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Proteins involved in signal transduction exist in more than
one conformational state and thus generally permit a new
type of allosteric inhibition by targeting their rare interaction
states. An example is the Ras protein where the protein—
protein interaction of Ras with effectors can be modulated by
small compounds that bind to the conformational state 1(T).
An analysis of the Ras cycle predicts at least eight drug-
relevant functional states of the protein that can be used for
an allosteric modulation of the Ras activity. We were able to
identify the four states expected in activated Ras by high-
pressure NMR spectroscopy. The study focused on the Ras
system leads to a novel, generally applicable strategy for the
development of allosteric inhibitors of protein—protein inter-
actions in multiple-state systems typical for signaling proteins.

The Ras protein is permanently activated in approxi-
mately 30% of all human tumors by specific point muta-
tions.!! It is the prototype member of the Ras superfamily
with more than 100 different guanine nucleotide-binding
(GNB) proteins of different sub-families (see for example
Ref. [2]). The GNB proteins cycle between two main struc-
tural states, stabilized by GDP and GTP, respectively. In the
GDP-bound state (Figure 1a), the affinity to effectors is low.
In this simple model, the affinity to effector proteins of the
GTP-bound state is high and the signal induced by the
exchange of GDP to GTP by the guanine nucleotide
exchange factors (GEFs) can be transmitted. The activation
cycle is finished by GTP hydrolysis, which is catalyzed by
GTPase activating proteins (GAPs). As activated Ras has to
interact with three different proteins with quite different
interaction sites, fundamental thermodynamical considera-
tions require that at least three conformational states of the
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Figure 1. Conformational states of Ras during the signaling cycle.

a) General model of functional states of Ras that are potential drug
targets. Note that additional druggable states still exist; a well-known
example is the manipulation of the covalent modifications of the C-
terminus. b) The relative populations of the different conformational
states from C1 to C4 were calculated with the parameters given in
Table 1 as function of pressure. C1 corresponds to state 1(T), C2 to
state 2(T), and C3 and C4 probably to state 3(T) and state 1(0).

activated GNB protein RasMg?™-GTP must coexist in
solution,’! states that correspond to the complexes with
GEFs (state 1(T)), effectors (state 2(T)), and GAPs (state
3(T); Figure 1).

Two of the main conformational states (state 1(T) and
state 2(T)) of Ras:-Mg*"-GppNHp can be directly observed by
P NMR spectroscopy and are characterized by different
chemical shift values for the resonances of the a- and y-
phosphate groups.*®! It has been shown earlier by NMR
spectroscopy as well as kinetic experiments that Ras can
interact only in state 2(T) with the Ras binding domains
(RBD) of effector proteins such as RalGDS, cRaf-1, Af6, and
Byr2 with high affinity.” In contrast, the guanine nucleotide
exchange factor Sos interacts preferentially with state 1(T)."!
In the nucleoside diphosphate complexed form (D) the
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corresponding GEF and GAP interacting states 1(D) and
3(D) should exist besides the main conformational state 2(D).
In fact, by P NMR, two conformational states could already
be identified for Ras-Mg**-GDP.'”! The minimum Ras cycle
also requires a nucleotide free state and a state with GDP-P;
bound that we call 1(0) and 3(0) in the following (Figure 1).

For the experimental detection of additional conforma-
tional states in the Ras protein, we performed high-pressure
['H,*N]-HSQC experiments on Ras complexed with the non-
hydrolysable GTP analogue GppNHp (Supporting Informa-
tion, Figure S1). A fit of the pressure-induced chemical shifts
by a second order Taylor expansion (Supporting Information,
Eq. (1)) has been used to identify those regions of the protein
that are particularly pressure-sensitive. '"H and "N NMR
chemical shifts were corrected for pressure-induced random-
coil effects!'!! and thus show only specific pressure effects
(Supporting Information, Figures S2,S3). The pressure
coefficients can be mapped on the structure of
Ras-Mg”>"GppNHp (Figure 2; Supporting Information, Fig-
ure S3). Residues interacting with published drugs are
indicated.['*3

Qualitatively, large pressure coefficients can be associated
with large structural changes in the vicinity of the atom under
consideration, although missing shift changes do not neces-
sarily mean the absence of structural changes.

