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Abstract: About 30% of the proteins in mammalian systems are membrane bound or integrated (e.g.,
GPCRs). It is inherently difficult to investigate receptor—ligand interactions on a molecular level in their
natural membrane environment. Here, we present a new method based on saturation transfer difference
(STD) NMR to characterize at an atomic level binding interactions of cell surface proteins in living cells.
Implemented as a double difference technique, STD NMR allows the direct observation of binding events
and the definition of the binding epitopes of ligands. The binding of the pentapeptide cyclo(RGDfV) to the
surface glycoprotein integrin ayipfs of intact human blood platelets can be detected by saturation transfer
double difference (STDD) NMR in less than an hour. A 5-fold higher STD response reflects a significantly
higher affinity of integrin auipf3 in native platelets than in liposomes, which demonstrates the importance of
studying membrane proteins in their natural environment. Also, the binding mode of cyclo(RGDfV) in the
arginine glycine region is slightly different when interacting with native integrin in platelets compared to
integrin reintegrated into liposomes.

Introduction NOE pumping®® and competitive binding spectroscopy.
However, these methods do not allow the observation of the

Many interesting targets in drug design are membrane-bound .~" ) S )
y g'arg g g binding of ligands to membrane-bound proteins in their natural

proteins, an important subclass of which are the G-protein . . . .
coupled receptors (GPCRSYhese proteins are often difficult enl\/l.ronment. Saturation trans.fe.r difference (STD) NMR is an
to deal with. They lose their structure and hence their func- eff|0|ent method to study proteirligand regognltlon even.ts (cf.

tionality when removed from their natural membrane environ- Figure 1):* STD NMR does not require any labeling or

ment. Methods, such as total internal reflection fluorescence Immobilization of either the ligand or the receptor and runs
microscopy (TIRFM3 and surface plasmon resonance (SPR), under close to physiological conditions. We could demonstrate
have been used for binding studies. However, none of themthat STD NMR is suitable for the analysis of membrane-bound

gives insight into the binding epitope of the ligand at an atomic Proteins when reintegrated into liposome membrafes.

level. X-ray structures could theoretically provide this informa- Integrin oypf3 is the most abundant surface glycoprotein on
tion. However, membrane-spanning proteins have been difficult platelets and consists of two noncovalently linkedand
to crystallize in an active form. subunits. It recognizes proteins and peptides presenting the

Many NMR methods have been developed to screen and topeptide motif RGD:31 Platelets are cells without a nucleus
characterize binding processes at a molecular level, for ex-but with an active energy metabolism. In the activated state,
amples, transferred nuclear Overhauser enhancement (trNOE}he integrin binds to fibrinogen and then mediates thrombus
spectroscop? structure activity relationship (SAR) by NMR, formation by platelet aggregation. Here, we characterize the
FProcont addrece: Boshrimaer naelheim Pharmma Gmbh & GO KG interaction between intact human platelets and the inhibitor
Birkendorfer Strasse'65, 8840(? Bibe?ach, Germany. ’ cyclo(RQDN) by a n_eW STD NMR methOd_' CyCI_O(RG_DfV)
(1) Wise, A.; Gearing, K.; Rees, Brug Discaery Today2002 7, 235-246. was designed as a highly potent ligand for integrigfs with

(2) Pfaff, M.; Tangemann, K.; Mier, B.; Gurrath, M.; Miler, G.; Kessler,
H.; Timpl, R.; Engel, JJ. Biol. Chem.1994 269, 20233-20238.

(3) Cooper, M. A.; Hansson, A.; Lofas, S.; Williams, D. Anal. Biochem. (8) Chen, A.; Shapiro, M. . Am. Chem. So200Q 122 414-415.
200Q 277, 196-205. (9) Chen, A.; Shapiro, M. JI. Am. Chem. S0d.998 120, 10258-10259.
(4) Meyer, B.; Weimar, T.; Peters, Eur. J. Biochem1997, 246, 705-709. (10) Siriwardena, A. H.; Tian, F.; Noble, S.; Prestegard, JARgew. Chem.
(5) Mayer, M.; Meyer, BJ. Med. Chem200Q 43, 2093-2099. Int. Ed. 2002 41, 3454-3457.
(6) Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, SS¢¥encel996 (11) Mayer, M.; Meyer, BAngew. Chem.nt. Ed. 1999 38, 1784-1788.
274, 1531-1541. (12) Meinecke, R.; Meyer, B]. Med. Chem2001, 44, 3059-3065.
(7) Hajduk, P. J.; Gerfin, T.; Boehlen, J. M.; Haberli, M.; Marek, D.; Fesik, S.  (13) Hynes, R. OCeII 1987, 48, 549-554.
W. J. Med. Chem1999 42, 2315-2317. (14) Ruoslahtl E.; Pierschbacher, M. Bciencel987 238 491-497.
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aminoethyl)benzolsulfonylfluoride hydrochloride (AEBSF). All prepa-
rations were done at room temperature.

