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Stabilizing a Weak Binding State for Effectors in the Human Ras

Protein by Cyclen Complexes**
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Christian Herrmann, Lothar Gremer, Ingrid R. Vetter, Alfred Wittinghofer, Burkhard Konig, and

Hans Robert Kalbitzer*

The guanine nucleotide binding (GNB) protein Ras is
involved in cellular signal transduction pathways that induce
proliferation, differentiation, and apoptosis of cells. It func-
tions as a molecular switch, cycling between an inactive GDP-
bound state and an active GTP-bound state. Only Ras
complexed with GTP is able to bind different effectors such
as Raf kinase or RalGDS with high affinity (see, for example,
Ref. [1]).*'P NMR spectroscopy has revealed the existence of
at least two distinct conformational states, which are in
dynamic equilibrium, when wild-type Ras is bound to the
GTP analogues GppNHp or GppCH,p.*¥ State 1 is recog-
nized by guanine nucleotide exchange factors (GEFs),"
state 2 by effector proteins.>*>! The affinity of state 1 for
effectors is smaller by a factor of approximately 20.”" Thus
state 1 represents a weak binding state for effectors. In more
than 30 % of all human cancers Ras is found mutated at amino
acid position 12, 13, or 61."" In the cell, these mutants are
locked in the active GTP-bound state owing to their loss of
intrinsic as well as GAP (GTPase activating protein) accel-
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erated GTP hydrolysis. It should be possible to interrupt the
effector interaction of activated, GTP-bound oncogenic Ras
by suitable small compounds that selectively stabilize state 1.
As shown by *'P NMR spectroscopy, the zinc(II) complex of
1,4,7,10-tetraazacyclododecane complex (Zn>' cyclen; Fig-
ure S1 in the Supporting Information) selectively binds to
the conformational state 1 of activated Ras and thus shifts the
dynamic equilibrium of activated Ras towards the weak
binding state.'"?! As a precondition for using Zn>* cyclen as
lead structure for the structure-based development of inhib-
itors of the Ras—effector interaction, a three-dimensional
structure of the complex is required, and this is presented
here.

Cu’' cyclen, which can be used as a paramagnetic
analogue of Zn*' cyclen, induces distance-dependent nuclear
relaxation in the nearby nuclei of the protein. Figure 1
(spectrum A)  shows the *PNMR spectrum of
Ras(wt)-Mg*"-GppNHp, which is characteristic for the simul-
taneous existence of the two conformational states 1 and 2
(K, =1[2)/[1]1=1.9) since two sets of resonance lines for the
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Figure 1. Cu*" cyclen and its influence on *'P NMR spectra of Ras-
GppNHp complexes. *'P NMR spectrum of Ras-Mg*"-GppNHp in

40 mm Tris/HCl, pH 7.5, 10 mm MgCl,, 2 mm dithioerythrol (DTE),
0.2 mm 4,4-dimethyl-4-silapentane-1-sulfonic acis (DSS), and 5% D,0.
A) 1.3 mm Ras(wt)-Mg”"-GppNHp, B) 1.3 mm Ras(wt)-Mg*"-GppNHp
in the presence of 2.6 mm of Cu*" cyclen, C) 1.3 mm Ras-
(T35A)-Mg?"-GppNHp, and D) 1.3 mm Ras(T35A)-Mg*"-GppNHp in
the presence of 6.5 mm of Cu>™ cyclen. a4, By, Y1, G2 Bar Ya:
resonances of the a-, 3-, and y-phosphate groups in state 1 and state
2, respectively. The peaks corresponding to the state 1 conformation
are marked with dashed lines. All spectra were recorded at 278 K and
202 MHz.
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bound nucleotide are observed. In the presence of
Cu®* cyclen the *'P resonances of the B- and y-phosphate
corresponding to state 1 shift upfield, with the stronger effect
observed for the y-phosphate group; in contrast, the signal of
the a-phosphate shifts slightly downfield. Simultaneously,
with increasing concentrations of Cu®*'cyclen the lines
broaden. At a ligand/protein ratio of more than 2:1 the y-
phosphate line has already broadened beyond detection and
the P-phosphate line is slightly broadened (Figure 1). The
resonances belonging to state 2 are not affected by addition of
Cu** cyclen; that is, they are neither shifted nor broadened at
this Cu?" cyclen concentration. As an independent control the
same  experiments were performed with  Ras-
(T35A)-Mg*"-GppNHp, which exists predominantly in the
conformational state 1 (K;,<0.1). Here the effects of the
Cu®* cyclen binding can be observed more easily because the
signals belonging to state 2 are virtually absent. Again the
resonance signal of the y-phosphate becomes broadened and
completely disappears at a Cu®' cyclen/Ras ratio of 2:1
(Figure 1, spectra C and D). These data indicate that the
Cu** cyclen binds close to the y-phosphate of GppNHp in
state 1 of Ras but does not recognize the active site of the
protein in state 2. Since Ras(T35A) exists predominantly in
state 1, it was used in the further structural investigation of
the binding of cyclen—metal complexes to Ras in conforma-
tional state 1.

