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Abstract

Application of a modified ePHOGSY and other novel NMR experiments to#+EIMSO solution of the protein
FKBP12 identified the presence of one molecule of DMSO bound in the substrate binding site. It occupies the
same spatial region occupied by the pipecolidine moiety of the immunosuppressive drugs FK506 and Rapamycin
complexed to the protein. The binding constat #r this DMSO molecule was only 275 mM. A substructure
search of small molecules similar to DMSO resulted in the identification of molecules with improved binding
affinity. This work represents a clear example of the powerful interplay of molecular modelling and NMR.

Introduction and Otting, 1997; Otting, 1997; Ponstingl and Ot-
ting, 1997; Dalvit, 1998). A limiting factor which has
Structural studies of the interactions of organic sol- delayed the application of NMR in this type of inves-
vents and small molecules with a target protein are tigation was the presence of intense multiple solvent
of crucial importance in the so-called rational-based signals in thé¢H NMR spectrum of proteins dissolved
drug design (Allen et al., 1996; Shuker et al., 1996). in solvent mixtures. The dipolar intermolecular in-
The organic solvents contain functional groups which teractions are usually very weak and they are easily
are present in more complex molecules. Neutron and masked by the residual solvent signals if the suppres-
X-ray diffraction studies have shown that organic sion of these resonances is not optimal. Owing to
solvents can bind in the substrate binding sites, in- the recent developments of efficient multiple solvent
hibiting the catalytic activity of an enzyme, and in suppression techniques (Ponstingl and Otting, 1997;
other pockets which are not occupied by the substrates.Dalvit, 1998; Dalvit et al., 1999), it is now possible
The knowledge of the intermolecular interactions in to detect and quantify these weak interactions without
these secondary pockets is important in the design of the interference of solvent signals.
inhibitors with greater specificity for the target pro- We report the use of these NMR techniques and
tein. Several physical-chemical techniques have beenother novel NMR experiments in the identification of
used for deriving the thermodynamical and structural interactions of DMSO and other similar molecules
properties of the interaction of organic solvents with with the protein FKBP12 (FK506 binding protein).
proteins (Douzou and Petsko, 1984; Lehmann et al., The choice of this solvent was dictated simply by
1985; Lehmann and Stansfield, 1989; Mattos and experimental observations. At the maximum DMSO
Ringe, 1996). Recently NMR has emerged as a power- concentration used in our studies (1.54 M), only one
ful technique for studying these interactions (Liepinsh binding site for DMSO was found. DMSO binds in
the active site of the protein and occupies the spa-
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Figure 1. One-dimensional spectra recorded for a 0.3 mM solution of FKBP12 (50 mM phosphate buffer, pH 6;6) astd function of the
DMSO concentration. The spectra were acquired with the modified excitation sculpting sequence for multiple solvent suppreés"‘"@n. The
satellite signals of DMSO were suppressed Wit decoupling applied during the two séftl 180° shifted laminar pulses (SLP) (Boyd and

Soffe, 1989; Patt, 1992). A total of 32 scans with a repetition time of 2.8 s were acquired for each spectrum. The length of the two doubly

selective soft rectangular 18@ulses and of the four sine-shaped PFGs was 3 and 0.6 ms, respectively. The gradient recovery timg.sas 200
The concentration of DMSO is given and the assignments for some resonances are labelled.

Materials and methods

NMR experiments
All NMR experiments were recorded with a 600 MHz
spectrometer comprising a Bruker actively shielded

these studies. Distance constraints were classified ac-
cording to the intensities of the intermolecular NOEs
in three classes: strong8 A), medium 4 A) and
weak (<5 A).

magnet and an Avance Bruker console. The gra- Structure calculations

dients were generated with an ACCUSTAR unit

Structural calculations were performed using a three-

connected to a 5 mm triple-resonance inverse probe stage procedure with the program X-PLOR (Bringer,

equipped with actively shielded x,y,z-gradient coils.
All spectra were acquired at=F 296 K.

The protein solutions were in 50 mM phos-
phate buffer, pH 6.6, and the protein concentra-
tion ranged between 0.3 and 0.5 mM. DMSQ) (
was purchased from Pierce, methyl (methyl sulfinyl)
acetate ) was purchased from Aldrich and the
compounds 5methyl-2-methylsulfinyl acetophenone
(3) and 3-methyl-3-(2-methyl-1,3-dioxolan-2-YL)-1-
methylsulfinyl-2-butanone4j were purchased from
Salor.

