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ABSTRACT: Protein kinases are regulated by conformational or chemical changes which facilitate access
of substrates to the active site and promote correct orientations of catalytically essential residues and
water molecules. The switch between basal and activated states of the insulin receptor’s kinase domain
(IRKD) results from autophosphorylation. We investigated the effects of IRKD autophosphorylation on
the conformational stability by guanidine hydrochloride (GdnHCl) dependent denaturation and by iodide
quenching of intrinsic fluorescence. Tryptophan residues of the recombinant soluble IRKD (residues R953-
S1355) were excited at aλex of 295 nm, and emission spectra were analyzed for centroid (a characteristic
of average polarity of the indole rings’ environments) and integrated fluorescence intensity over theλem

range of 310-420 nm. Denaturation profiles of both apo- and phospho-IRKD forms are complex with at
least three distinct unfolding transitions. The first and last transitions were reversible and cooperative and
had midpoints at 0.4 or 0.7 M GdnHCl and 2.4 or 2.7 M GdnHCl, respectively; transitions of phospho-
IRKD occurred at lower GdnHCl concentrations. Calculations of free energy of unfolding suggested a
loss of∼2.3 kcal/mol of stabilization for the first transition and∼1.5 kcal/mol for the third transition.
Circular dichroism showed subtle changes in secondary structure over the first transition and global
unfolding over the last transition. The first transition reports changes primarily in the local environment
of W1175, which is near the catalytic loop and is conserved among protein tyrosine kinases. W1175 is also
the dominant fluorophore of the native emission spectrum. Iodide quenching of W1175 was virtually
undetectable in the apo-IRKD but significant in the phospho-IRKD, suggesting that W1175 exposure to
small solutes is strongly dependent on the conformation of the activation loop. These studies indicate that
autophosphorylation, while exposing the catalytic center, also produces a conformer less stable than the
apoenzyme.

The insulin receptor is a disulfide-linked heterotetrameric
R2â2 transmembrane glycoprotein (1). The binding of insulin
to the extracellularR-subunits causes autophosphorylation
of the intracellular kinase domain of theâ-subunits (2). This
results in activation of signaling through increased kinase
activity and substrate recruitment (3). The insulin receptor
kinase domain [IRKD;1 R953-S1355, as described by Villalba
et al. (4) but numbered according to Ebina et al. (5)] can be
phosphorylated at up to seven sites within three distinct
domains (6-10): Y965 and Y972 in the juxtamembrane
domain, Y1158, Y1162, and Y1163 in the activation loop (AL,
residues D1150-P1172), and Y1328 and Y1334 in the carboxy-
terminal region. The AL tyrosines are the principle sites

responsible for regulating the catalytic efficiency of the IRKD
(11-14).

The crystal structures of the apo and phosphorylated core
of the IRKD have been determined (15, 16). The catalytically
active core region encompasses V978-K1283and includes the
three AL tyrosines. These structures show the spatial
organization of the ATP and peptide binding sites, the
conserved catalytic loop, and the variable activation loop,
which are arranged in or near the cleft within the bilobate
scaffold common to all protein kinases. The AL in the apo
form appears to act as an autoinhibitory “gate” blocking
nucleotide and peptide entry to the active site cleft. This “gate
closed” conformation accounts for the highKM,ATP and
KM,peptidevalues reported recently for the basal state apo-IRKD
(17). The tris-phosphorylated form, cocrystalized with a
peptide substrate and ATP analogue, shows the AL swung
away from the active site. This “gate open” conformation
of the kinase may be the maximally activated state. The gate-
open position of the tris-phosphorylated AL seems to be
stabilized by intraloop electrostatic interactions between
phosphotyrosines (pY1162and pY1163) and neighboring arginyl
groups of the AL (R1164 and R1155, respectively). The lack
of new, strong bonds involving phosphotyrosines of the AL
to either of the lobes should suggest that the gate-open
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conformation of the AL is unlikely to restrict domain
movements after autophosphorylation.

Local structural perturbations and global conformational
changes can be reported by the spectral characteristics of
tryptophan residues (18). In addition, the relative solvent
accessibility of fluorescent tryptophan residues can be learned
by solute quenching (19-21). Thus, intrinsic fluorescence
and quenching are powerful tools for analyzing structural
properties of enzymes in different functional states. However,
in multi-tryptophan proteins such as the protein kinases, the
potential complexity of information available from the
emission spectra is greatly increased (reviewed in refs22
and 23). The IRKD has five tryptophans; W989 is on the
surface of the small lobe, and W1175, W1193, W1200, and W1246

are in the interior of the large lobe. The fluorescence
properties of these tryptophan residues change during
GdnHCl dependent denaturation in ways that reveal the
differences in global and local structural stabilities of the
basal state apo-IRKD versus the activated state phospho-
IRKD. Trp-to-Phe replacement mutagenesis allowed us to
identify the active site tryptophan as the principle fluores-
cence emitter. Furthermore, iodide quenching provides
evidence of local conformational changes related to the gate
opening associated with autophosphorylation. Together, these
studies provide new insight into the conformational states
and stabilities of protein tyrosine kinases and the environment
of the catalytic cleft.

EXPERIMENTAL PROCEDURES

Materials. ATP (disodium salt from equine muscle) and
DTT (SigmaUltra) were from Sigma. Hydrogenated Triton-
X100 (protein grade) was from Calbiochem. EDTA was from
Fluka. Tris acetate, base, and HCl were from Boeringer
Mannheim. GdnHCl (extreme purity grade) was from Heico
Chemicals, Inc. Magnesium acetate (enzyme grade), potas-
sium iodide (ACS grade), potassium chloride (ACS grade),
sodium thiosulfate (ACS grade), and reagents for subcloning
were from Fisher. Restriction endonucleases were from New
England Biolabs.

Recombinant Cytoplasmic Kinase Domain Cloning, Ex-
pression, and Purification. Construction of the subcloning
vectors p72CKD and pXCKD, encoding insulin receptor
residues Arg953-Ser1355, were described previously (24). The
mutation W1175F was introduced using the overlap extension
polymerase chain reaction (PCR) method (25). PCR was
carried out using p72CKD as a template with mutagenic
oligonucleotide primers, where the base changes are under-
lined and italic: 5′-CCTGTAAGGTTTATGGCACCGGAG-
3′ and 5′-CGGTGCCATAAACCTTACAGGGAGCAGACC-
3′ and wild-type outside primers 5′-TGAGGCTAGCGTCAT-
GAAGG-3′ and 5′-CCAGATACCCTCCATCC-3′. The final
PCR product was digested and inserted into the shuttle vector
pXCKD on unique BstXI and StuI sites. The resulting
plasmid pXW1175F also includes a silent mutation in the
PCR product (the cDNA encoding amino acid R1174 was
changed from CGG to AGG) that causes the loss of oneRsaI
site. The was used to distinguish mutant cDNA from wild-
type cDNA. The 1.4 kbEcoRI-BamHI fragment from
pXW1175F was inserted into theEcoRI-BamHI-digested
baculovirus transfer vector pVL1392 (Pharmingen) to yield
p92W1175F, which was used for baculovirus generation.