The distance from the Cu®" ion to the phosphorus nuclei
of the bound GppNHp can be estimated from the para-
magnetic enhancement of the relaxation times as (0.30 4
0.05), (0.484+0.05), and (0.54 +0.05) nm for the y-, -, and
a-phosphate groups, respectively (see Table S1 in the Sup-
porting Information). It is very likely that the positively
charged Cu®"cyclen that is almost within van der Waals
distance to the negatively charged y-phosphate group is
directly bound to an oxygen atom of the y-phosphate group.
In crystal structures of a corresponding Zn”" cyclen derivative
in a 1:1 complex with phenylphosphate,'¥! the Zn** ion is
separated from the phosphorus nucleus by 0.294 nm.

Addition of the paramagnetic Cu®" cyclen leads to a
reduction of crosspeak intensities in the ['H,""N] HSQC NMR
spectra as well as to changes of chemical shifts (see Table S2
and Figure S2 in the Supporting Information). The signal
intensities of the resonances of Gly13, located in the P-loop
close to the y-phosphate group of the bound nucleotide, and
of Gly60, located in switch II decrease substantially, and they
completely disappear at higher concentrations of Cu®" cyclen.
Other resonances, for example, those of Ser118 or Thr148, are
not perturbed by addition of Cu®" cyclen. The addition of the
diamagnetic compound Zn*" cyclen to the sample leaves most
of the resonances unperturbed, but some resonances are
shifted and/or broadened. Most interestingly, a number of
resonances are split into two lines, for example, the reso-
nances that correspond to Ile124 and Gly115 (see Table S2
and Figure S2 in the Supporting Information).

Highlighting the residues with values of the combined
chemical-shift changes A0“™ >g,®" on the surface of the
crystal structure of Ras(wt) reveals two distinct sites
(Figure 2). An analysis of the concentration dependence of
the chemical-shift changes confirms the existence of two sites,
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Figure 2. Binding sites for Zn>* and Cu®' cyclen in Ras-Mg?"-GppNHp
as determined by ['H,"”N] HSQC NMR spectroscopy. a,b) Amino acids
clearly affected by the paramagnetic distance-dependent Cu** effect
mapped onto the surface of Ras(wt)-Mg?"-GppNHp."® Residues
exhibiting a significant relative signal reduction I(j)/l,(j) <1—0, are in
red, not clearly assignable residues are in gray. c,d) Amino acids
showing significant shift perturbations in the presence of Zn** cyclen
mapped onto the surface of Ras(wt)-Mg>"™-GppNHp; dark green:
residues with a significant combined chemical-shift change
AO“™ > 0,7, light green: residues showing a line splitting upon
binding of Zn" cyclen typical for a slow-exchange process, gray: not
clearly assignable residues.

one site where half-saturation is reached at a ligand concen-
tration of approximately 2 mm and another class where half-
saturation is observed at a ligand concentration of approx-
imately 6 mM. Since we also have data from the paramagnetic
analogue Cu’" cyclen, long-range structural effects on chem-
ical shifts from ligand binding can be recognized because of
the strong distance dependence of the paramagnetic relaxa-
tion enhancement (PRE). Binding site 1 (Figure 2a,c) is close
to the y-phosphate of the nucleotide in accordance to the
*'P NMR data. The residues most affected are Gly13, Tyr32,
Ala59, Gly60, and GIn61, which are located in the P-loop
(amino acids 10-18), the PM3 motif (57-61), and in switch IT
(60-72). The second binding site (Figure 2b,d) in the neg-
atively charged loop L7 comprises Asp105, Ser106, Asp107,
Aspl108, Vall09, and Met111, and residues near the C termi-
nus—Glul62, GIn165, and His166.