Reported proton resonance assignments for un-

1992). Topology and parameter files for X-PLOR cal-
culations were generated with the graphical program
WITNOTP (A. Widmer, unpublished). Initially, lig-
and coordinates were randomized inxa3<5 A cube
around an arbitrary point in the binding site of the
X-ray structure of the FKBP12/Rapamycin complex
(Van Duyne et al., 1991). The PDB code is 1fkb (Bern-
stein et al., 1977). The Rapamycin molecule was re-
moved before calculations. These random coordinates
were then converted into a stereochemically reason-
able ligand structure using molecular dynamics (1.1 ps
at 300 K). In the second stage the FKBP12/ligand

complexed FKBP12 (Rosen et al., 1991) were used in complex was refined by restrained simulated anneal-



ing (7.5 ps at 900 K, followed by linear cooling to
100 K during 37.5 ps, Tripos force field (Clark et al.,
1989) and intermolecular distance constraints derived
from the NMR experiments). Finally, the resulting
structures were energy minimized by 700 steps of con-
jugate gradient refinement. Protein coordinates were
kept fixed throughout the whole procedure. The final
results are independent of the choice of the arbitrary
ligand position in stage one. This was confirmed for
molecule B8) by a series of structure calculations start-
ing from three different points within 15-20 A of the
center of mass of the ligand in 1fkb.

Selection of sulfoxides

In order to select commercially available sulfoxides
with a potential to bind to FKBP12, we proceeded
as follows. The CS£0)C substructure was used for

a substructure search in the Available Chemicals Di-
rectory (ACD library) with Isisbase (ISIS client/server

software system and ACD Finder, version 2.0.1, with
250282 entries, in database ACD-3D 98.1, MDL In-
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Figure 2. Chemical shift change for one of the’B3 resonances

of Val®® as a function of DMSO concentration. The spectra were
recorded as described in Figure 1. The curve represents the best fit
obtained using Equation 1. Theykextracted from this fitis 275 mM

and the chemical shift changed) upon formation of a 1:1 complex

is 0.35 ppm.

Results and discussion

formation Systems, Inc.). Three-dimensional models

of all resulting 70 sulfoxides with a molecular weight DMSO

(MW) less than 300 were generated with Concord DMSO is often used as the solvent of choice for
version 4.0.2 (Pearlman, 1998). Each model was su- preparing solutions of molecules to be tested in biolog-
perimposed with respect toits S and O atoms of the SO ical assays. During our work aimed at the identifica-
group on the SO group of the above NMR structure of tion of molecules binding to the protein FKBP12 using
DMSO bound to FKBP12. For each structure, these NMR we have noticed that the addition of DMSO to
starting geometries were used for several indepen-the protein solution resulted in characteristic chem-
dent runs of high-temperature dynamics with X-PLOR ical shift changes for some proton resonances (see
(Brunger, 1992) while the SO group was restrained Figure 1). This represented an experimental proof
in its initial position and the atoms of FKBP12 were that DMSO was binding to the protein. Evidence for
fixed. Subsequent simulated annealing and final min- DMSO binding to the protein was also reported by oth-
imisation of each structure were carried out with only ers (Burkhard, 1995). Prompted by these findings we
the FKBP12 atoms fixed. All energy calculations in- decided to carry out detailed work in order to charac-
volved TAFF parameters (Clark et al., 1989) including terize the interactions between the organic solvent and
electrostatic interactions with MPEOE charges (Mo- the protein and identify the binding site. DMSO is a
many and Rone, 1992; A. Widmer, unpublished). The good hydrogen-bond acceptor and has one side which
resulting structures were ranked with respect to the can attach to accessible hydrophobic parts of the pro-
computed interaction energy between FKBP12 and the tein. The exchange of the protein between its free
ligand. The interaction energies ranged frer4 to and complexed state with DMSO is fast on the NMR
—14 kcal/mol. Sulfoxide®, 3 and 4 with respec- time scale, as evident in Figure 1. The chemical shift
tive interaction energies 6£20.8, —24.7 and—26.7 change for one of the®13 methyl group resonances
kcal/mol (all in R-configuration) were selected by in- of Val-55 as a function of the DMSO concentration is
spection of the intermolecular interactions of the mod- shown in Figure 2.

