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ABSTRACT: Regulation of the class IA PI 3-kinase involves inhibition and stabilization of the catalytic subunit
(p110) by the regulatory subunit (p85). Regulation is achieved by two major contacts: a stable interface
involving the adapter-binding domain (ABD) of p110 and the inter-SH2 (iISH2) domain of p85 and a
regulatory interaction between the N-terminal SH2 (nSH2) domain of p85 and the helical domain of p110. In
the present study, we have examined the relative orientation of the nSH2 and iSH2 of p85a using site-directed
spin labeling and pulsed EPR. Surprisingly, both distance measurements and distance distributions suggest
that the nSH2 domain is highly disordered relative to the iSH2 domain. Molecular modeling based on EPR
distance restraints suggests that the nSH2 domain moves in a hinge-like manner, sampling a torus space
around the proximal end of the iISH2 domain. These data have important implications for the mechanism by
which p85/p110 dimers are regulated by phosphopeptides.

Phosphatidylinositol 3-kinases (PI3K)' phosphorylate the 3’
position of the inositol ring of phosphatidylinositol and are
important in the regulation of cell motility, proliferation, apop-
tosis, and metabolism (/—4). The PI3K family comprises three
classes of enzymes (I, II, and III) differing in structure and
function. The class A subgroup of the PI3K family, which
generates PtdIns(3,4,5)P; in vivo, consists of two subunits ar-
ranged in a heterodimer (/). The catalytic subunit, p110, has three
isoforms: p110a, p1105, and p110d. The a and f isoforms are
found in abundance in mammalian cells, whereas p11006 is found
mostly in hematopoietic cells. The regulatory subunit (p85a,
858, pS5a, pS0a, and p55y) forms a stable dimer with p110,
stabilizing it against thermal denaturation and inhibiting its
activity (1, 5). The regulatory subunit p85 consists of an N-
terminal SH3 domain, a region homologous to the breakpoint
cluster region gene (BCR domain), and two Src homology
2 (SH2) domains linked by an antiparallel coiled coil, the inter-
SH2 oriSH2 domain. The catalytic activity of the p85/p110 dimer
is increased when the p85 SH2 domains bind to proteins or
peptide sequences containing phosphorylated tyrosine peptides
(YXXM motifs) such as those present in a variety of cell
membrane receptors (/, 6—38). This regulation does not involve
the dissociation of p85 from p110, as monomeric p110a (and
presumably other isoforms) is unstable at 37 °C and is rapidly
degraded unless dimerized with p85 (5). Thus, the regulation of
PI3K must occur via a conformational change in p85 that is
transmitted to p110a. This conformational change is presumably
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communicated through the nSH2 domain upon phosphopeptide
binding, either by changes in the intradomain structure or by a
repositioning of the entire domain, which subsequently relieves
inhibition at the catalytic site of p110.

In order to obtain structural information regarding the
regulatory subunit, we previously performed NMR experiments
on p85ni, which consists of the iSH2 and nSH2 domains (9).
p85ni is the minimal subunit that displays pl10o binding and
inhibition in the basal state and disinhibition upon phosphopep-
tide binding (8). On the basis of paramagnetic relaxation effects
of spin probe-labeled cysteine residues in the iSH2 on backbone
amide protons in the nSH2 domain, we predicted that the iSH2
residues 581—593 were in close proximity to one face of the nSH2
domain. More recently, crystal structures of wild-type p110a and
an His1047Arg p110a. mutant complexed with p85ni have been
solved (10, 11). The nSH2 domain in the wt pl10a/p85ni
structure yielded weak electron density and is not resolved, but
in the mutant pl10o. His1047Arg/p85ni structure the nSH2
domain is well ordered and forms a scaffold between the C2,
helical, and kinase domains of the pl10a mutant. A comparison
of this structure with one of an isolated p85a. nSH2 domain
bound to a phosphotyrosine peptide from PDGFR reveals that
the loop of the p110a helical domain that contains the E545K
hot-spot mutation binds to nSH2 in the same location as the
phosphopeptide (12). These data are consistent with our previous
biochemical analysis of the nSH2 domain—helical domain inter-
face (13), which predicted that the hot-spot mutations in the
helical domain interfere with nSH2 binding to p110a, releasing
the inhibition in the same manner that the phosphopeptide
would.