The chemical-shift perturbation data and the distance
restraints obtained from the paramagnetic relaxation en-
hancement were used to calculate (program HADDOCK)
the structure of the protein with the cyclen ligand at binding
site 1.4 Because of the lack of an X-ray structure of
Ras(T35A)-Mg*"-GppNHp, for the structure calculation the
crystal structure of Ras(wt)-Mg*"-GppNHp!'®! was modified
by replacing threonine 35 by alanine. The crystal structure of
the wild-type protein is assumed to represent state 2, whereas
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Ras(T35A) and Ras(T35S) bound to Mg*"-GppNHp are
predominantly in state 1. The available X-ray structure of
Ras(T35S)-Mg>-GppNHp!? was used to derive distance
restraints for the nucleotide and the Mg*" ion in the structure
calculation (for details of the calculation see Table S3 in the
Supporting Information).

In Figure 3 a surface plot of the Ras(wt) structure as well
as the lowest energy structure obtained from the HADDOCK
calculations is depicted. The Cu*" cyclex complex is bound to

Figure 3. Comparison of the calculated structure of Ras-
(T35A)-Mg?"-GppNHp complexed with Cu** cyclen and the X-ray
structure of wild-type Ras. a) Surface representation of the X-ray
structure of Ras(wt)-Mg?"-GppNHp!'® (pdb 5p21). b) Surface plot of
the HADDOCK structure of Ras(T35A)-Mg?"-GppNHp complexed with
Cu®* cyclen (white). The switch regions and the phosphate-binding
loop are in orange, light yellow, and yellow, respectively.

the y-phosphate of GppNHp by means of its metal center; the
four amine protons of the cyclen moiety are in hydrogen-
bonding distances to the carbonyl oxygens of Gly12, Asp33,
Ala35, and Ala59. Such a hydrogen-bonding pattern could
also explain the strong shifts of the signals of the neighboring
amino acids Glyl3, Ile36, and Gly60 after binding of
Zn** cyclen. The obtained interaction energies of Cu®* cyclen
with the protein are in a reasonable range (see Table S4 in the
Supporting Information). The general topology of the Ras
protein is unchanged, as expected.

The backbone root mean square deviation (RMSD)
between the NMR structure of Ras(T35A)-Mg*"-GppNHp
complexed with Cu®" cyclen and the crystal structure of
Ras(wt)-Mg?"-GppNHp!" is 0.12 nm (see Figure S3 in the
Supporting Information). The two structures show good
agreement in the regions that should be similar in state 1
and state 2. However, significant conformational changes are
observed. While switch I and the P loop adopt a more opened
conformation, switch II moves towards the nucleotide binding
site. A similar structural pattern is found in the crystal
structure of the complex between Ras and its exchange factor
SOS." In our calculated structure Tyr32 is rotated and has
turned away from the Ras-bound nucleotide. A change of the
position of Tyr32 was already postulated by Geyer et al. as a
explanation of the *'P NMR shift differences between state 1
and state 2 of the Ras protein. Hall et al.™® could also show
that the Tyr32 is no longer in its position in state 2 in the
structure of the Ras(A59G) mutant. In addition, Glu63 moves
towards the nucleotide-binding site and His27 seems to
change its position. In general, the cleft containing the
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nucleotide is more open in state 1 than in state 2, which is in
accordance with the observed preference of the guanine
exchange factor SOS for state 1.0 It also explains the
measured decrease of the partial molar volume after tran-
sition from state 2 to state 1,/ since a decrease of the partial
volume is usually associated with an increase of the surface
exposed to water.

Additionally, we solved the crystal structure of
Ras(wt)-Mg*"-GppNHp complexed to Zn>'cyclen with a
resolution of 2.1 A (see Table S5 in the Supporting Informa-
tion). The obtained structure is depicted in Figure 4a.