The recombinant virus was generated using the Bacul-
oGold kit from Pharmingen. Wild-type and mutant IRKD
were expressed in High Five cells (Invitrogen) infected at a
multiplicity of infection of 3-5. Forty-eight hours postin-
fection, cells were harvested. Protein purification was carried
out with FPLC (Pharmacia) at 4°C using three columns in
the following order: DEAE 8HR 10 cm× 1 cm (weak anion
exchanger, Waters), Superdex-75 Hiload 16/60 (size-exclu-
sion, Pharmacia), and Sepharose Q 8HR 10 cm× 0.5 cm
(strong anion exchanger, Waters). Ion exchange columns
were developed with linear gradients in NaCl. The buffer
used was 50 mM Tris-HCl (pH 7.5) (adjusted at room
temperature but used at 4°C). The purity was confirmed to
be at least 98% withg5 µg of protein analyzed by SDS-
PAGE and Coommassie Brilliant Blue R250 staining.
Purified proteins were quantified spectophotometrically at
280 nm (for the unphosphorylated and phosphorylated wild
type, ε ) 40 200 M-1 cm-1, and for W1175F, ε ) 32 000
M-1 cm-1). The purified proteins were stored at-20 °C in
30% glycerol (v/v).

Cytoplasmic Kinase Domain Autophosphorylation and
Purification. Wild-type IRKD was autophosphorylated at 25
°C under the following conditions: 2µM IRKD, 5 mM ATP,
20 mM magnesium acetate, 0.08% hydrogenated Triton
X-100, and 1 mM DTT, in 50 mM Tris acetate buffer at pH
7.0 for 1 h. The reaction was quenched with a 3-fold molar
excess of EDTA over Mg2+. ATP and ADP concentrations
were reduced by four concentration and dilution steps using
a Centriprep 30 concentrator (Amicon). The phosphorylated
IRKD was repurified using a Sepharose Q 8HR 10 cm×
0.5 cm column using a linear gradient in NaCl. It was
determined that the gradient method that was used provided
baseline separation of IRKD from phosphorylated IRKD and
from any residual ATP and ADP. The final material was
analyzed for homogeneity and retention of phosphorylation
level (stoichiometry of five phosphates per IRKD) using
nondenaturing PAGE with silver stain detection as described
previously (17), and the concentration was determined
spectrophotometrically.

Fluorescence Spectroscopy. Steady state fluorescence
emission spectra were obtained with an SLM 4800 spec-
trofluorimeter operating in the single-photon counting mode.
Magic angle polarization conditions were adopted with the
excitation polarizer set at 55° and the emission polarizer
set at 0° to avoid polarization dependent intensity artifacts.
Setting the emission polarizer at 0° was done to minimize
the Wood’s anomaly of the emission grating. For intrinsic
tryptophan fluorescence experiments, an excitation wave-
length of 295 nm was used with the excitation and emission
slits both set at 8 nm band-pass. Emission spectra were
collected over the range of 310-420 nm in 1 nm increments.
The final spectra were determined from the average of three
spectral scans. All fluorescence experiments were performed
at 21 °C. The centroid of the emission spectrum (CES) is
the wavelength (λc) at which the fluorescence spectrum is
divided in two equal areas when plotted on an energy scale
(fluorescence vs wavenumber,ν). In practice,λc ) 1/νc, such
that νc divides the area in half in the following equation

whereI(νj) is the fluorescence intensity at wavenumberνj.

∫ν1

νcI(νj) dν ) ∫νc

ν2I(νj) dν ) 1/2∫ν1

ν2I(νj) dν (1)
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The total area (right-hand integral) is determined fromν1 )
1/420 nm toν2 ) 1/310 nm. The CES of the tryptophan
fluorescence provides information about the average environ-
ment of all tryptophan fluorescence emitters,2 the value
depending upon the relative quantum yield of fluorescence
of each emitter. Fluorescence lifetimes were measured by
the time-correlated single-photon counting method as de-
scribed previously (26).

Fluorescence Quenching. Potassium iodide was used as
the quenching solute to determine the average accessibility
of emissive tryptophans. These experiments were carried out
in 50 mM Tris acetate buffer (pH 7.0) with 1 mM DTT.
The ionic strength of each sample was kept constant at 0.5
M using potassium chloride, and 0.1 mM sodium thiosulfate
was included to inhibit formation of I3

-. The concentration
of IRKD was in the range of 0.3-0.5 µM. Fluorescence
instrumentation conditions were as described above. For CES
determinations of quenching data, an appropriate blank was
subtracted from the emission spectra prior to data reduction.
The average solvent accessibility of fluorescent tryptophan
residues was characterized in terms of the collisional rate
constant,kq, according to the relationship

whereτ0 is the intensity-weighted mean fluorescence lifetime
and KSV is the Stern-Volmer constant. The latter is
determined experimentally from measurements of residual
fluorescence intensity in the presence of iodide quencher at
concentration [Q], as defined by

where F0 is the integrated fluorescence intensity in the
absence of quencher.

Circular Dichroism Spectroscopy. CD spectra of samples
in 0.1 cm path length cuvettes were obtained by using a Jasco
J-500A circular dichroism spectrophotometer after calibration
with camphorsulfonic acid. The mean residue ellipticity was
calculated to be 119.1 on the basis of a molecular mass for
IRKD of 48 kDa. Data were collected every 0.5 nm. Spectra
were generated from the average of 10 data points per
increment. Data were not analyzed below 210 nm due to
absorption of the light by GdnHCl and Tris acetate.

Denaturation and Renaturation with GdnHCl. Denatur-
ation experiments were carried out in 50 mM Tris acetate
(pH 7.0) with 1 mM DTT. Individual samples of the kinase
were prepared for each GdnHCl concentration. An accurate
concentration of kinase for the individual samples was
maintained by preparing each sample by weight. This
required an accurate concentration of stock 6 M GdnHCl
which was determined by refractometry, and subsequent
dilutions were calculated using the appropriate table of

densities. For each GdnHCl dilution, an appropriate blank
was also prepared. Samples were left to denature at 24°C
for 16 h in the dark, prior to fluorescence spectroscopy. The
fluorescence emission spectrum for each sample and blank
was taken using an excitation wavelength of 295 nm and
emission over 310-420 nm, and the instrument conditions
were as described above. The final emission spectrum for
each sample and blank was the average of three spectra. The
CES and integrated fluorescence intensity (FI) for each
sample were determined after subtraction of the blank. The
concentration of GdnHCl in all samples was checked at the
end of the experiment by refractometry. These concentrations
are reported here to the nearest 0.05 M.