These recent structural data make it clear that the nSH2
domain cannot bind to tyrosine-phosphorylated proteins when
present in the basal inhibited conformation and must therefore
exist in alternative conformations. Furthermore, the iSH2—
nSH2 interdomain orientation determined by NMR in mono-
meric p85ni is not the same as in complex with p110c. These
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results, together with the lack of resolution of the nSH2 domain
in the wt pl10a-p85ni dimer crystal structure, suggest that a
certain degree of flexibility may be required for the proper
regulatory function of p85 and that the orientation of the
nSH2 domain exhibits disorder in the basal state of p85. To test
this hypothesis, we have employed site-directed spin labeling
(SDSL) in conjunction with a pulsed EPR technique named
double electron—electron resonance (DEER, also known as
pulsed electron double resonance, PELDOR) (/4—16), which
can measure distances between nitroxide pairs in the range of 15
to ~70 A. We used a combination of metropolis Monte Carlo
minimization (MMCM) (/7) and molecular dynamics (MD)
simulations (18, 19) to predict the spin labels’ conformation in
the nSH2—i1SH2 fragment of p85 (p85ni) and incorporated EPR
distances as well as distance distributions as restraints into a rigid
body motion modeling algorithm. As a result, we determined the
possible orientations of the nSH2 domain of p85ni with respect to
iSH2 domain (Figure 1).

MATERIALS AND METHODS

Protein Expression, Purification, and Spin Labeling.
Double cysteine mutants of p85ni (p85a residues 372—600) were
generated on a cysteineless template. Protein was expressed,
purified, expressed, and spin labeled with N-(1-oxy-2,2,5,5-tetra-
methyl-4-piperidinyl)maleimide spin label (MSL) as previously
described (20). Labeling efficiency was calculated by comparing
the number of spins in the sample measured by EPR to the
number of protein molecules determined by UV absorption at
280 nm. All samples were labeled to > 1.8 labels/protein. All
p85ni cysteine mutants were assayed for both binding and
inhibition of pl10a; no significant differences were seen with
any of the constructs relative to wild type, indicating that none of
the mutated amino acids influences structure or function. Eight
of the spin-labeled double mutants used to generate the modeled
structure were assayed for interactions with p110a. All bound
pl10a equivalently to wild type, and only one displayed a
reduced capacity for inhibition (p85ni-C575-C330). Given these
results, the structure determined here of the spin-labeled p85ni
species reflects that of an essentially normal binding and inhibit-
ing species.

EPR Spectroscopy. Continuous wave EPR spectra for spin
counting were recorded at room temperature (298 K) using a
Varian E112 series X-band spectrometer (Varian Inc., CA)
equipped with a TE102 rectangular cavity at 9 GHz. Samples
were sealed in 50 uL glass capillaries. For DEER experiments,
spin-labeled p85ni was resuspended in PBS buffer containing
40% glycerol for glass formation. Samples of 100 L, varying in
concentration from 20 to 100 uM, were transferred to 4 mm o.d.
x 3.2 mm i.d. quartz capillaries, flash frozen by dipping into
liquid nitrogen, and stored in liquid nitrogen. Interspin distances
were measured by the four-pulse DEER experiment (/6) on a
homemade spectrometer (27) with split ring resonator at 20 K. In
the DEER experiment, the observer frequency was set to the
resonator dip, and the static field was fixed at the low-field
resonance of the spin label spectrum. The pump pulse was set to
65 MHz lower than the observer frequency in order to be on
resonance with the central (maximal) peak in the nitroxide EPR
spectrum. The delay time between the first two pulses was set to
200 ns in order to minimize proton modulation. The second delay
time was varied in each experiment to ensure at least one-fourth
of recorded data was intermolecular background. Typically, a
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FIGURE 1: Modeling spin label conformations. Top: Three distinct
lowest energy conformations of p85ni_575MSL. Bottom: p85ni_
422MSL and the volume occupied by its nitroxide during MD
trajectory.

