from Haldane relationships for several proteintyrosines, or it may be unique to the insulin receptor
tyrosine kinases: cSrd¢, = 20; ref51), C-terminal Src kinaseKeq subfamily. In studies of PKA, it was concluded that energeti-
=21, ref52),_kinaee cflomain c()jf trr:e vae(jcular endothﬁli;’:\l growth factor cally similar ternary complexes were followed by energeti-
Eﬁifﬂorl%;q r;fl\:&).reAsfgﬁg 0} fefﬂ e agog\g,cugﬁgg ;gfetﬁteor cally different transition state complexes, thus leading to a
unphosphorylated vascular endothelial growth factor receptor kinase, Slower chemical step in the absence of activation loop
which should in principle have been 17, i.e., the same as for the phosphorylation at T195). Furthermore, mutagenesis and

activated enzyme because the enzyme is not expected to perturb thg,; -+ ; ; ; ; _
equilibrium. Either a different Haldane relationship for this mechanism Kinetic studies on the protein tyrosine kinase v-fps showed

(55) should have been applied, or the measurements had an inheren€Ssentially the same effect of activation |00_P phospho_rylation
but subtle error. at Y1073 as determined for PKA, suggesting the major role
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of activation loop phosphorylation was to increase the rate 19. Kobe, B., Heierhorst, J., and Kemp, B. E. (198@). Second
of the chemical step in phosphoryl transfer with little impact 20 l\élesskenlg('\e/lr ngiphopsfof\(zmibﬁs, 3|9—4AO-J Han . P and
on active site accessibility48). Indeed, if there is one - Frankel, M., bishop, S. V., Abloogiu, A. J., Han, Y. ., an
universal function of activation loop phosphorylation it would Kohanski, R. A. (1999Protein Sci. 821582165,

. . , 21. Bishop, S. M., Ross, J. B., and Kohanski, R. A. (1999)
appear to be an impact on the chemical step’s rate constant, ~ gjochemistry 383079-3089.

based on a comparison among three protein tyrosine kinases 22. williams, J. C., Wierenga, R. K., and Saraste, M. (1998)
that have zero, one, or two activation loop phosphoty- Trends Biochem Sci. 2379-184.
rosines: ks = 1.2 s for C-terminal Src kinase which is ~ 23. Hubbard, S. R., Mohammadi, M., and Schlessinger, J. (1998)

always at zero loop phosphotyrosine (calculated from Figure _ J: Biol. Chem. 27311987-11990.

— _ 1 _ ; 24. Sun, X. J., Rothenberg, P., Kahn, C. R., Backer, J. M., Araki,
3 of ref. 52), ks = 0.2-3.0 s* for v-fps with zero loop E., Wilden, P. A., Cahill, D. A., Goldstein, B. J., and White,

phosphotyrosine versiks ~ 40 s'* with one loop phospho- M. F. (1991)Nature 352 73-77.
tyrosine 86, 43), andks = 1.2 s versus 42 s' for the 25. Myers, M. G., Jr., Zhang, Y., Aldaz, G. A., Grammer, T.,
IRKD for zero versus two loop phosphotyrosines (Table 2). Glasheen, E. M., Yenush, L., Wang, L. M., Sun, X. J., Blenis,

While we have followed these other studies in using steady- :"1-1,4P7i92016553- H., and White, M. F. (199dpl. Cell. Biol. 16
state kinetics and viscometric analysis, we have also brought - X .

forward denaturation data to establish conformational free 26'&%22(’3?‘.’ ijggfé;'z‘.and Kohanski, R. A. (199Anal.
energies of the basal- and activated-state IRKD in solution. 57 apiooglu, A. J., Till, J. H., Kim, K., Parang, K., Cole, P. A.,
This combined approach has revealed a unique mechanistic ~ Hubbard, S. R., and Kohanski, R. A. (200D)Biol. Chem.
feature of the reaction catalyzed by the insulin receptor’s 275, 30394-30398. .
kinase domain and may prove fundamentally useful to further 28. Whittaker, J., Okamoto, A. K., Thys, R., Bell, G. I., Steiner,
our understanding of the relationships between crystal ~ D:F. and Hofmann, C.A. (198Fyoc. Natl. Acad. Sci. U.S.A

truct d catalyti hani 84, 5237-5241.
SHHETTES and caial/lc meenanisms. 29. Cann, A. D., and Kohanski, R. A. (199Bjochemistry 36

7681—-7689.
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