elled complexes and by inspection of the structural Analysis of the data in Figure 2 permits, assuming
variation of the candidate ligands. Another criterion a simple ligand binding mechanism, the calculation of
used in the selection was the immediate availability of the dissociation constanig<according to the equation
the compounds. (Dwek, 1973):

AdulPlo

[Llo= A5

1)

D
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Figure 3. One-dimensional ePHOGSY spectra with multiple solvent suppression recorded for the FKBP12/DMSO complex. The protein and
DMSO concentrations were 0.3 mM and 1.54 M (9.24 M in protons), respectively. The selective excitation achieved with a 50 m$ long 180
Gaussian pulse was set at the DMSO frequency. The doubly selective rectangdlgul® for HO and DMSO suppression were 3 ms

long. A total of 8192 scans were recorded with a repetition time of 2.8 s. The length of the mixing time was 301 ms (300 ms with a 0.12 G/cm
rectangular gradient 1 ms of gradient recovery time). The length of the first two PFGs and of the last four PFGs was 3 and 0.6 ms, respectively.
The gradient recovery time for the first two PFGs was 5 ms (a,c) and 25 ms (b). The gradient recovery time for the last four PFGsswvas 200
The strength of the first two sine-shaped z-PFGs was 4.8 G/cm (a,b) or 40.8 G/cm (c). Some intermolecular NOEs are labelled in (a).

T T T
75 7.0 6.5 0.0 ppm

where [Lp and [P} are the total ligand and protein
concentrations, respectively andy, is the chemical

shift difference of the fully bound form with respect
to its position in the unbound form. For DMSO the
calculated g according to Equation 1 was 275 mM

this case all the protein signals have completely de-
cayed at the end of the spin echo due to their short
T2 relaxation. The spectra of Figures 3a and 3b are
identical indicating that all observed NOEs originate
from DMSO. The spectrum in Figure 3c was instead

(see Table 1). The volume changes upon DMSO addi- recorded with strong power for the first two PFGs.
tion were taken into account in calculating the binding The rapid exchange between bulk and bound DMSO
constant. In order to identify the binding site we have results in a large diffusion coefficiem for DMSO.
used the recently developed ePHOGSY experiment Therefore, in the presence of strong gradients, sig-
(Dalvitand Hommel, 1995) with multiple solvent sup- nificant loss of DMSO signal intensity results at the
pression (Dalvit, 1998). The selective excitation was end of the spin-echo period. In contrast, the intensi-
set at the DMSO frequency and the signals efoH ties of the protein resonances are not affected by the
DMSO and its'3C satellite signals were suppressed gradient strength used in Figure 3c, owing to the small
before acquisition. The resulting spectra (see Figure 3) diffusion coefficient of the protein. The complete ab-
contain only the observed NOEs between DMSO and sence of signals in Figure 3c is again an experimental
some specific proton resonances of the protein. The proof that all the NOEs observed in Figure 3a stem
protein concentration in these experiments was only from DMSO. Despite the low K several intermole-
0.3 mM. Two different control experiments, depicted cular NOEs are observed, indicating that molecules
in Figures 3b and 3c, were recorded in order to exclude with very low binding affinity can be studied and the
the possibility that some of the observed NOEs in Fig- binding interface characterized.

ure 3a originated from protein signals resonating atthe =~ Two-dimensional NOESY and TOCSY with mul-
DMSO proton frequency. The spectrum of Figure 3b tiple solvent suppression (Dalvit, 1998; Dalvit et al.,
was recorded with a long gradient recovery time for 1999) and 2D Magic Angle Gradient (MAG) DQ ex-
the first two PFGs of the ePHOGSY experiment. In periments (Dalvit and Bohlen, 1996) were performed
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Figure 4. The 3D backbone structure of FKBP12 in complex with the DMSO molecule. The CPK representation for DMSO is displayed. Two
possible structures for DMSO are found which are compatible with the experimentally observed NOEs.
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Figure 5. Superposition of the 3D NMR structure of bound DMSO (green) with the X-ray structure of Rapamycin (magenta) complexed with
FKBP12. All residues of the protein contained in a radius of 5 A around the ligand are displayed.
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for the assignment procedure of the protein resonances