First, 16 mL of CPD plasma~14 x 10° platelets) was pipetted
into a 50 mL Falcon tube and centrifuged for 30 min at 1§00The
supernatant was discarded and the remaining pellet cautiously resus-
pended in 2 mL of TBS buffer containing an additional 1 mM disodium
ethylendiaminetetraacetate (TBS-EDTA buffer). The suspension was
centrifuged at 160@ for 15 min. The supernatant was discarded, and
the pellet was resuspended in 2 mL of TBS-EDTA buffer. These steps
were repeated six times. The following four steps were carried out
analogously. However, for the first time, TBS buffer without additives
was used for resuspension, and for the remaining three times, TBS
buffer containing also 1 mM Cag(TBS—CacCl buffer) was utilized.
Figure 1. Schematic view of the NMR analysis performed here to identify ~ After the last centrifugation, pellets of about 500 volume were
ligand binding to membrane proteins. On the left side, platelets are shown gptained and resuspended in 50B0uL of TBS—CaCh buffer. The

in an electron micrograph image. The schematic expansion to the right shows : o

the membrane-anchored integrin with bound and free ligands. In STD NMR suspension was Sp."t "?to two NMR tubes, and 150 nmol cyclo(RGDfV)
experiments, information of the bound ligand is transferred from the protein (3 mM stock solution in TBS buffer) was added to one sample.

into solution by dissociation of the ligand from the bound state. The basis  Acquisition of NMR Spectra. All NMR spectra were recorded at
for STD NMR is a selective saturation of the protein that is spread all over a temperature of 283 K with a spectral width of 10 ppm on Bruker

the protein by intramolecular spin diffusion. That saturation is also aAyance DRX 500 MHz and Avance DRX 700 MHz spectrometers
transferred to the bound ligand by spin diffusion. Saturation of the ligand - . ; e '
is carried into solution, where it is detected. When subtracting the saturated ga(l:h t.equriEd tV\m a fSthmm |ntv§rse trlplehresogelljnce tprgbeffgad.
spectrum from one without protein saturation, a difference spectrum is > €CUVE Saturation of ine protein was achieved by a train of Gauss-
obtained showing signals only of ligands. Additionally, the ligand's binding Shaped pulses of 50 ms length each, truncated at 1%, and separated by
epitope can be determined from the STD spectra because the intensity ofa 1 ms delay. A number of 40 selective pulses was applied, leading to
the STD signal is correlated to the proximity of the individual proton of a total length of the saturation train of 2.04 s. The on-resonance
the ligand to the proteiff irradiation of the protein was performed at a chemical shift-af1

. . . L ppm. Off-resonance irradiation was set at 114 ppm, where no protein
nanomolar binding affinity but also shows micromolar binding  gjgnals are present. The spectra were subtracted internally via phase