long scan was acquired to ensure no low frequency modulation
(corresponding to a long interspin distance) was present. If no
such long period oscillation was observed, shorter scans were
averaged in order to maximize signal-to-noise ratio. Pulse lengths
were 20 ns for the 77/2 pulse and 40 ns for the 7 pulse. The pump
pulse was adjusted to 60 ns which maximized the DEER-induced
echo modulation for the distances observed here: under no
experimental conditions (pulse widths, acquisition time, temp-
erature) were distances below 2.5 nm or above 6 nm observed.
The acquisition parameters used here are slightly different than
optimal parameters reported for other spectrometers (22—24).
For example, other groups using a Bruker spectrometer report an
optimal temperature of 65 K and pump pulse length of 32 ns. For
the spectrometer used here, we have determined that S/N is
optimized by the balance of absolute echo intensity and repetition
rate achieved with the pulse parameters and temperature given
above.

We determined the lower boundaries for observable mean
distance and distance distribution and best parameters for the
DEER experiment in our instrument by running a series of
control experiments on two rigid biradicals (16, 25) and a short
helical peptide containing two TOAC residues (26). The excita-
tion bandwidth of the DEER pulses was sufficient to observe
distances as short as 2 nm. Moreover, we observed distance
distributions as sharp as 0.01 nm (Supporting Information).
Thus, any distance distributions observed in the p85ni samples
derive from the structure of the protein under study and not from
artifacts introduced by the spectrometer. In order to gauge
experimentally the interspin distance distribution expected to
originate from the conformational heterogeneity of the spin label
side chains themselves, we performed DEER experiments on
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samples in which both labels were attached to the nSH2 domain.
This labeling scheme eliminates any contributions from the
interdomain disorder from the measurement, and because the
nSH2 domain has been shown to be well structured in solution,
the majority of any distance distribution observed originates
from conformational heterogeneity of the spin label side chains.
The DEER pattern obtained for a p85ni (337410 MSL) intra-
nSH2 domain mutant shows a clear oscillation and corresponds
to a distance distribution of 1.37 nm. Although this distance
distribution is more than that predicted based on MD of the side
chains alone (vide infra), it is less than all but 1 of the
16 distributions measured for the interdomain distances and
is significantly less than the largest distribution measured
(3.16 nm). We also recorded a dipolar evolution trace of the
single labeled protein, p85ni(546MTSSL), to exclude the possi-
bility of oligomerization or other specific intermolecular interac-
tions contributing significantly to the DEER pattern (see
Supporting Information).

DEER data were analyzed using DEFit,a MATLAB software
which assumes a sum of Gaussian distributed distances contri-
buting to the observed echo modulation (24). In DEFit, a 3D
homogeneous intermolecular background is fit to the baseline
and subtracted to achieve pure intramolecular echo modulation.
Data fitting is performed via the Monte Carlo/SIMPLEX
algorithm to find the distance distribution which best describes
the experimental data (26). Selection of the number of Gaussian
populations used to describe the experimental data is based on
the statistical F-test. This method was tested for simulated
dipolar evolutions and experimental data corresponding to
known distance distributions. The main advantage of using
DEFit to analyze dipolar data is that the model-dependent
analyses allow error values to be assigned to the mean distance
and distance distribution values. The software is available
at http://kadirilkersen.googlepages.com and at http://fajerpc.
magnet.fsu.edu.