observed in Figure 3. The intermolecular NOEs in
Figure 3 were then used as distance constraints in
X-PLOR for the identification of the DMSO binding
site. A limitation of the DMSO molecule is repre-
sented by the chemical equivalence of the two methyl
groups. No splitting of the DMSO signal is observed
in the NMR spectrum and therefore one is unable
to distinguish between the different NOEs originat-
ing from each DMSO methyl group. Nevertheless, the
significant number of distance constraints (14) allows
the identification of the binding site. Two possible
structures for bound DMSO were found which are
compatible with the observed NOEs as shown in Fig-
ure 4. The most important difference between the two
structures is the location of the oxygen. Note that the
two methyl groups, although exchanged, occupy the
same spatial location. In the structure on the left the
oxygen atom of DMSO is close to the N of tf(dis-
tance 3.5 A) and could form a weak hydrogen bond.
In the structure on the right the distance between the
two atoms is 7.9 A. Recent X-ray studies of the com-
plex suggest the presence of a hydrogen bond betweer
the NH of 11e°® and the sulfoxide (Burkhard, 1995).
At the maximum ligand concentration used in these
studies (1.54 M) only one molecule of DMSO bound
to FKBP12 could be identified. Neutron diffraction
studies of the complex lysozyme/DMSO (Lehmann
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Figure 6. Pulse sequences for the 20 Tilter NOESY (a), 3D

T, filter NOESY-NOESY (b) and 3D 7 filter NOESY-TOCSY

(c) experiments with multiple solvent suppression. The narrow and
broad bars represent hard®98nd 180 pulses, respectively. The

G1 G2

and Stansfield, 1989) have revealed the presence oftwo selective 180pulses of the excitation sculpting scheme are fre-

six molecules of DMSO bound to the protein. How-
ever, four of these molecules are located at the contact
regions between two or more lysozyme molecules
and are not detected in NMR experiments in solution
(Liepinsh and Otting, 1997).

Figure 5 shows the bound structure of DMSO
derived from NMR superimposed to the X-ray struc-
ture of the immunosuppressive drug Rapamycin com-
plexed with FKBP12 (Van Duyne et al., 1991). Several
intermolecular contacts between FKBP12/Rapamycin
are also observed in the FKBP12/DMSO complex.
In particular, the small DMSO molecule mimics the
pipecolidine ring of the drug. Recently the combined
use of docking programs and NMR studies has led to
the discovery that also steroids can bind in this protein
cleft (Burkhard et al., 1999).

DMSO derivatives

Based on these findings, small molecules similar to
DMSO were searched. One of the two methyl groups
of DMSO was substituted with different moieties as
described above. The molecules analyzed with NMR

quency shifted laminar pulses with excitation at the different solvent
chemical shifts. These pulses are either soft rectangular pulses or
strongly truncated Gaussian pulses in order to allow good selectivity
(Dalvit et al., 1999). Suppression of the solv&?€ satellite signals

is achieved witht3C decoupling applied during the SLP pulses. The
phases in (a) arepy = X, —X; ¢2 = 2(X), 2(=Y), 2(=X), 2(y); ¢3

= 2(=x), 2(y), 2(x), 2€Y); ¢4 = 8(x), 8(=Y), 8(—X), 8(y); ¢5 =
8(—x), 8(y), 8(x), 8€-y); anddrec = 2[2(X, —X, —X, X), 2(=X, X, X,

—x)]. The phases in (b,c) aréy = X, —X; ¢2 = 2(x), 2(=Y), 2(—X),

2(y); 03 = 2(—x), 2(y), 2(x), 2¢y); and drec = (X, =X, —X, X).