Renaturation experiments were carried out in the same
buffer system described above. Apo wild-type IRKD was
denatured overnight in either 7, 0.85, or 0.65 M GdnHCl,
and individual samples for renaturation were prepared by
adding an aliquot of denatured material to vials containing
buffer and appropriate concentrations of GdnHCl (0-4 M).
Samples were left to renature at 24°C for 16 h in the dark,
prior to fluorescence spectroscopy. Spectra were taken as
described above. The concentration of GdnHCl in all samples
was checked at the end of the experiment by refractometry.

RESULTS

Denaturation of the Insulin Receptor Kinase Domain.
Differences in the inherent conformational stabilities of the
apo- and phospho-IRKD were investigated by denaturation
in GdnHCl. The fluorescence emission spectra for apo-IRKD
at selected GdnHCl concentrations between 0 and 5 M are
shown in Figure 1A and for phospho-IRKD in Figure 1B.
The excitation at 295 nm allows us to interpret these spectra
in terms of tryptophan fluorescence, since tyrosine absor-
bance is negligible at this wavelength and therefore not a
factor in these emission spectra. The net fluorescence
intensity (FI) decreases with increasing GdnHCl concentra-
tion. When spectra of the IRKD are compared at the extremes
(unperturbed vs fully denatured), there is a red shift in the
fluorescence observed in apo- and phospho-IRKD. The loss
of FI and this spectral shift are expected from the increased
level of solvent exposure of previously buried indole rings
due to protein unfolding. However, unlike the FI, which
decreases more or less steadily, there is a definite blue shift
in the emission spectrum at low GdnHCl concentrations, and
then the red shift is observed at higher GdnHCl concentra-
tions. For the apo-IRKD,λmax, the wavelength of maximum
fluorescence intensity, occurs at 350 nm in the unperturbed
state, at 344 nm in the most blue-shifted state at 0.8 M
GdnHCl, and at 361 nm in 6 M GdnHCl. For the phospho-
IRKD, λmax occurs at 348 nm in the unperturbed state where
the FI is 30% lower than in the apo-IRKD. In the most blue-
shifted state at 0.55 M GdnHCl,λmax ) 344 nm, and it is
361 nm in 6 M GdnHCl. However, rather than useλmax to
characterize the “average” tryptophan environment, we will
use the centroid of the emission spectrum (CES) because it
is numerically more precise.2 The calculation of CES is
described in Experimental Procedures, and it makes use of
the full emission spectrum between 310 and 420 nm.

The complete titration with GdnHCl demonstrates more
fully the complex changes of environments experienced by
IRKD tryptophans in response to denaturant (Figure 2). The

2 For simplicity in the initial interpretation of these data, the CES
gives an approximation of relative polarity in the environment of an
“average” fluorescent tryptophan in the IRKD; blue shifts suggest a
greater percentage of the observed fluorescence is from less polar (or
more hydrophobic) environments, and red shifts suggest increased
contributions from tryptophans in more polar environments. As a point
of reference, the CES ofN-acetyltryptophanamide is 360.6 nm in 20
mM Tris-HCl and 150 mM NaCl (pH 7.4), and it is 360.9 nm in 6 M
GdnHCl in the same buffer. The CES has an error of(0.2 nm, whereas
λmax (wavelength of maximum fluorescence intensity) has an error of
(1 nm.

KSV ) kqτ0 (2)

F0/F ) 1 + KSV[Q] (3)
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shifts in spectral features indicated by the CES (Figure 2A)
suggest at least three transitions, and the integrated FI values
(Figure 2B) suggest two. There are also significant differ-
ences observed between denaturation of the apo-IRKD versus
the phospho-IRKD for the first and third transitions, as
descibed below. There was no dependence of CES on IRKD
concentration between 0.3 and 1.5µM, which was checked
at 0, 0.55, 1.5, 2.5, 4.0, and 6.0 M GdnHCl (not shown).
This indicates that none of the spectral changes result from
aggregation or oligomerization of the IRKD but arise from
changes in the local environments of Trp residues in the
monomer.

Transition 1. For the apo-IRKD, there is little if any shift
in the CES between 0 and 0.25 M GdnHCl, but a 4.4 nm
blue shift from 351.8 to 347.4 nm is observed between 0.25
and 0.8 M GdnHCl. The midpoint of this transition is at 0.65
M GdnHCl. There is a 17% decrease in FI over the range of
0-0.25 M GdnHCl, and a net 67% reduction in FI at 0.85
M GdnHCl. For the phospho-IRKD, the CES is 349.6 nm.
Despite this 2.2 nm blue shift with no denaturant, the first
transition in CES reaches the same minimum of 347.3 nm.
However, the first transition occurs between 0.25 and 0.55
M GdnHCL with the midpoint of the transition at∼0.35 M
GdnHCl. The integrated FI of the phospho-IRKD is only
75% of that of the apo-IRKD with no denaturant. The FI
decreases with increasing denaturant concentrations, and
converges with the FI of the apo-IRKD beginning at∼1.1
M GdnHCl. There appears to be less hindrance to the
physical changes underlying this first transition in the
phospho-IRKD than in the apo-IRKD, based on these
comparisons.

Transition 2. There is a small increase in the CES for the
apo-IRKD from 347.4 nm at 0.8 M GdnHCl to 348.2 nm at
0.95 M GdnHCl (Figure 2A). This reversal in the chromatic
shift appears as a dip in the CES, but it is not matched by
changes in FI (Figure 2B). The same transition in the
phospho-IRKD is from 347.3 nm at 0.55 M GdnHCl to 348.2
nm at 0.95 M. The initial and final CES for this transition
are the same for apo- and phospho-IRKD, suggesting similar
starting and ending conformations for apo- and phospho-
IRKD. The lower GdnHCl concentration at the start of this
second transition probably results from the apparent loss of

FIGURE 2: Titration of spectral changes of IRKD vs GdnHCl
concentration. Denaturation of apo-IRKD (O) and phospho-IRKD
(4) was carried out at 0.5µM protein and monitored by fluores-
cence. The emission spectra were analyzed for the centroid of the
emission spectrum (CES; panel A) and integrated fluorescence
intensity (Fluorescence; panel B). Lines show the best fits of data
to eq 5 for transitions 1 and 3, as described in the text. The inset
shows the renaturation of apo-IRKD. Recovery of CES was
determined after denaturation and then dilution to lower GdnHCl
concentrations. The apo-IRKD was denatured initially at 7 M
GdnHCl (b) or at 0.65 M GdnHCl (9). For comparison, the dashed
lines show the best fit of the CES from the denaturation of apo-
IRKD (panel A).