Computational Modeling. We used two structural templates
in computational studies, the crystal structures of the iSH2
domain (PDB code 2V1Y (27)) and nSH2 domain (PDB code
2IUG (12)). In silico mutations of desired sites to MSL in
individual domains of p85ni were carried out using MODELLER
program (28) and Charmm (29) topologies. Once the side chain
was mutated to the spin label, its minimum energy conformation
was predicted using metropolis Monte Carlo simulations in
Charmm (/7). In this method, all atoms of the protein except
for the spin label are held in place while the conformational space
of the spin label side chain was searched by rotating dihedral
angles by a random angle followed by energy minimization using
implicit solution. Four of the lowest energy conformations are
selected for molecular dynamics simulations. In MD, the rigid
cage is removed, and all atoms within 15 A of the spin label atoms
are allowed to move (/8). The protein was slowly heated (12 ps
simulation with 2 fs time steps) to 300 K and equilibrated for
200 ps with 1 fs time steps. The production run was performed for
10 ns with 2 fs time steps. The trajectory was analyzed using a
home-written Matlab program to generate a volume surface
within which the nitroxide can be found in the simulation. This
program extracts the N and O coordinates of the nitroxide from
the MD trajectory and assumes their midpoint to be location of
the unpaired electron. Then the space occupied by these coordi-
nates is divided into 25 equally spaced intervals along each axis,
resulting in 25° rectangular bins in 3D. Nitroxide coordinates
falling into each bin were counted and, together with the
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coordinates of the bins, stored in a 4 x 3 volume data matrix
that was subjected to smoothing. The final volume data were
visualized by VMD (30) as isosurfaces. Upon comparing the
volume surfaces of MD simulations corresponding to four initial
rotamer seeds, we used only the sites whose trajectories con-
verged to the same volume from different initial structures at 300
or 500 K MD simulations as restraints in domain—domain
conformation modeling. To find the conformation of the nSH2
domain that satisfies the experimental distances, we randomly
rotated and translated the entire domain’s coordinates with
respect to the iSH2 domain. Among millions of structures
generated this way, those that satisfy the experimental distances
within the experimental distance distributions were pooled. These
distributions were redefined as square wells with widths equal to
the full width at half-maximum of Gaussian curves of experi-
mental data. More than 2000 nSH2 structures were generated in
this way and connected to iISH2 via a 12-residue linker for which
experimental data are not available. The linker was constructed
with MODELLER’s loopmodel routine (3/) where the iSH2 and
nSH2 domains’ coordinates were fixed. We performed a final
conjugate gradient energy minimization to all p85ni models and
sorted them with respect to total energy. We calculated prob-
abilities of each structure assuming a Gaussian distribution to
energies and selected those that are in the lowest 5% of the energy
distribution. This method eliminates the structures that have an
extremely stretched linker or those with van der Waals clashes. In
our experience, this modeling scheme was overall superior to
constructing the linker first and running simulated annealing
and/or molecular dynamics simulations with the distance re-
straints on p85ni (data not shown). In the latter case, converging
to local minima was extremely likely. In order to estimate via
modeling the impact that spin label side chain conformational
heterogeneity may have on the measured distance distribution,
we performed MD on the spin labels assuming a fixed
iISH2—nSH2 interdomain structure. The internitroxide distance
distribution was found to be 0.3—0.7 nm depending on the
specific spin label pair. We then attempted to remove this
contribution from the distance distribution used to generate the
iISH2—nSH2 conformational structures via subtraction from the
measured distributions. This method did not produce a con-
formational space spanned by the calculated structures that was
significantly smaller than that produced without removing the
side chain distribution estimate. This seems to be due to two
reasons: (1) the measured distributions (1.3—3.2 nm) are sig-
nificantly larger than those predicted from side chain conforma-
tional distributions alone, and (2) the mean distances measured
are incompatible with a single relative orientation of the
nSH2—iSH2 domains, requiring the inclusion of a distribution
in order to achieve convergence.

RESULTS

Domain—Domain Distances in p85ni. In order to deter-
mine the relative orientation of the nSH2 domain with respect to
the iISH2 domain in the regulatory subunit construct p85ni, we
measured interdomain distances by site-directed spin labeling
and four-pulse DEER. Spin labels were attached to p85ni as pairs
on strategically selected sites so that they would be within the
sensitivity range of EPR distance measurements, which is be-
tween 15 and 70 A for DEER experiments and 2—25 A for
exchange or dipolar broadened cw EPR spectra. Double spin-
labeled p85ni samples consisted of a combination of three sites on
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FiGure 2: DEER data and analysis of p85ni(575/422 MSL). (A)
Original data showing echo modulation (red points), background fit
region (vertical blue and cyan lines), and the fitted 3D homogeneous
background (blue line). (B) Pure modulation after background
subtraction (blue points) and the fit (red line). (C) The distance
distribution which describes the echo modulation. (D) Error surface
of the fit.