Along with chemical shift changes, changes of the cross-
peak volumes can also be observed (Supporting Information,
Figure 3, Figure S4). Under slow-exchange conditions,
a change of the cross-peak volumes can be expected when
in an N-site equilibrium the population of the observed
conformational state changes with pressure. For most cross-
peaks, the intensity decreases, as the population of the main
state 2(T) decreases but also new cross-peaks appear with
pressure (for example Glyl12; Supporting Information, Fig-
ure S5). The volume changes can be plotted on the surface of
the state 2(T) structure of Ras (Figure 2b).

The pressure-sensitive regions can be compared with the
interaction sites of Ras in complexes with GEFs, effectors,
and GAPs (Supporting Information, Figure S6). In the
conformational selection model (Figure 1), parts of these
regions are expected to be involved in conformational
transitions and therefore should be detectable by pressure
perturbations. Figure 2 demonstrates a good correlation with
these data. However, the conformational transitions should
not be restricted to the interaction surface only, as structural
elements in a protein are strongly coupled. Indeed, also
outside the interaction surface pressure significant effects are
observed. This is especially evident on the backside of the
protein (Figure 2), where for example Gln43 and Thr50 show
a very large pressure response.

A more detailed analysis of the data with a thermody-
namic model (see the Supporting Information) allows the
determination of the free-energy difference AG; and the
corresponding molar partial volume difference AV, between
two conformational states Ci and Cj at a reference temper-
ature T, and a reference pressure p, (Table 1).

It turns out that at least four different conformational
states C1 to C4 are required for a satisfactory explanation
(and fitting) of the pressure-induced chemical shift changes. A

Angew. Chem. Int. Ed. 2013, 52, 1424214246

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

&35 .52
Switch 1 SN

Figure 2. Pressure-sensitive residues in Ras(wt)-Mg**-GppNHp and
protein—protein interaction sites. a) Residues exhibiting large first-
order pressure coefficients for the amide protons and amide nitrogen
atoms are mapped onto the surface of the crystal structure of
Ras(wt)-Mg?"-GppNHp'® (pdb 5P21). Residues with pressure coeffi-
cients B, ,* <20, and at least one in the range 0, < B;* <20 are
depicted in yellow. Residues with at least one pressure coefficient

> 20, are depicted in orange. Amino acids, which are not visible in the
['H,”N]-HSQC spectrum of Ras(wt)-Mg?"-GppNHp or could not been
followed within the pressure series are shown in green. Residues with
B, ,* <0, are colored blue. Residues characterizing binding sites of
Ras-inhibitors are labeled: Zn?"-cyclen, Gly12, Asp33, Thr35, Ala59,'4
Zn**-BPA, Asp38, Ser39, Tyr40," 4,6-dichloro-2-methyl-3-aminoethyl-
indole (DCAI), Lys5, Leu6, Val7, le55, Leu56, and Thr74,M and 2-
((1H-Indol-3-yl)methyl)-3H-imidazo[4,5-c|pyridine, Lys5, Val7, Ser39,
Asp54, Leu56, Tyr71, Thr74. b) ['H,"*N]-HSQC cross-peak volume
changes with pressure are plotted on the surface of the crystal
structure of Ras(wt)-Mg?"-GppNHp. Residues with a volume reduction
by >0, are colored orange, peaks which completely disappear at

180 MPa are shown in red. Residues which are not visible at ambient
pressure owing to exchange broadening are colored green, residues
showing peak volume change < 0, are colored blue. At 278 K, the
signals of Gly12 and Gly13 become visible at high pressure (colored
pink).

Table 1: Conformational transitions and corresponding molar free
energies AG® and molar volumes AV® of Ras (wt)-Mg?"-GppNHp at
303 KM

Transition AG° [k)mol™] AV® [mLmol™]
C2-C1 1.5+0.2 —18+1
C2—C3 52+03 —81+£3
C2—-C4 124+04 —115+2

[a] The differences in free energies AG® and partial molar volumes AV®
for the transitions C2—C1 and C2—C3 are independent of temperature
in the range between 278 K and 303 K within the limits of error. AG® and
AV® were determined from the pressure dependence of chemical shifts
and cross-peak volumes.