All other pulses have phase x unless otherwise indicated. The delay
3 is equal to the length of the gradient plus the gradient recovery
time. The delayt is sufficiently long to destroy the rapicb Telaxing
signals of the protein and it should be properly tuned in the presence
of scalar coupled multiplet resonances as described in the text. The
delaytm is the mixing time needed for intermolecular magnetiza-
tion transfer whereas the delayy in (b) is used for relaying this
magnetization to other protons of the protein. In (c) this relay is
performed via a TOCSY step. The gradient G1 is a weak gradient
applied for a finite length to suppress solvent radiation damping
during the periodt. G2, G6 and G7 (c) are shoctusherswhich
destroy all the transverse magnetization. The gradients G3 and G6
(b) are weak gradients applied for the entire length of the mixing
times. Radiation damping is suppressed during the evolution periods
t1 and p with weak bipolar gradients (Sklan 1995). Quadrature
detection in 1 (a—c) and in4 (b,c) is achieved with TPPI (Drobny

et al., 1979; Marion and Withrich, 1983).
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Table 1. Chemical structures, theoretical interaction energies and experimagtarkhe analysed compounds

Sulfoxide MF MW E(inter) Kp
[keal/mol] [mM]
0
Q 1 C2H60S 78 -14.5 275 +/- 10
N
(o] [o]
g\/u\ 2 C4HB03S 136 -20.8 93 +/- 12
e o~
(o]
(o]
g 3 C10H12028 196 -24.7 10+/-3
~
o] 0 [¢]
g 4 C10H18048 234 -26.7 5+/-1
7~ o]
m
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Figure 7. Spectral regions containing the intermolecular NOEs between molgeuid the protein FKBP12. The spectrum was recorded with

the pulse sequence of Figure 6a for a 0.5 mM solution of FKBP12 (50 mM phosphate buffer, pH 6,€) in the presence of 330 mM &f

The ligand was dissolved in GJOD before adding it to the protein solution. A total of 128 scans with a repetition time of 2 s were acquired

for each of the 200;tincrements. The delaywas 115 ms long, which corresponds exactly ﬁ)];.u The length of the two 0.4 G/cm gradients

G1 was 30 ms. The mixing time was 102.5 ms long (100 ms with a 0.2 G/cm rectangular gradient plus 2.5 ms gradient recovery time). The
length of the two triple-selective 18Goft SLP and of the gradients G4 and G5 was 2.4 and 0.6 ms, respectively. The gradient recovery time
for G4 and G5 was 20Q.s. The 1D reference spectrum recorded for the complex is shown on the left. The small splitting observed for the
SOCH; resonance is due to the slight difference in the environment for the R- and S-configurations when bound to the protein. The cross peaks
represent intermolecular magnetization which originates from the ligajjdatte is detected at the frequencies of the protons of the protein

(F2). The negative cross peaks have been filled for clarity. Several of the unambiguous intermolecular NOEs are labelled.
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Figure 8. An FoF3 plane extracted from the 3D, Tilter NOESY-TOCSY spectrum recorded with the pulse sequence of Figure 6¢. The complex

is the same as that used for Figure 7. The plane was taken af fregkiency of the CHSO signal. The spectrum on the left contains a small

section of the aromatic region and on the right the upfield section. The one-dimensional spectrum obtained with multiple-solvent suppression
is displayed above the contourplots. A total ob620x 1024 points were detected in the three dimensions and the matrix data were zero-filled