Table 1: Distances from DEER Experiments

site 1 site 2 r (nm) A (nm)

448 330 3.41+£0.54 1.26£2.10
448 337 3.47+0.21 1.57+0.70
448 350 3.3240.13 1.86 £0.39
448 364 3.42+0.60 3.10£1.90
448 377 3.89+£0.23 2.81£0.65
448 386 3.4840.42 3.16+1.33
575 330 3.84+0.17 1.65+£0.52
575 337 3.92+0.31 1.40+£1.04
575 350 4.02+0.20 1.47£0.63
575 364 3.73+0.19 2.02+0.56
575 377 3.85+0.18 1.58 £0.60
575 386 3.78+0.19 1.68 £0.58
575 422 431+£0.25 2.86£0.78
584 337 3.67+£0.21 1.79£0.65
584 350 3.29+0.29 2.03£0.88
584 351 3.284+0.13 2.05£0.39

the iSH2 domain (448, 575, and 584) and seven sites on nSH2
(330, 337, 350, 364, 377, 386, 422), as listed in Table 1. We
obtained DEER traces of a series of double- and single-labeled
controls to ensure that the distributions reported here did not
result from instrumental artifacts, intermolecular interactions, or
spin label side chain conformational heterogeneity (see Materials
and Methods). The dipolar evolution of all double mutants had
characteristics of a midrange distance (~3—4 nm) as observed
from the initial decay of the echo modulation and broad distance
distribution as observed from the dampened oscillations in the
time domain data (Figure 2, left column). Quantitative analyses
were performed with the DEFit software (24). In p85ni samples,
allecho modulation was fit best with a distance distribution curve
of a single Gaussian. The mean distances () and width (A) of
Gaussian curves which result in the best fit to data are tabulated
in Table 1 and plotted in Figure 2, center column. Errors in r and
A are determined via random sampling of parameter space
around the best fit. The goodness of fit value (y2) corresponding
to each randomly generated parameter is used to generate a
surface plot against  and A parameters (Figure 2, right column)
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FIGURE 3: Energy-minimized MSL rotamers attached to mutation
sites on the nSH2 domain (top) and the iSH2 domain (bottom).

in a confidence interval of 68%. The size of the y2 surface along r
or A axes is indicative of the error in the corresponding para-
meter. A large surface as in 448—330 corresponds to a large error,
whereas a small surface as in 575—330 corresponds to a smaller
error. The error values in Table 1 are the standard deviation of all
sampled parameters.

Mean distances of all 16 double spin-labeled samples were
within ~1 nm of each other (in Table 1 minimum r is 3.28 nm,
maximum r is 4.31 nm), despite the fact that the spin labels on
nSH2 were distributed about the domain’s periphery, and the
domain’s diameter is ~2 nm. Structural studies of the iSH2 and
the nSH2 domains in solution indicated that these individual
domains are well structured (32, 33). Thus both the mean
distances and the distance distributions measured here suggest
a disorder, which is likely due to interdomain flexibility.

The distance distributions in each double mutant are extremely
large with 1.26—3.16 nm width. The distribution may be a
combination of spin label side chain and protein backbone
conformational heterogeneity. The simulated distance distribu-
tion of two MSL side chains on a glycine o-helix is 1.2 nm (data
not shown), which corresponds well to the experimentally
determined intradomain distance distribution of 1.37 nm mea-
sured for two spin labels attached to the nSH2 domain
(Supporting Information Figure S2F). Hence the greater inter-
domain distance distributions must be due to multiple protein
conformations. Structural studies on independent nSH2 and
iSH2 domains revealed stable structures for the individual back-
bone folds (34); hence the conformational distribution is likely
due to heterogeneity in the relative orientations of nSH2 and
iSH2 domains.