FIGURE 1: Fluorescence emission spectra of IRKD at different GdnHCl concentrations. Spectra were taken at 0.5µM apo-IRKD (A) and
0.5 µM phospho-IRKD (B), with an excitation wavelength of 295 nm. In both panels, the spectra in descending order correspond to 0, 0.4,
0.8, 1.5, 2.6, and 5.1 M GdnHCl.
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stabilization underlying the first phase of denaturation. There
was no evidence of aggregation or precipitation of IRKD
over transition 2 of the denaturation.

Transition 3. Between the second and third transitions, a
slight upward drift in the CES and downward drift in FI are
observed with apo- and phospho-IRKD. Over the range of
1.1-1.8 M GdnHCl, the average CES was 348.6( 0.3
versus 348.8( 0.2 nm, respectively. This intermediate phase
probably represents the same states for both apo- and
phospho-IRKD. The third transition is between 1.9 and 3.2
M GdnHCl. It covers the large red shift in the CES from
∼349 to∼358 nm (Figure 2A) and the corresponding small
decrease in FI (Figure 2B). While the same transition is
observed for both apo- and phospho-IRKD, the midpoints
of the third transition also differ, occurring at 2.7 M GdnHCl
and 2.4 M GdnHCl for the CES, respectively. Again these
findings suggest less inherent stability in the activated state
autophosphorylated IRKD than in the basal state apoenzyme.

To extract thermodynamic parameters from these data, we
need to show that the transitions are reversibile. Renaturation
of apo wild-type IRKD from 7 M GdnHCl shows that the
third transition is reversible (Figure 2, inset). However,
renaturation to GdnHCl concentrations of less than 1 M is
not possible directly from 7 M GdnHCl because the protein
precipitates. Renaturation from GdnHCl concentrations of
g0.9 M, in which the second transitions is appreciable, to
GdnHCl concentrations ofe0.8M is also not observed, and
these attempts are accompanied by decreases rather than
increases in FI and without recovery of the CES. The loss
of FI and an increase in the amount of light scattering indicate
aggregation of the IRKD when attempting renaturation across
this 0.8 M GdnHCl “barrier”, but there was no evidence of
aggregation in the “forward” direction of denaturation.
Therefore, the second transition appears to be irreversible.
However, renaturation of apo-IRKD from 0.65 M GdnHCl
is possible, with recovery of the CES and increased FI
(Figure 2A, inset). These results demonstrate the reversibility
of the first transition. In light of these observations, we used
procedures described by Pace and others (27-29) to fit these
denaturation curves (dashed lines). The equations, fitted
parameters, and their interpretations will be presented below.

Changes in Secondary Structure.Complete unfolding of
a protein is typically characterized by the loss of secondary
structure, although some secondary structures may persist
at high GdnHCl concentrations (30). We monitored the loss
of secondary structure by CD over the range of 210-260
nm (Figure 3); shorter wavelengths were not used because
of the absorption by GdnHCl and Tris. The molar ellipticity
at 222 nm is a frequently reported index of secondary
structure, and there were essentially no changes in this
parameter at GdnHCl concentrations ofe1.0 M. However,
examination of the CD spectra (Figure 3, inset) indicates
that subtle changes in secondary structure could be observed
around the midpoint of the first transition as monitored by
fluorescence (above). Between 0 and 0.55 M GdnHCl, there
are no significant perturbations of secondary structure (curves
a and b in the inset of Figure 3). Differences in the CD
spectra are evident at 1.0 versus 0.55 M GdnHCl (curve c
versus b in the inset of Figure 3). The decrease in [θ] centered
around 216 nm could reflect decreased contributions from
“unordered” structures, since these have positive values in
this region whereasR- and â-structures have negative [θ]

values (31, 32). However, the major loss of secondary
structure occurs above 1.5 M GdnHCl (curves d and e in
the inset of Figure 3). From these observations, we conclude
that the third transition observed in the fluorescence experi-
ments (Figure 2; 1.9-3.2 M GdnHCl) is due to complete
unfolding of the protein.

The first and third transitions are well-separated in GdnHCl
concentration. Unlike the third transition in the denaturation
profiles, the first transition does not appear to involve major
changes in secondary structure, and is observed at very low
GdnHCl concentrations in both apo- and phospho-IRKD. The
first transition also appears to be more sensitive to the
autophosphorylation state of the IRKD, and if it is dominated
by changes in the local environment of a single tryptophan
would provide an excellent probe for the dynamics of
phosphorylation-related conformational changes. Therefore,
to gain further insight into the origins of the first transition,
we employed site-directed mutagenesis.

Spectral Properties and Denaturation of W1175F-IRKD.
Using files from the Brookhaven Protein Data Bank (1IRK
and 1IR3), we examined differences in solvent exposure and
polar residues near the indole rings of tryptophans in the
conserved catalytic core. In general, there are few changes
in side chains around the indole rings, other than near W989

and W1175. W989 is the most solvent-exposed in both the apo-
and phospho-IRKD core structures, and the relative extent
of exposure is not dramatically different in these two
structures. However, W1175 is virually inaccessible to solvent
in the apo-IRKD core structure, but it becomes substantially
more solvent-exposed in the tris-phosphorylated core if the
peptide substrate is removed from the structure (see Discus-
sion). Empirically, the substitution of Phe for W989 does not
shift the CES of the fluorescence emission spectrum (not
shown), suggesting that it is not the primary red-shifted
emitter of the IRKD that is quenched over the first transition.
The same substitution of Phe for W1175yields a CES of 345.5
nm and a kinase domain with only 25% of the FI of the
wild-type apo-IRKD, measured at identical concentrations3

as shown in Figure 4. Therefore, W1175 has an emission
spectrum that is red-shifted, compared to that of the native

FIGURE 3: Circular dichroism of apo-IRKD. Changes in molar
ellipticity at 222 nm ([θ]222) were measured at selected GdnHCl
concentrations. The inset shows the CD spectra at these selected
GdnHCl concentrations: (a) 0, (b) 0.55, (c) 1.0, (d) 2.6, and (e)
4.0 M.

Stability of the Insulin Receptor Kinase Domain Biochemistry, Vol. 38, No. 10, 19993083



IRKD; from the difference spectrum, W1175has a calculated
CES of 353.3 nm (curve c of Figure 4). The fluorescence
spectrum of the W1175F mutant is similar to that of wild-
type apo-IRKD at 0.8 M GdnHCl and phospho-IRKD at 0.55
M GdnHCl (curves d and e of Figure 4). Together, these
data support the conclusion that W1175 is in a strongly polar
environment and is the main contributor to the tryptophan
fluorescence emission spectrum of the wild-type kinase.