to 256x256x 1024 points prior to Fourier transformation. Sixteen scans with 1.7 s repetition time were acquired for each ainthe t
increments. The length of the TOCSY step was 32 ms. All other parameters are the same as described in Figure 7. The cross peaks in these
spectra are used to obtain unambiguous protein resonance assignments. Two such connectivities are drawn and labelled.
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Figure 9. The 3D NMR structure of moleculg complexed with FKBP12. All residues of the protein contained in a radius of 5 A around the
ligand are displayed.
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are displayed in Table 1. The binding constants were ing the three-dimensional versions of the experiment
determined by NMR. All these molecules bind in the of Figure 6a, as depicted in Figures 6b and 6c.
same protein cleft as DMSO and all with an improved These schemes represent the3DT filter NOESY-
binding constant compared to DMSO (see Table 1). NOESY (b) and NOESY-TOCSY (c) experiments
Molecule3 was chosen for additional NMR work. The  with multiple solvent suppression. The magnetization
spectrum of FKBP12 complexed wilis complicated of the ligand transferred to protons of the protein
by the presence of seven strong signals, i.e. six signalsis then relayed via coherent or incoherent mixing to
of the compound and theJ@® signal. The intermole-  other protons of the proteins. This additional relay
cular NOEs between the weakly binding ligands and is important for the unambiguous assignment of the
the protein can be studied in a simple way with the intermolecular NOEs. A typical /3 plane extracted
scheme of Figure 6a. Affilter for suppression of  from the 3D spectrum recorded with the pulse se-
the protein resonance is applied before the evolution quence of Figure 6¢ is shown in Figure 8. The plane
period of a 2D NOESY experiment. All the signals was taken at the fFfrequency of the CESO reso-
of the ligand and HO are then suppressed before the nance. The observation of the cross peaks#£-F
acquisition period using a modified version of the ex- # F3) permits the resonance assignments. These cross
citation sculpting sequence (Hwang and Shaka, 1995) peaks are usually asymmetric with respect to thiesF
for multiple solvent suppression. Although the scheme cross-diagonal. The experiments of Figure 6 can also
uses a 3 filter (Mori et al., 1996) as used in the exper- be used to study possible intermolecular interactions
iments proposed by Otting and co-workers (Ponstingl between a ligand tightly bound to a protein and a
and Otting, 1997), it differs in the scheme of multi- weakly interacting organic solvent or small molecule.
ple solvent suppression (Dalvit, 1998). All in-phase This is important in the design of ligands with high
magnetization of the singlet resonances present imme-selectivity for the target protein.
diately after the first 90 pulse will exist at the end The NMR structure of molecule8 bound to
of the spin-echo period, apart from some attenuation FKBP12 calculated with the distance constraints de-
due to T relaxation. On the contrary, the magnetiza- rived from the spectra of Figure 7 is shown in Fig-
tion of multiplets will oscillate between in-phase and ure 9. The molecule binds in the same protein cleft
anti-phase magnetization (Ernst et al., 1987). There- as DMSO. Owing to the larger size 8fmore inter-
fore it is important to choose a delayfor the spin molecular contacts are observed compared to DMSO.
echo to maximize the content of in-phase magnetiza- For example, the intermolecular contact with His
tion at the end of the Jfilter. Molecule3 contains observed in Figure 7 is absent in the FKBP12/DMSO
four singlets (3 CH and 1 CH) and two doublets complex. The additional intermolecular contacts are
(C3-H and C4-H) with a coupling constant of 8.7 Hz. probably the reason for the27 times improvement
The choice of a spin-echo period of 115 ms results in in the binding constant of this compound compared to
complete in-phase magnetization for the two doublets DMSO. The only proton o8 which does not show
at the beginning of the evolution period. The sign of any intermolecular NOEs with the protein is C6-H.
this magnetization will be opposite to the sign of the This proton points toward the solvent in the 3D de-
magnetization of the singlets. When the chemical shift rived structure and makes no contact with the protein.
separation between the ligand resonances is large, theTherefore a possible way for improvement of the bind-
2D experiment of Figure 6a can be recorded with only ing affinity of 3 is the replacement of this proton with
avery limited number ofitincrements. Figure 7 shows  a polar group.
the 2D spectrum recorded with the pulse sequence
of Figure 6a for FKBP12 in the presence of 0.33 M
of 3. Different NOEs are observed from the different Conclusions
protons of the ligand. Note also that the cross peaks
originating from the two ligand doublets have opposite In conclusion, it has been shown that the novel
sign with respect to the other cross peaks, as explainedNMR experiments represent a powerful tool for study-
above. ing the weak interactions between organic solvents
The severe resonance overlap in thé NMR and proteins in solution. Their application to an
spectrum of the protein does not allow complete un- H,O/DMSO solution of FKBP12 reveals the pres-
ambiguous assignments of the NOE cross peaks inence of one DMSO molecule bound in the substrate
Figure 7. The ambiguity can be removed by record- binding site. This molecule occupies the same spa-
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tial region occupied by the pipecolidine moiety of

Dalvit, C. and Béhlen, J.-M. (1996) Magn. ResonB111, 76-80.

the immunosuppressive drugs FK506 and Rapamycin Dalvit, C. (1998)J. Biomol. NMR11, 437-444.

complexed to FKBP12. Simple modifications of the
DMSO molecule resulted in ligands with improved
binding affinity.
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