Predicting Spin Label Conformation. The distances ob-
served in DEER experiments are between the unpaired electrons
of the spin label. The spin label side chain’s conformation directly
affects the mean distance and the distance distribution observed
via EPR. Thus one needs to predict the spin labels’ conformation
in order to convert experimental distances into structural para-
meters. We modeled the spin label on all mutation sites via
in silico mutagenesis and metropolis Monte Carlo minimization.
The predicted lowest energy rotamers of MSL are shown in
Figure 3. These conformers were seeded into molecular dynamics
simulations in which the atoms within 15 A of the spin label were
allowed to sample the local environment. In the cases of 364MSL,
37TMSL, and 422MSL on the nSH2 domain, the MD trajectory
largely diverted from the initial MMCM conformation due to
backbone fluctuations. Because of uncertainty in side chain con-
formation, these residues were not used in modeling domain—
domain orientation. Residue 584 of the iSH2 domain was obser-
ved to be buried in the crystal structure by Williams et al. (27) and
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FIGURE 4: The space volume that may be occupied by the nSH2
domain (red) around the iSH2 domain (orange) based on EPR
distances. The dashed line shows the contribution from improper
triangulation as explained in the narrative.

not observed at all in the more recent pl10a/p85ni crystal
structure of Amzel et al. (/0). In the Williams structure, there is
insufficient space at the coiled-coil interface for the MSL side
chain. As a result, the minimum energy conformation generated
via MMCM had impossibly long bond lengths. MD simulation
of 584MSL resulted in changes in the secondary structure and the
breaking of the coiled coil. Hence, 584MSL is also excluded from
domain—domain modeling.

MD trajectories were also analyzed to show the possible
distribution of distances due to spin label side chain motion
alone. Within the final pairs of spin labels, the largest predicted
distance distribution ranges from 3 to 7 A, supporting that the
large experimental distance distributions are due to protein
conformational heterogeneity.

Modeling of Domain—Domain Orientation. We recon-
structed nSH2 and iSH2 domains with all the spin labels for
which there was confidence in the predicted conformation (575,
448, 386, 350, 337, and 330). We then performed rigid body
modeling and pooled structures that satisfied the experimental
distances and experimental distance distributions. The spatial
volume that can be occupied by these conformers is shown in
Figure 4. The conformers do not converge to a single position but
rather to a ring-like volume around the iSH2 domain. This is
mostly due to the wide distributions in distances but also due to
the computational artifacts of incomplete triangulation. In order
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to completely determine the location of a particular residue
on nSH2 domain, three linearly independent distances between
this residue and three residues on the iISH2 domain are required
(35, 36). In the case of p85ni, the modeling involved only two
residues on the iISH2 domain; hence the axis connecting the two
spin labels’ nitroxides on the iSH2 domain serves as an artificial
symmetry axis. To determine the exact effect of symmetry in our
results, we picked an arbitrary starting p85ni structure and
subjected it to the side chain modeling algorithm described
above. From the initial PDB, we measured the resulting inter-
nitroxide distances and assumed those distances were experi-
mental. We then repeated our interdomain modeling scheme and
pooled structures that satisfied the pseudo distances within a
distribution of 4 A. We were able to reproduce the starting model
structure but also others with a radial distribution of ~30 A
(indicated by arrows in Figure 4) around the artificial symmetry
axis. This radial distribution indicates the extent to which
incomplete triangulation contributes to the total conformational
heterogeneity. However, this conformational heterogeneity due
to improper triangulation does not explain the large volume in
Figure 4, which has an approximately 100 A distribution. Hence
the wide range of conformational possibilities for the nSH2
domain with respect to iSH2 domain is primarily due to a true
distribution in experimentally determined distances.