with integrin ayip33.>*° cycling after every scan using different memory buffers for on- and
STD NMR requires only small amounts (in the picomol off-resonance. Total scan number in the STD experiments was 2K.
range) of receptor proteins. A large excess of ligand amplifies NMR spectra were multiplied by an exponential line-broadening
the information from the binding process to create a sufficiently function of 0.5 Hz prior to Fourier transformation. Spectra processing
strong NMR signal of the ligantf. The expression level of  was performed on Silicon Graphics Octane workstations using Xwinnmr
integrinoyBs on platelets results normally i 40 000 integrin 3.1 _softwarg (Bruker). For the spectra, which were r_ecorded with a
molecules per plateléf. This and the low cytoplasmic volume ~ Tz-filter, spin lock pulses of 30 and 80 ms were applied.
of the platelets result in"'350 pmol receptor in the NMR sample.
NMR analysis of complex cellular systems is complicated by a
huge number of signals originating from large and small  The pentapeptide cyclo(RGDfV) was developed by Kessler
compounds present. STD NMR analysis of such a system showset al. and binds to integrioyp3s with a binding constant dfp
signals originating from many different binding events. Also, = 5 uM?2. Preparation of the platelet suspension yielded two
residual signals of large molecules will be picked up. Only NMR samples containing the same composition of platelets in
resonances of nonbinding small molecules are eliminated by D-O—TBS buffer, that is, approximately % 10° platelets
subtraction. An epitope mapping of the binding ligand is very equivalent to 1086600 pmol integriroyf3, assuming that-15
difficult because of numerous overlapping NMR signals. To x 10* molecules integriff are present on each cell. To one
characterize the binding event of interest, it is necessary to sample was added cyclo(RGDfV) (sample A), while the other
remove all or most unwanted signals. one served as a reference (sample B) (Figure 2). Saturation is
transferred from integriny ;A3 to cyclo(RGDfV) by irradiating
the protein at-1.1 ppm for 2.04 s. This had a negligible effect
Preparation of Cell SuspensionHuman platelet concentrates were  (<1%) on ligand resonances (data not shown).
recgived from the blqod donation service, Hamburg Eilbek (Blutspen-  The results of the STD NMR experiments are presented in
fom e blood donalions 2.5 10 plateles) suspended ncirate /U1 3: Figure 3A shows the STD specirum of the platele
phosphate dextrose (CPD) blasma (to 0.8 mL of human plasma was suspension containing 150 r?mol gyclo(RGDfV) equivalent to
a 250-1500-fold excess over integrin. Except for the resonances

added 0.2 mL of CPD stabilizer solution). The remaining numbers of . .
erythrocytes and leukocytes were specified<ds x 10° and <1 x of Val Hy/y" and Phe H.¢,, the other signals of cyclo(RGDfV)

Integrin o

Results and Discussion

Materials and Methods

i are overlaid with the broad signals originating from the platelets
10, respectively.
For all preparation steps, a deuterated TRIS-buffered saline (TBS and therefore cannot be assigned unambiguously.

buffer) was used that is prepared in deuterium oxideQ(D99.9%) Although the STD spectrum allows an observation of the
and contains 10 mM perdeuterotris(hydroxymethyl)aminomethane specific binding of cyclo(RGDfV) to integrimyp3s, epitope
(TRIS), 150 mM NaCl, 4 mM Nah, 3 mM KCl, and 1 mM 4-(2- mapping and identification of all signals is limited. The
(15) Marinelli, L.; Lavecchia, A.; Gottschalk, K. E.; Novellino, E.; Kessler, H. appllcatlon of a ,-[f’_f”ter is an established NMR method to .

J. Med. Chem2003 46, 4393-4404. suppress NMR signals of large molecules. But even such a spin
16) Meyer, B.; Peters, TAngew. Chem.Int. Ed. 2003 42, 864—890. : ; fni ; fn ;
2173 Waéner, C.L; Mascellgi], M. A.; Neblock, D. S.; Weisman, H. F.; Coller, |QCk f_leld did not eliminate Slgnals _O_rlgmatlng from the

B. S.; Jordan, R. EBlood 1996 88, 907—914. biological components of platelets sufficiently (cf. Figure 3B).

J. AM. CHEM. SOC. = VOL. 127, NO. 3, 2005 917



ARTICLES Claasen et al.

1 Spectrum A:STD spectrum of cells + ligand(s) m}

i | ] WMWM ,

iit [] Spectrum B: 5TD spectrum of cells only A
sp

AN NN T N T |

sample B:
cells only

A\
\

\ [}

(‘ A
A

STDD spectrum = Spectrum A - Spectrum B

D AMW\.L
e —

Figure 2. Schematic overview of the new Saturation Transfer Double M | “
Difference (STDD) NMR method to detect binding of ligands (denoted by E L ll

purple dots) to membrane-bound proteins in living cells (denoted by red : . . : : : . : )
dots). A cell suspension is split up into two NMR tubes. To one tube (sample 8 7 6 5 4 3 2 1 ppm
A) are added ligands. Sample B contains only the cell suspension. Top:

STD NMR spectrum of ligand and cells containing the transmembrane o

receptor. As a result, one obtains a spectrum with the STD signals from

the added ligand and the other binding processes in the cell. Middle: STD

NMR spectrum of cells containing the transmembrane receptor. The STD

NMR spectrum contains all signals from binding processes within the cell. F

No ligand receptor interactions can occur. By subtracting the cell STD =

spectrum (middle) from the cell/ligand STD spectrum (top), it is possible

to obtain the STDD spectrum (bottom) in less than 1 h, revealing only

signals from the ligand receptor interactions. G

. . . P 415 410 3:5 3.IO 2i5 2.'0 1.I5 ppm
Therefore, a new type of filter is required to eliminate the i ]
Figure 3. Filter effect of the STDD technique. The crowdétiSTD NMR

baCkgro_und S|gnal_s of the platelets. Hence, we developed thespectrum of a platelet suspension with cyclo(RGDfV) at 500 MHz is shown
STDD-filter, for which the STD reference spectrum of sample in A, only the signals marked by triangles can be quantified without
B has to be subtracted from the STD spectrum of sample A. problems ¥ Phe H.¢,5; v Val Hy,y"). Residual signals of other proteins
This subtraction results in a double difference spectrum (cf. and binding events overlay the spectrum of the ligand of interest. The
tra C and D of Fi 3) that sh | fth unsatisfying suppression of the platelet’s signals is shown in spectrum B
.Spel‘cll’a an. 0 |gure. ) that shows only reso“?‘”c?s OTtN€,ecorded at 500 MHz using ayFfilter of 30 ms. (C) Saturation Transfer
inhibitor peptide. Comparison of spectra C and D in Figure 3 Double Difference (STDD) spectrum at 700 MHz showing clearly the filter
with the spectrum of cyclo(RGDfV) (Figure 3E) clearly reveals effect of the double difference method when compared to the reference
; ; ; PR spectrum of the ligand shown in B>(platelet signals). (D) Saturation
that disturbing signals on_gmatmg from the plgtelets are almO.St Transfer Double Difference (STDD) spectrum at 500 MHz showing the
perfectly canceled out. This becomes more evident when 100king same effect as for C. (B NMR reference spectrum of cyclo(RGDIV) at
at the spectral region between 1.1 and 4.6 ppm (cf. spectra F500 MHz. F and G show expansions of spectra D and E, respectively, to
and G of Figure 3). In this region, the peptide resonances WerelOf(;]\_/e ﬂ::lebOUts\t/e\}R(}l'iggR g';eTfliEng PiffECt of STDD(- }5/\)/ater Suapression Wa?:
. achieved by a pulse sequence (w5) except for spectrum
tOta”y_Covered by the platelet envelope in the STD SpeCtﬂ_jm where a WATERGATE 3-9-19 sequence was applied. All spectra were
3A. Itis unclear why the spectrum at 700 MHz (Figure 3C) iS acquired in deuterated TBS buffer at 283 ® TRIS).
somewhat less clean than that at 500 MHz (Figure 3D).

On the basis of the STDD spectra, an assignment of the Native integrinoy /33 in platelets interacting with cyclo(RGDfV)
ligand’s signals as well as an epitope mapping becomes easilyhas STD percent values about 5-fold higher than those of the
possible. Spectra can be obtained in less than an hour. Moreoversolubilized integrin reintegrated into liposome membranes (cf.
use of a spin lock to suppress signals of large molecules in STDFigure 4A). The total concentration of the receptor protein in
spectra results in loss of saturation from the ligand by T1 and the platelet preparation was0.6 uM and in the previous
T2 relaxation processes, which leads to a decreased signal-tofiposome preparatidi5 uM (counting only the receptors facing
noise ratio. For the double difference spectroscopy introduced outward). Even though the receptor density was significantly
here, no spin lock pulses were used. Therefore, the doubleless in the platelet preparation, the intensity of the STD effects
difference spectrum shown in Figure 3D shows a 1.5-fold higher was 5 times larger using the same ligand excess.
signal-to-noise ratio than that shown in Figure 3B. This indicates a significantly higher affinity of cyclo(RGDfV)

The examination of the binding epitope of cyclo(RGDfV) in  to integrin cuipS3 on native platelets. This high activity of the
Figure 4B shows that the individual protons receive a saturation integrin is probably due to the fact that the receptor protein on
corresponding to their proximity to the protein. The results are the platelets is left in its natural environment, whereas the
compared to earlier STD NMR studies carried out in our reintegration protocol requires that the membrane proteins have
research group where the interaction between cyclo(RGDfV) to be isolated, solubilized, and purified before reintegration into
and integrinoyp33 embedded into liposomes was characterized. the liposome membranes. This process is usually accompanied

918 J. AM. CHEM. SOC. = VOL. 127, NO. 3, 2005
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A 60- Oliposomes STD effects. Thus, except for the three protons mentioned, the

Eplatelets binding epitope from liposome reintegrated integrin has ap-

proximately the same binding epitope as the native integrin.