Figure 4. Crystal structure of Ras(wt)-GppNHp complexed to

Zn** cyclen. a) Ribbon plot of the crystal structure of wild-type
Ras-Mg®"-GppNHp complexed to Zn>" cyclen (magenta). The residues
identified as belonging to the second binding site by NMR para-
magnetic relaxation enhancement studies with Cu** cyclen are in red.
b) Electron density map for the coordination of Zn** cyclen to
Ras(wt)-Mg*"-GppNHp.

Zn*" cyclen can be detected only at binding site 2, which
was already identified in the NMR studies and is located close
to the C terminus and loop L7. The Zn*" ion is coordinated to
an imidazole nitrogen of the side chain of the C-terminal
histidine 166 (Figure 4b). The protein itself is essentially
unaltered except around the switch II region from amino
acids 62 to 75 (RMSD of 0.241 nm for the 14 residues); here
the density is not very well defined, as is common in Ras
structures. In addition, the loop around residue 106 is some-
what shifted relative to the apo structure (RMSD 0.024 nm
for 14 residues from residues 96 to 109). The crystal structures
of wild-type Ras:-Mg*"-GppNHp determined here before and
after treatment with Zn>" cyclen showed the switch I region in
very similar conformations. However, in these structures
switch I is slightly more closed than in the structure reported
by Pai et al.," which crystallized in a different space group.
In the crystals analyzed in this work, the molecules pack by
means of the effector loops (in the state 2 conformation)
which lie face to face next to each other. The affinity of
Zn*" cyclen at the concentration used for the incubations
(25 mm) was apparently too low to overcome the force that
holds the effector loop shut by the y-phosphate together with
the crystal packing forces, otherwise the crystals would have
cracked. Thus we did not expect to see any Zn*' cyclen
complex at site 1 in the crystal structure.

Both cyclen-metal complexes favor the weak binding
state of active Ras. Since state 1 is assumed to be a weak
effector-binding state, the cyclen transition-metal complexes
are expected to impair effector binding to active Ras by
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stabilization of the weak binding state. To confirm this
assumption, Ras/Raf binding was measured by isothermal
titration calorimetry in the presence of cyclens (Figure 5). As
proposed, the binding of the Ras binding domain of Raf
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Figure 5. Perturbation of the Ras/Raf interaction by Zn>* cyclen. ITC
measurements were performed at 298 K with a sample containing
40 pum H-Ras(wt)-Mg?"-GppNHp in 50 mm Tris/HCl pH 7.5, 100 mm
NacCl, 5 mm MgCl,, 2 mm DTE. The sample was titrated with a 400 pm
solution of Raf-RBD (Ras-binding domain of Raf) in the same buffer in
the absence (0) and in the presence of 1-10 mm Zn”* cyclen (2, data
depicted for 4 mm Zn”" cyclen), respectively. The heating power of the
latter titration is shown as a function of time (upper panel). The
change of enthalpy is plotted as a function of the molar ratio of Raf to
Ras. Data are fitted with a 1:1 binding model.

kinase to Ras(wt)-GppNHp is perturbed in the presence of
either Zn®" cyclen or Cu’" cyclen, leading to a decreased
apparent affinity between Ras and Raf.

In conclusion, Zn*" cyclen and Cu®" cyclen complexes
bind to two spatially separated sites in Ras-Mg*"-GppNHp
with millimolar affinity. The binding site responsible for
selective stabilization of the conformational state 1 with
decreased effector affinity is close to the y-phosphate of the
bound nucleotide in active Ras. An analogous binding site
close to the phosphate moieties cannot be found in
Ras-Mg*™GDP as shown by *'P NMR studies (data not
shown). Binding of Zn?" cyclen opens the nucleotide-binding
cleft and simultaneously decreases the effector affinity as the
isothermal titration calorimetry of the complex with RafRBD
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shows. Thus Zn*' cyclen can serve as a lead compound for a
novel approach for inhibiting the Ras—effector interaction.

Experimental Section

Details of the protein purification, the NMR spectroscopy, the X-ray
crystallography, the evaluation of the chemical shift changes and the
paramagnetic relaxation enhancement induced by ligand binding, the
NMR structure calculation, and the calorimetry are given as
Supporting Information.
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