DISCUSSION

Double electron—electron resonance (DEER)(/6) has been
used to investigate the structures and/or conformational changes
in a number of biological systems including myosin actin binding
cleft (37), maltose ABC importer (38), rod arrestin (39), Na™/
proline transporter PutP (40), anthracis repressor (24), light-
harvesting chlorophyll a/b protein (41), T4 lysozyme (39), and
von Willebrand factor A (VWF-A) (42). The DEER technique is
unique in the sense that it provides a positive means to measure
disorder and hence is sensitive to the conformational hetero-
geneity of the protein. For instance, in the anthracis repressor
protein from Bacillus anthracis, a disordered state in the protein’s
DNA binding region was observed by DEER, which was
removed following the activation of the protein by metal binding,
suggesting a tweezers-like conformational change (24).

We have now used site-specific spin labeling and pulsed EPR
(DEER) to measure distances and distance distributions between
pairs of labeled cysteine residues in the nSH2 and iISH2 domains
of p85ni in solution. The iISH2 residues K575 and K448 and
nSH2 residues D337, T350, M364, N377, R386, and V422 were
selected for spin labeling because they are surface exposed (hence
accessible for spin label attachment) and because they are
most probably within the experimental distance range of DEER
(2—7 nm). Surprisingly, the mean distance between each pair
(three distinct iSH2 residues and six or seven distinct nSH2
residues, total 13 distances) varied by no more than 1 nm, despite
the fact that the nSH2 domain has an approximate diameter of
2 nm. The widths of the distance distributions range from 1.2 to
3.6 nm, despite that the distribution of distances between any two
MSL side chains used in this study is estimated to be 0.3—0.7 nm
on backbone restrained p85ni and 1.2 nm on a glycine o-helix
based on molecular dynamics simulations (data not shown), well
below the observed experimental distributions. Since both the
iSH2 and nSH2 domains are inherently rigid, these results suggest
a large disorder in the relative orientation of the nSH2 domain
with respect to the iSH2 domain.
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To quantify the degree of disorder in p85ni, we modeled the
domain—domain orientation, restrained only by internal domain
structures and EPR distances. The distances observed in DEER
experiments are between the unpaired electrons of the spin label.
The spin label side chain conformation directly affects the mean
distance and the distance distribution observed via EPR. Thus we
first predicted the conformation of the spin labels in order to
understand the experimental distances in structural terms via
metropolis Monte Carlo minimization and molecular dynamics
simulations. Fixing the orientation of the spin label at its most
probable conformation, we the modeled the domain—domain
orientation. We used a Monte Carlo search of possible orienta-
tions that satisfy the EPR distance distributions, followed by
linker construction and simulated annealing. This method
proved more efficient than restrained simulated annealing and
restrained MD. In our experience, restrained simulations are
more suitable for narrow distance distributions where the local
minima are not abundant on the energy landscape. The Monte
Carlo search, which excludes the linker between domains,
removes the possible restraining from linker conformation while
searching for agreement with EPR distances. Improbable linker
conformations can be removed by reconstructing the linker
residues on a library of possibilities, which is primarily due to
the experimental distance distributions. The data strongly suggest
that the nSH2 domain does not assume a preferred orientation
relative to the iSH2 domain in p85ni. A parallel study (43)
supports this model by measuring the apparent rotational
correlation time of the nSH2 domain as 13 ns in the p85ni
construct based on NMR relaxation methods. This is faster than
the calculated rotational correlation time of 45—52 ns for a
completely rigid p85ni (several possible geometries), suggesting
that in solution the nSH2 domain is highly mobile compared to
the iSH2 domain.