50 This indicates a modified orientation of the arginine side chain
and the glycine residue. This confirms that the STDD method

40 - is well suitable to observe and analyze ligand binding to
membrane-bound proteins in living cells. The strongest STD

effects are observed for Argds and Phe H,¢,C. The protons

30 - within the alkyl side chain of Arg receive decreasing saturation,
indicating a hydrophobic interaction near the peptide backbone.

The integrinoyp33 is the most dominant protein on the surface
of blood platelets, comprising about 53% of all membrane
integrated protein® Thus, contamination of the STDD signals
arising from other proteins is very unlikely. Also, the binding
epitope, as determined from the STDD spectra, is very similar
to that of the liposome integrated integrin, which is also only
found in cases if a similar binding mode is used by the ligand.

Conclusion

The benefit of the new STDD method becomes evident as
B 100 detailed information of membrane-bound receptaand in-
teractions is easily accessible in living cells. Studying biochemi-
cal processes that involve membrane proteins on the cytoplasmic
80 - membrane as well as on subcellular organelles and the nucleus

. has become more feasible using the technique presented here.
60 |
40 | :
20 | ‘k
o[ 1 AN ne
2 a a
TEE T T
o o o o

| . Use of cryo probes will enhance the sensitivity of the method
by about a factor of 3.5. Only about 25 pmol of membrane
' ' protein will be sufficient such that many surface proteins with
- a high expression level can be analyzed. A quantity of 25 pmol
of receptor protein is present in &éells, giving an expression
rate of about 150 000 receptors per cell. Typical for GPCR
expressing cell lines is a receptor density of abotydr cell,
well exceeding the requirements for the amount of receptor
molecules. A quantity of fcells can easily be suspended in
2 22
o o o at an atomic level so far. As a further outlook, the method
<4< i<z a provides a new basis for a detailed insight of a drug’s mode of
Figure 4. (A) The absolute STD percent for four groups is shown. It action in complex biological systems, such as tissue and organs.
becomes clear that the STD effects in platelets (black) are significantly ;
higher than those in liposomes (grey). (B) STD NMR-based epitope mapping ~ Acknowledgment. This work was supported by the DFG
of cyclo(RGDfV) when bound to integrituin3s in human platelets (black)  through SFB470/B2, the VW foundation, and the Graduate
and solubilized integrinoypBs reintegrated into liposomes (grey). The

. X College GRK464. We thank Dr. Schmidt of the blood donation
resonance of Val H could not be analyzed in the liposome spectra. Even . . .
though the absolute intensities of the STD signals (shown in A) are 5-fold S€rvice, Hamburg Eilbek, for providing platelet samples.

higher for the native integrins in platelets than for those in liposomes, their Supporting Information Available: Additional NMR spectra
relative intensities (shown in B) are, except for a few protons, very similar, ’

indicating a comparable binding mode to native integrin. However, the Of Cell suspensiortH NMR spectrum sample AH STD NMR
differences suggest a slightly different binding mode of the cyclopeptide reference spectrum sample B STD NMR spectrum sample
Fo the_ nati_ve integrin_ inte_grated in platelet membranes compared to the po (Tlp-filter 80 ms). Table of chemical shifts of resonances of
integrin reintegrated into liposome membranes. cyclo(RGDfV) and their relative STD % values (PDF). This
by high losses and produces often a significant portion of non- eq?ti/”aﬂblssac?svilrlable free of charge via the Internet at
native proteins. Three protons (Argokd’, Gly Ho) show p-/pubs.acs.org.

distinct deviations in the STD response, which reflects a slightly JA044434w

d|fferen_t binding mode to the native rt_aceptor (cf. Figure 4B)_. (18) Mayer, M. Meyer, BJ. Am. Chem. So@001, 123 6108-6117.
Otherwise, both systems show approximately the same relative(19) Gawaz, M.; Neumann, F. J.; Sehig, A. Circulation 1999 99, 1—-11.

absolute STD [%]

20 4

10

Phe H3
Phe He/C

Val Hy
Val Hy'

relative STD [%]

an NMR tube within the active volume.

The method is also of great importance for pharmaceutical
AR research where many targets are seven helix transmembrane-
spanning proteins (e.g., GPCRs), which could not be investigated

g Ho
Gly Ha
Gly Ho'
Phe H3
Phe He/fC
Val Ho
Val Hy
Val HY
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