Denaturation of W1175F in GdnHCl is shown in Figure 5
along with the best-fit lines for the first and third transitions
of the wild-type apo- and phospho-IRKD. The first transition
reported by the blue-shifted CES of the wild-type IRKD is
now absent. The second transition involving the red shift
around 0.8 M GdnHCl is more apparent. The drift in the
CES and FI between 1.1 and 1.8 M GdnHCl has ap-
proximately the same slopes as observed for the wild-type
apo-IRKD. The third transition appears to overlap that of
the wild-type apo-IRKD as well; the midpoint of this
transition is at 2.7 M GdnHCl. At 6 M GdnHCl, the
integrated fluorescence intensity for W1175F is 4/5 of that of
wild-type apo- and phospho- IRKD, as would be expected
for a protein containing four versus five tryptophans (as-
suming that all emitting tryptophans are in identical environ-
ments in the fully denatured state). Comparison of the
denaturation profile of the W1175F mutant to the wild-type
best-fit lines suggests that there is residual emission from
W1175 contributing to the spectral characteristics over the
second and third transitions. The gradual rise in the CES

over the range of 1.1-1.8 M GdnHCl for the W1175F mutant
is ∼1 nm lower than for the wild-type IRKD, although the
slope is virtually the same (Figure 5A). The minimum in
the CES of wild-type IRKD from the first transition in
denaturation is∼1 nm above the “baseline” value of 364.0-
364.4 nm observed for the W1175F mutant (0.2-0.5 M
GdnHCl). This baseline and the 1 nm offset are used to
analyze denaturation of apo- and phospho-IRKD, as de-
scribed below.

Thermodynamic Parameters from the Denaturation Pro-
files. The denaturation curves followed by the CES or FI
show multiple linear and nonlinear regions (Figures 2 and
5). The nonlinear phases indicate cooperative transitions and
reflect unfolding events (if denaturation is reversible) because
protein folding is a cooperative process. The inherent
conformational stability of a protein (∆GH2O) can therefore
be estimated from the unfolding characteristics of the
cooperative transitions (27). The free energy of unfolding is
estimated by assuming a minimal two-state transition be-
tween states “a” and “b”. State a is usually the native
(unperturbed) state, and b is an intermediate or fully
denatured state. Each such transition is characterized by a
midpoint concentration of denaturant ([Dab]0.5) and a denatur-
ant index (mab) which indicates the relative cooperativity of
that denaturant-induced unfolding process (mab is the slope

3 The W1175F mutant IRKD, used to obtain the difference spectrum
in this work, shows a basal level of peptide phosphorylation activity.
However, when autoactivation was analyzed at 2µM IRKD, 5 mM
ATP, 20 mM magnesium acetate, and 50 mM Tris acetate (pH 7.0),
the wild-type IRKD, but not the W1175F mutant, shows a 200-fold
increased kinase activity (S. M. Bishop and R. A. Kohanski, unpub-
lished observations). The basis for this difference will be explored in
future studies.

FIGURE 4: Characterization of W1175F mutant IRKD. Fluorescence
emission spectra are shown for the wild-type apo-IRKD (a; CES
) 351.8 nm) and apo-W1175F (b; CES ) 346.2 nm) in their
unperturbed states (buffer only, zero denaturant). The difference
spectrum represents the emission characteristic of W1175(c; spectrum
a minus spectrum b; CES) 353.3 nm). Comparison of spectrum
b with the spectrum for the denaturation of wild-type IRKD shows
the loss of FI and the largest observed blue shifts in the CES; spectra
for wild-type apo-IRKD at 0.8 M GdnHCl (d; CES) 347.4 nm)
and for phospho-IRKD in 0.55 M GdnHCl (e; CES) 347.3 nm)
are shown. All spectra were taken using 0.5µM kinase domain.

FIGURE 5: GdnHCl denaturation of W1175F. The denaturation of
W1175F mutant apo-IRKD (0) was assessed at 0.5µM kinase
domain, and the fluorescence emission spectra were characterized
as described in the legend of Figure 2. For comparison, best fits
for wild-type apo-IRKD (short-dash line) and phospho-IRKD (long-
dash line) from Figure 2 are shown for the CES (A) and for apo-
IRKD fluorescence intensity (B).
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of a plot derived from logarithmic transformation of the data
across the cooperative transition; see Figure 2 of ref29).
Together, these provide the free energy inherent in the protein
with no denaturant (28):

which is referred to as the free energy of unfolding or of
denaturation. To obtain values formab and [Dab]0.5, we used
nonlinear least-squares fitting of the data for transitions 1
and 3, treated as independent events, according to the method
of Santoro and Bolen (29) and using a form of the equation
given by Scholtz (cf. eq 11 of ref28):

where Parobs is the observed fluorescence parameter (CES
or FI) which changes with the concentration of denaturant
[D]. The cooperative a-to-b transition is preceded by ap-
proximately linear changes in Parobs with a slopema and
followed by a change with a slopemb, where these are slopes
on the primary plot of the denaturation profile. The data over
the preceding and following phases, when extrapolated to
zero denaturant, give values Para and Parb, respectively.
These slopes and intercepts for the two linear terms of the
equation (Par andm[D]) were obtained by linear regression.4

Nonlinear regression was used to fit data between the linear
phases and to generate the best-fit lines in Figure 2. Fitting
of the FI versus GdnHCl concentration was successful for
the apo-IRKD but unreliable for the phospho-IRKD and the
W1175F mutant. Therefore, we will rely on parameters from
the CES data (Table 1).