On the basis of NMR relaxation studies, we previously
proposed that the C-terminal end of the iSH2 domain makes a
contact with the nSH2 domain, positioning it so as to inhibit
pl10a (9, 33). However, the data presented here are not
consistent with this model. The pulsed EPR measurements show
that the orientation of the nSH2 domain is in fact highly
disordered, distributed through an arc around a hinge-like
fashion at the end of the iSH2 domain. This hinge-like motion
may in fact be important for the regulation of pl10a. We have
previously shown that basic residues near the phosphopeptide
binding site of the nSH2 domain make an inhibitory contact with
an acidic patch in the helical domain of p110a and proposed that
this contact is disrupted when tyrosine phosphoproteins bind to
the SH2 domain (/3). This model was supported by the crystal
structure of the p85ni/p1100-H1047R dimer, which shows that
the basal conformation of the nSH2 domain was not compatible
with phosphopeptide binding (/7). The hinge-like motion of the
nSH2 domain provides a mechanism by which the nSH2 domain
can maintain a specific inhibitory interaction with p110, while
still “sampling” the external environment for potential SH2
domain ligands. Indeed, we find that rigid fixation of the nSH2
domain relative of the iSH2 domain, through the introduction of
an engineered disulfide bond, allows inhibition of p110 but not a
release of inhibition upon SH2 domain occupancy (H. Wu and
J. M. Backer, unpublished observations).

The hinge-like motion of the nSH2 domain also provides a
possible explanation for the NMR relaxation data reported
previously(44). The NMR model was determined using para-
magnetic relaxation effects on backbone amide protons in the
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nSH2 domain of p85ni caused by nitroxide spin labels in the iSH2
domain. Interestingly, the attenuation of NMR cross-peaks by
the iISH2 domain spin labels was restricted to a single face of the
nSH2 domain and resulted in almost complete loss of signal
intensity from some nSH2 residues. These data were interpreted
as reflecting a close contact between the iSH2 and one face of the
SH2 domain. However, given the hinge-like movement of the
SH2 domain, a single face of the nSH2 domain samples this
orientation with a time constant (13 ns) that is significantly
shorter than the length of time that the proton spins are
transverse during the 2D NMR pulse sequence (~11 ms). Thus,
the NMR relaxation data are almost certainly biased toward
these shorter distances and reflect a subset of structures out of the
larger distribution seen in the DEER experiments.

The present study cannot rule out the possibility that a
distributed orientation of nSH2 is due to the lack of ¢cSH2,
BCR, and SH3 domains in the protein construct. However, we
consider this scenario unlikely due to the fact that p85ni retains
regulatory function of full-length p85. Moreover, preliminary
studies in our laboratory suggest that the nSH2—iSH2 orienta-
tion in full-length p85a. is similar to that seen in p85ni (data not
shown).

The DEER data indicate that, in solution, the iSH2—nSH?2
interdomain structure is not fixed in a single structure but rather
displays a distribution of orientations. The long linker region
connecting the two domains presumably facilitates this distribu-
tion. Indeed, in the mutant pl10a-p85ni crystal structure this
linker region is almost fully extended to facilitate both the contact
of the iSH2 and ABD domains as well as the positioning of the
nSH2 domain in its central “scaffolding” position in contact with
the kinase, helical, and C2 domains (/). Moreover, the authors
speculate that phosphopeptide binding-induced release of inhibi-
tion involves the shift in nSH2 orientation relative to the helical
domain. Together, these data suggest that iSH2—nSH?2 inter-
domain flexibility is important for both proper binding and
regulation of p110a.

DEER provides a means to measure not only long-range
interspin distances but also their distributions, making it one of
the few techniques that can quantify protein disorder. Interpreta-
tion of DEER distances in structural terms is complicated due to
the inherent flexibility of the spin label. When convolved with
backbone disorder, nontrivial computational modeling is essen-
tial to elucidate structural information. Indeed, structural mod-
eling using DEER distances has very recently gained
popularity (35, 41, 45). To our knowledge, modeling backbone-
induced large distance distributions has currently not been
accomplished. In this paper, we have demonstrated that model-
ing of tertiary/quaternary protein structure from sparse EPR
distance restraints is feasible even in the presence of disorder. We
determined that the nSH2 domain of p85a does not adopt a rigid
conformation but moves in an arc around a hinge-like fashion
around the distal end of the iSH2 domain. These data have
important implications for the mechanism by which p85a
regulates the activity of PI3K.

SUPPORTING INFORMATION AVAILABLE

Raw DEER data, fits, distance distributions, and error
surfaces of all double spin-labeled p85ni mutants (Figure S1),
DEER control experiments (Figure S2), and EPR line shapes
(Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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