typical example is shown in Figure 3, where the *N chemical
shift changes of the cross-peak of Glu49 and the volume
changes of the cross-peak of Alal8 can be fitted satisfactorily
with the same Gibbs free energy and partial molar volume
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Figure 3. Pressure dependence of conformational transitions. Fit of

a) the normalized pressure-dependent volume changes of the cross-
peak of Ala18, and b) the *N" chemical shift changes of the amide
cross-peak of Glu49 in a ['H,"*N]-HSQC spectrum of
Ras(wt)-Mg**-GppNHp assuming slow exchange (Supporting Informa-
tion, Egs. (4) and (8)) and fast exchange in the NMR timescale
(Supporting Information, Eqgs. (2) and (3)), respectively. The temper-
ature was 303 K. Fit parameters for both residues in a two-state model
are AG,, 12.4 kJmol™" and AV,, —115 mLmol™". %? are 0.003 and
0.003, respectively. c) Residues sensing different transitions are
depicted on the van der Waals surface calculated from the X-ray
structure of Ras-Mg?"-GppNHp." The residues sensing only the
transition C2 to C1, C2 to C3, and C2 to C4 are depicted in yellow,
orange, and pink, respectively. Residues sensing transitions C2 to C1
and C2 to C3 are colored red. Residues that do not show a significant
pressure response are depicted in blue and residues that could not be
detected are depicted in green. d) Ribbon model showing the corre-
sponding secondary structure elements.

differences. A number of residues show a biphasic pressure
dependence of chemical shifts that is typical (and can be
fitted) in a model where more than one transition influences
the reporter spin (Supporting Information, Figure S7). From
earlier studies, it is clear that the structural states that
dominate at atmospheric pressure in the wild-type protein are
the effector binding state 2(T) and the exchange factor
interacting state 1(T). By *'P NMR spectroscopy we had
earlier determined a AG,," of 1.48 kJmol ' and a AV, of
—17.2 mLmol P respectively. Within the limits of error
these values are equal to the free energy differences and
partial volume differences of the C2—Cl1 transition obtained
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herein (Table 1). The nature of conformation C3 and C4 is not
clear as such, but from our general minimum model
(Figure 1), it is likely that one of these states represents the
GAP interacting state 3(T). The fourth state could represent
the open, nucleotide-free (low-affinity state for nucleotides)
1(0) (Figure 1), as the nucleotide should be released at very
high pressures. In fact, in earlier denaturation studies with
GdmCl, the release of the nucleotide was observed by
3P NMR spectroscopy, giving a AG° value from state 2(T)
to a nucleotide-free state of approximately 9.8 kJmol™,
a value that is in the range of 12.44 0.4 kJmol™' estimated
here for the C2-C4 transition.”! State C4 does not represent
a completely denatured state, as the 'H NMR spectra still
show the typical features of a folded hydrophobic core, such
as methyl resonances shifted upfield.

For an analysis of the data in structural terms, the residues
influenced by the different transitions are color-coded on the
surface of the crystal structure of Ras (Figure 3); a detailed
annotation in the sequence of Ras is given in the Supporting
Information, Figure S6.

Gly12, His27, Asp33, and Asn86 sense the C2-C3
transition (Table 1) and are part of the GAP interaction site
(Supporting Information, Figure S6). This suggests that C3
corresponds to state 3(T) as defined in Figure 1. Gly15, Lys16,
Serl7, Alal8, Leul20, Alal46, and Lys147 are selectively
sensing the C2—C4 transition; they are known to be involved
in the nucleotide binding that should be impaired in state
1(0); thus conformation C4 most likely corresponds to state
1(0) in our model.

From switch I and switch II, the signals of only a limited
number of residues is visible in the wild-type protein, and
most residues are not or only barely visible at low pressures in
the wild type protein. This is most probably due to the
occurrence of multiple conformations in intermediate and
slow exchange on the NMR timescale (<10s™'), having
originally been termed as regional polysterism by Ito et al.'”!
In fact, many of these residues are located in the overlapping
interaction sites of GEFs (state 1(T)), effectors (state 2(T)),
and GAPs (state 3(T); Supporting Information, Figure S6).
Most of them become visible in the 1(T) mutant Ras(T35S),
which in contrast to the wild-type protein exists predom-
inantly in state 1(T) at ambient pressure, confirming that
these are involved in a 2(T) to 1(T) transition.