The free energy of unfolding is lower for the phospho-
IRKD than for the apo-IRKD. This difference amounts to
∼2.3 and∼1.5 kcal/mol for the first and third reversible
transitions, respectively, and indicates that phosphorylation
reduces the stability of the IRKD. Also,∆GH2O is lower for
the first transition than for the third. This suggests the first
transition involves fewer residues and interactions than the
third transition, which entails complete unfolding of the
kinase domain (based on the CD spectra, Figure 3). However,
the irreversible nature of transition 2 might preclude summing
the free energies of transitions 1 and 3, because these are
based on extrapolation to zero denaturant (27). It is not clear
that extrapolation to zero denaturant over the third transition
leads to a native “ground state” rather than an intermediate
“ground state” that we know is not in equilibrium with the
unperturbed structure (based on renaturation data, inset of
Figure 2). However, that intermediate appears to be the same
for both apo- and phospho-IRKD, so comparison of the
calculated free energies of unfolding over transition 3 is
reasonable. These values (Table 1) are similar to or somewhat
higher than others reported for global unfolding at about the
same temperature, e.g., 7.8 kcal/mol for the unfolding of
mitochondrial creatine kinase (33) or ∼9 kcal/mol for
R-chymotrypsin (34). Global unfolding of the W1175F mutant
IRKD is only ∼0.7 kcal/mol more stable than the wild-type
apo-IRKD, which is probably not a significant difference.
In an exhaustive study requiring 11 Trp-to-Phe and/or Phe-
and Tyr-to-Trp substitutions, Steer and Merrill (35) found
that these changes did not in themselves perturb the native
structure or global unfolding mechanism. Similarly, we find
that the Phe-for-Trp substitution did not disrupt folding, by
inference from the small effect of this mutation on unfolding.3

However, Steer and Merrill replaced and added tryptophans
as fluorescent reporters of denaturation in different regions
of their protein. In our study, we have removed one reporter.
This single-Trp replacement strategy was necessary to show
that W1175 is the major fluorophore of the wild-type IRKD,
and it also allowed us to identify the region influenced by
the denaturant within a specific GdnHCl concentration range.
This approach also showed that W1175fluorescence probably
contributes to the signal over transition 3. Therefore, in future
studies it will be necessary to probe the contributions of Trp
residues to global stabilization with nonfluorescent tech-
niques.

Fluorescence Quenching. In addition to these conclusions
based on fitting of the denaturation data to eq 5, we can
take advantage of the fact that W1175 is positioned in the
active site. This, its dominance of the unperturbed emission
spectrum, and the>2 nm decrease in the CES associated
with autophosphorylation, suggest that it might also report
changes in solvent accessibility in the catalytic cleft. To test
this hypothesis, quenching of tryptophan fluorescence by

4 For transition 1, the CES with no denaturant was used as Para (351.8
and 349.6 nm for apo- and phospho-IRKD, respectively). For both states
of the kinase, a Parb of 346.3 nm was used, anma of -0.17 nm/M and
an mb of 0.33 nm/M were used, wheremb was the slope taken from
the W1175F denaturation between 0.2 and 0.7 M GdnHCl (Figure 5),
and Parb was the intercept from these data to which a 1 nmoffset was
added to account for the partial quenching of W1175 in the wild-type
kinase, as described in the text. These numbers use the assumption
that a common state was reached after transition 1, but the initial states
differed, as indicated by the difference in CES with no denaturant.
Nonlinear regression was carried out using CES data between 0.3 and
0.8 M GdnHCl for the apo-IRKD and between 0.1 and 0.5 M GdnHCl
for the phospho-IRKD. Similarly, we interpret the data to indicate that
the state between the second and third transition (1.1-1.8 M GdnHCl)
and after the third transition was the same for both apo- and phospho-
IRKD. Therefore, an average slope and intercept were calculated by
linear regression for the combined CES data between 1.1 and 1.8 M
GdnHCl to give a Para of 348.0 nm and anma of 0.55 nm/M preceding
transition 3, and a Parb of 356.2 nm and anmb of 0.39 nm/M for the
linear phase following transition 3. Data used for the nonlinear
regression over transition 3 were from the range between 1.7 and 3.3
M GdnHCl for both apo-IRKD and phospho-IRKD.

Table 1: Conformational Stabilities and Transition Midpoints from GdnHCl Denaturationa

transition 1 transition 3

parameter apo-WT phospho-WT apo-WT phospho-WT W1175F

-∆GH2O (kcal/mol) 5.2( 1.9 2.8( 1.3 8.9( 1.7 7.4( 2.0 9.5( 1.2
-mab (kcal M-1 mol-1) 7.8( 1.6 7.0( 1.2 3.3( 1.6 3.1( 1.9 3.4( 1.1
[Dab]0.5 (M) 0.65( 0.25 0.40( 0.06 2.7( 0.1 2.4( 0.1 2.8( 0.1

a Values ((1 SD) were calculated from the CES data for wild-type IRKD (WT; Figure 2A) and the W1175F mutant IRKD (W1175F; Figure 5A),
using eqs 4 and 5.

∆GH2O
) mab[Dab]0.5 (4)

Parobs) {Para + ma[D] + [Parb + mb[D] exp(mab([D] -
[Dab]0.5)/RT]}/{1 + exp[mab([D] - [Dab]0.5)/RT]} (5)
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iodide was carried out for apo- and phospho-IRKD without
denaturant. The results are shown as a Stern-Volmer plot
in Figure 6. There is very little quenching observed for the
apo-IRKD in contrast to the phospho-IRKD, indicated by
the respective Stern-Volmer constants of 0.3 and 1.5 M-1.
To conclude that a change in solvent accessibility occurred,
we determined the intensity-weighted mean fluorescence
lifetime, τ0, and the collisional rate constant,kq, was
calculated fromKSV using eq 2;kq is the parameter dependent
on relative solvent accessibility (19).The intensity-weighted
mean lifetime for apo-IRKD is 7.0 ns and for phosphorylated
IRKD is 7.4 ns. These yield collisional rate constants of 4.3
× 107 and 20.3× 107 M-1 s-1, respectively. For comparison,
the diffusion limit is∼5 × 109 M-1 s-1 for unhindered access
of an indole ring to iodide in aqueous solution (21). The
observed 5-fold increase inKSV (or kq) could arise from the
greater level of exposure of at least one fluorophore in the
protein. Analysis of the CES versus concentration profile of
iodide quencher shows virtually no change upon quenching
in the apo-IRKD (Figure 6B). However, a decrease with
increasing quencher concentration is observed with the
phospho-IRKD. This quencher-induced blue shift of the
emission spectrum is consistent with increased level of solute
quenching of a more solvent-exposed W1175 in the activated,
gate-open conformation of the IRKD.

DISCUSSION

There is a 200-500-fold increase in the catalytic efficiency
of both the native insulin receptor and the recombinant
cytoplasmic kinase domain upon autophosphorylation (12,
36, 37). The principal steric barrier to substrate phosphory-
lation is the activation loop which rests within and across
the catalytic cleft of the apoenzyme (15). This gate-closed
conformation is the structural basis for the weak metal-
ATP and peptide substrate interactions in the basal state,
indicated by Michaelis constants that areg1 mM (17). The
autophosphorylated IRKD core with a peptide substrate and
metal-ATP analogue bound shows the AL swung away from
the active site into a gate-open conformation that is stabilized
by new interactions (16). Those between AL phosphoty-
rosines and neighboring arginines within the AL itself are
especially important because the enzyme cannot be fully
activated without AL phosphorylation (13). Hubbard also
described rotation of the small lobe toward the large lobe;
the â-sheet comprising most of the small lobe realigned as
an approximately rigid unit, whereas helixRC changed its
orientation on the surface of the small lobe. As in other
protein kinases, the orientation of this helix is linked to
efficient binding of the metal-ATP complex (38-43).
Except for the activation loop itself (D1150-P1172), there are
very few perturbations in the large lobe. These IRKD core
structures present an elegant description of kinase activation,
principally in terms of steric hindrance and its relief. The
observed lobe rotations also demonstrate flexibility within
the IRKD catalytic core, and this is potentially relevant to
catalytic cycling. Williams et al. (44) point out, however,
that lobe rotation and cleft closed and opened conformations,
per se, do not necessarily define the active versus the
“inactive” states. This follows logically from inferences stated
by Xu et al. (41) and Sicheri et al. (42) that restriction of
the catalytic core’s mobility by itself may be sufficient to
inhibit catalysis without intrasteric inhibition at the active
site. Moreover, steady state kinetics requires at least two
stable “active” conformations in a catalytic cycle: the
enzyme with and without substrate(s) bound.

In this context, we sought to analyze the inherent confor-
mational stability of the insulin receptor’s kinase domain as
a function of its phosphorylation state. We approached this
problem through intrinsic fluorescence because the four
tryptophan residues buried within the large lobe are con-
served in protein tyrosine kinases (45); W1200 of the IRKD
is variable in Src and JAK/Tyk families and should contribute
to structural stabilization. In contrast, tryptophan residues
of the small lobe are variable in number, are less conserved
spatially, and are all more solvent-exposed. In concert with
other exposed hydrophobic residues, these may form surface
binding sites with regulatory importance, as appears to be
the case for Src family kinases (44) and certainly for CamKI
(46, 47).

Structural Origins of the Denaturation Profiles. It is of
interest to determine if autophosphorylation alters the stability
of one lobe more so than the other, because this would have
implications for the conformational change during catalysis.
At this point, however, we cannot conclude that the small
lobe is less (or more) stable than the large lobe of the IRKD.
Also, we do not know the extent of thermodynamic linkage
between them. We have found that the first transition is well-

FIGURE 6: Iodide quenching of IRKD fluorescence. Quenching of
fluorescence of wild-type apo-IRKD (b) and phospho-IRKD (2)
was carried out at a constant ionic strength and 0.5µM kinase
domain. The integrated fluorescence intensity over 310-420 nm
was used, after subtraction of the background spectrum. (A) Stern-
Volmer plot of the extent of relative quenching vs iodide concentra-
tion. (B) Change in the CES vs iodide concentration.
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separated in GdnHCl concentration from the third. However,
we cannot infer from this observation whether the small and
large lobes denature independently because we cannot yet
assign a specific region of the denaturation curve to the loss
of â-sheet structure; the small lobe has most of theâ-sheet
of the core. In fact, the CD results do not support a loss of
â-sheet over the first transition. This is unlike the GdnHCl-
or urea-induced denaturation of creatine kinase, which also
displays a complex unfolding pathway (33) but where there
appears to be a single unfolding intermediate state and
therefore probably strong linkage between its two domains.
In the case of the IRKD, there is no indication that W989 has
emission characteristics that can be resolved from the overall
spectrum and which would aid in monitoring unfolding of
the small lobe using fluorescence. In contrast, the intrinsic
fluorescenceis dominated by W1175, and therefore, we have
an endogenous probe reporting from the catalytic cleft on
local conformational changes. However, the actual photo-
physical mechanism(s) underlying W1175 quenching over
transition 1, as well as the identities and possible roles of
neighboring side chains, are not known. Furthermore, the
active site forms only part of the local environment of W1175.
Therefore, we can infer a structural dependence of transition
1 on the catalytic cleft, based on the observed quenching.
Also, the difference between the phospho- and apo-IRKD
denaturation profiles suggests an influence of the activation
loop conformation and/or phosphorylation state. There may
be contributions from the juxtamembrane or carboxy-terminal
phosphorylations as well, which can be analyzed in future
studies with these methods.

The second transition involves an irreversible change. The
crystal structure of the apo-IRKD core (15) shows one cis-
prolyl residue, P1071, which could interfere with refolding.
However, there are multiple prolines in the IRKD, many of
which are outside of the core and which could contribute to
the irreversibility of transition 2. The third transition is
reversible and arises from global unfolding of the protein,
as indicated by the red-shifted CES, the drop in FI, and the
CD spectra. We anticipate that this transition will be
especially informative about the effects of core-flanking
regions on the IRKD core’s stability (S. M. Bishop and R.
A. Kohanski, work in progress).

Relationship between Stability and Function. The 200-
500-fold increase in catalytic efficiency translates into 2.9-
3.4 kcal/mol of free energy that is available in the activated
state that is lacking in the basal state. The denaturation data
presented here indicate that the free energy difference could
originate from the decrease in the level of stabilization of
the protein structure which accompanies autophosphorylation
of the IRKD (Table 1). The free energy changes in the two
transitions show 2.3 kcal/mol reported from the catalytic cleft
region (via the fluorescence of W1175 over transition 1) and
1.5 kcal/mol from complete unfolding (transition 3). Either
or both transitions could be thermodynamically linked to
activation since both are influenced by autophosphorylation.

A further context for understanding the issue of possible
thermodynamic linkage between catalysis and denaturation
can be found in other studies on the relationships among
phosphorylation, stability, and function. Two proteins in the
phosphoenolpyruvate:sugar transport system ofBacillus
subtiliswere each found to become destabilized by histidine
phosphorylation. That phosphoryl group could be transferred

from the phosphohistidine residue, and therefore, destabiliza-
tion may reflect its position in the pathway as a catalytic
intermediate (48). Scholtz and colleagues (49, 50) suggested
that phosphorylation at a regulatory serine increased slightly
the stability of HPr. However, through mutagenesis they
showed there was little detectable coupling between the
regulatory and transferable phosphorylation sites (49). The
small increase in stability (0.7 kcal/mol) from regulatory Ser
phosphorylation was not enough to account for the decrease
in phosphorylation of the “catalytic” histidine (100-fold drop,
or ∼2.5 kcal/mol). Together, these support a regulatory
mechanism dependent on electrostatic and steric factors rather
than on thermodynamic coupling of intrinsic conformational
stabilities. Nosworthy et al. (48) extended these observations
to the thermal denaturation of Enzyme I, the phosphoryl
donor for HPr (51). They demonstrated that phosphorylation
of the amino-terminal domain promoted its destabilization
so that thermal denaturation both was less cooperative (less
coupled to the carboxy-terminal domain) and occurred at a
lower temperature than that of the apoprotein. The carboxy-
terminal domain has a function in dimerization and in the
ability of the amino-terminal domain to become phosphor-
ylated by phosphoenolpyruvate at the beginning of the
regulatory chain. Therefore, in summarizing their work and
that of others, they propose that destabilization in Enzyme I
could account for the directionality of phosphoryl transfer
and thus of regulation in that transport system.