The populations of the different states at different
pressures can be calculated from the corresponding thermo-
dynamic parameters (Figure 1). At atmospheric pressure,
states 2(T) and 1(T) dominate, with increasing pressure the
population of the effector binding state 2(T) decreases and
those of 1(T) first slightly increases and decreases at a pressure
larger than 100 MPa. State 3(T) strongly increases, dominates
at a pressure of 120 MPa, and decreases again at higher
pressure. At pressures of higher than 300 MPa, the population
of the nucleotide-free exchange state 1(0) dominates.

Classical rational drug design focuses on the active center
of enzymes using small compounds that mimic the sub-
strate(s) or product(s) of the enzymatic reaction. Usually, the
enzymatic reaction is inhibited and the drug binds in
a competitive way. A special case is the existence of
a regulatory site on the enzymes that can also be targeted
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by small compounds competing with the natural regulators.
The Monod-Wyman-Changeux model (MCW model) of
allostery!"®! can be reduced to two fundamental conditions, the
existence of two structural states of a protein that has 1) two
spatially separated binding sites for two different ligands with
2) different affinities in the two states.

As we show, this idea can also be applied to proteins that
have not evolved specialized regulatory sites. When a protein
interacts with different proteins in a functional cycle, different
structural states are required for the specific recognition of
the partners (see also Figure 1). In general, these structural
differences are not restricted to the interaction site itself, as
our high pressure data shows for activated Ras. These
structural differences outside the overlapping protein binding
sites create “intrinsic” allosteric binding sites that can
potentially be recognized selectively by small ligands (con-
dition 1). If the ligand has differential affinities to a given
state (condition 2), its binding will increase the relative
population of this state and simultaneously influence the
populations of all other states.

In fact, we have shown earlier that a stabilization of state
1(T) of Ras by Zn**-cyclen!*?! can lead to an effective
inhibition of effector binding. Zn*'-cyclen binds to the y-
phosphate of GTP inside the nucleotide binding cleft
(Figure 2) in a local conformation that only occurs in state
1(T). However, any other binding site for small molecules
outside the nucleotide binding cleft can be utilized as long as
it is coupled to the 1(T) structural transition. In agreement
with this consideration, Zn**-BPA binds outside the nucleo-
tide binding site but nevertheless is able to stabilize state
1(T).!® Tt interacts with Ser39, a residue also sensing the weak
nucleotide binding state 1(0) (Figure 3; Supporting Informa-
tion, Figure S6). In fact, at higher concentrations, Zn**-BPA
induces the release of the bound nucleotide, a property
expected for a shift to state 1(0).'%

The new type of allosteric inhibition has also additional
“side” effects, as the stabilization of any state in the signaling
cycle shifts the total equilibrium distribution of all other
functional states. For Ras, it can be predicted from Figure 1
that Zn*"-cyclen decreases the intrinsic GTPase activity,
increases the intrinsic exchange activity but is also expected to
decrease the Sos-mediated exchange activity. The latter effect
was observed by a group of compounds published by Maurer
etall as Sos inhibitors. Some of these compounds are
commercially available, and in fact *P NMR spectroscopy
shows that they are also weak stabilizers of state 1(T)
(Supporting Information, Figure S8), although their main
function is assumed to focus on the GDP-bound state
(perhaps as state 1(D)-stabilizers). Obviously, mixed types
of interactions are also possible and likely when an allosteric
inhibitor binds at the protein—protein interaction site and thus
simultaneously inhibits directly a protein—protein interaction.
This is true for Zn*'-BPA, the binding site of which overlaps
with the effector binding site of Ras and for the compounds
described by Maurer et al.' and Sun et al.,™™! the binding
sites of which overlap with the binding sites of Sos (Figure 2).

The structure of state 1(T) as it is found in the Ras
mutants Ras(T35A) or Ras(T35S) has already been used in
experimental’®?" and virtual® drug screening. High-pres-
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sure NMR spectroscopy is a powerful method to detect
conformational states that can be targeted by small molecules.
Additional interesting regions of the surface outside of the
protein—protein interaction sites for allosteric inhibition are
revealed by high-pressure NMR (Figure 2) that could also be
exploited in future.

In summary, this “non-classical” type of allosteric inter-
ference provides a generally applicable strategy for the
modulation of protein—protein interactions by small com-
pounds, independent of the existence of classical allosteric
regulatory sites.
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