Both principles may apply to the activation of the IRKD.
Steric factors clearly are important in substrate access to the
catalytic cleft. However, our data suggest that thermodynamic
factors mediated by the phosphorylation state could be
significant. The free energy differences observed by dena-
turation (2.3 and 1.5 kcal/mol) and the relative catalytic
efficiency (∼3 kcal/mol) may be a byproduct of the need to
promote (or avoid) other regulatory binding interactions
associated with IRKD autophosphorylation. However, it is
also possible that the lower inherent stability is more
permissive of conformational changes that would be required
for a full catalytic cycle. This may apply more to metal-
ATP binding because there are more changes in the adenine
binding pocket itself than among residues involved directly
in peptide substrate binding and which are largely on the
surface. The crystal structure of the tris-phosphorylated IRKD
core was determined as a ternary complex, with ATP
analogue and peptide substrate (16), and the apoprotein was
crystallized without these ligands (15); the binding sites were
occupied intrasterically by residues of the AL. The average
B-value for bonded atoms in the phospho-IRKD core was
significantly lower than theB-value for the apo-IRKD core
(18.5 Å2 compared to 22.3 Å2, for essentially the same
R-values). This indicates much less average disorder in the
phospho-IRKD core, but we cannot distinguish the contribu-
tions of autophosphorylation from those of substrate binding
to “fixing” the observed conformation in the crystal structure.
However, we propose that the lower stability inherent in the
conformation of the phospho-IRKD could facilitate substrate
binding and conformational changes which are expected to
occur during a catalytic cycle.

Conformational Change Resulting from Autophosphory-
lation Reported by Intrinsic Fluorescence and Iodide Quench-
ing. In the unperturbed state (with no denaturant), there is a
>2 nm drop in the CES associated with autophosphorylation.
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This can be explained by quenching of W1175 fluorescence
in the phospho-IRKD. There are at least four mechanisms
by which quenching could depend on the orientations of
specific neighboring amino acid side chains or amide bonds
of the peptide backbone (52). Solvent quenching is one of
these mechanisms. In Figure 7, we show the differences in
the solvent accessibility of tryptophans’ indole rings in the
apo- and phospho-IRKD core, analyzed according to the two
crystal structures. In the apo-IRKD core structure, access of
a 2.2 Å radius sphere (iodide) is largely confined to a small
area on the surface of W1200 in the large lobe and to∼10%
of the surface of W989 in the small lobe (Figure 7A). On the
basis of this extensively exposed surface, we might have
expected substantial quenching if W989 had been a strong
fluorescence emitter. Therefore, since little iodide quenching
was observed in the apo-IRKD, this either confirms that W989

is a weak emitter to a nonemitter or suggests that one of the
core-flanking regions (not present in the crystal structures)
blocks solute access. The areas of these two indole rings
that are accessible to water, estimated with a 1.2 Å radius
sphere, are about 2-3-fold greater than those areas exposed
to iodide. Although eight water molecules appear in the
crystal structure near the indole ring of W1175, this side chain
is not accessible to a 2.2 Å sphere even after those water
molecules are edited out of the structure. This inaccessibility
is entirely consistent with the virtual absence of fluorescence

quenching by iodide in the basal state. Because of the
dominance of W1175 and its location in the catalytic cleft, it
suggests strongly that a gate-closed conformer, as observed
in the crystal structure, predominates in solution. This is
depicted in Figure 7A, with a segment of the AL obscuring
that part of the W1175 indole ring that will become exposed,
as indicated in Figure 7B.

Accessibility in the activated state changes very little for
W1200 but increases significantly for W1175. Factors such as
the presence of nearby charges can significantly alter iodide
quenching of otherwise fully exposed indole rings, where
the diffusion-limited rate of quenching would be∼5 × 109

M-1 s-1 (21). The quenching rate constants for the IRKD
are 25-100-fold lower. In the case of W1200, it is quite
possible that local electrostatic effects reduce the level of
iodide quenching, because there are three carboxylic acid
side chains around the water-accessible surface. In addition,
and as illustrated in Figure 7, limited steric access should
contribute to the low quenching rate constants since only a
few percent of the net surface areas of W1200and W1175indole
rings are exposed to iodide.

Summary. Previous mutagenic, kinetic, and structural
studies cited above have implied or shown directly that
autophosphorylation of the insulin receptor and its recom-
binant kinase domain changed the conformation of the
activation loop. The denaturation experiments presented here

FIGURE 7: Accessibility of tryptophans in the IRKD core. Ribbon diagrams of the apo-IRKD core (A) and tris-phosphorylated IRKD-core
(B) are shown. Each large lobe is in approximately the same orientation. Indole rings of the five tryptophan residues (numbered) are
depicted as wireframes inside dot surfaces showing their hard sphere volumes. The surfaces of each indole ring accessible to a 2.2 Å sphere
were determined by the RasMol (53) commands “set solvent true” and “set radius 2.2” after the coordinate files were modified (below).
These surfaces are shown as black patches on W989 and W1200 in panel A and on W989, W1175, and W1200 in panel B. Features of the IRKD
mentioned in the text are marked on the figures:RC, helix RC (L1038-M1051); CL , catalytic loop (black, R1131-N1137); andAL , activation
loop (dark gray, D1150-P1172). The orientation in panel A shows theAL crossing in front of theCL and W1175, the gate-closed and cleft-
open conformations, vs theAL swung away from the catalytic center and exposing theCL and part of W1175 in panel B, the gate-open and
cleft-closed conformations. Brookhaven Protein Data Bank files 1IRK and 1IR3 were used. The coordinate files were modified as follows.
Water and nonbonded heteroatoms were removed from both files; IRK3 was reduced from the “dimer” to the “monomer” IRKD core
polypeptide, and “ANP” and peptide substrate were removed as well. The figure was assembled and labeled using Adobe Photoshop.
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demonstrate that autophosphorylation lowers the conforma-
tional free energy of the enzyme. Mutagenesis and iodide
quenching showed that W1175, in the catalytic cleft, is the
major reporter of conformational change. These studies
provide baseline fluorescence parameters that will advance
kinetic and equilibrium studies of substrate binding, as well
as their dependence and impact on conformation. Because
of the conservation of large lobe tryptophans, and especially
of W1175, such investigations should be feasible with other
protein tyrosine kinases.
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