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We developed an in-cell NMR assay for screening small molecule interactor libraries (SMILI-NMR) for
compounds capable of disrupting or enhancing specific interactions between two or more components of a
biomolecular complex. The method relies on the formation of a well-defined biocomplex and utilizes in-
cell NMR spectroscopy to identify the molecular surfaces involved in the interaction at atomic scale resolution.
Changes in the interaction surface caused by a small molecule interfering with complex formation are used
as a read-out of the assay. The in-cell nature of the experimental protocol insures that the small molecule
is capable of penetrating the cell membrane and specifically engaging the target molecule(s). Utility of the
method was demonstrated by screening a small dipeptide library against the FKBP-FRB protein complex
involved in cell cycle arrest. The dipeptide identified by SMILI-NMR showed biological activity in a functional
assay in yeast.

Introduction

Biomolecular complexes present attractive targets to control
cellular processes in disease states by using small drug-like
molecules as therapeutic agents. One proven approach to the
drug discovery process entails high throughput screening
(HTS)a of compound libraries. However, finding inhibitors or
enhancers of complex formation proved to be difficult for
HTS.1,2 In vitro biochemical assays used in HTS may fail to
consider physiologically relevant conformations of the com-
plexes, while in vivo assays can be impeded by the difficulty
in distinguishing small molecules that directly affect the
interactions of interest from those that exert their influence
through other cellular components. NMR-based in vitro screen-
ing, utilized in drug discovery programs,3-7 has become a
powerful method for identifying and analyzing low molecular
weight compounds that specifically bind to biomolecular targets.

We developed a robust NMR spectroscopy-based screening
procedure, screening of small molecule interactor library by
using in-cell NMR (SMILI-NMR), to rapidly screen small
molecule libraries for compounds capable of either strengthening
or weakening protein-protein interactions within a biomolecular
complex. SMILI-NMR is uniquely positioned between HTS
techniques capable of screening hundreds to thousands of protein
complexes a day and atomic resolution structural methods for
studying protein-ligand complexes that require significantly
longer periods of time.

SMILI-NMR utilizes recently developed structural interac-
tions by using in-cell NMR (STINT-NMR) technology,8-10 to
produce biomolecular complexes inside the cell in which one
of the constituent proteins is uniformly [U-, 15N] labeled with

NMR-active nuclei. By monitoring the in-cell NMR spectrum
of the labeled protein, we can directly observe the formation of
high-affinity ternary complexes or changes in structure induced
by the binding of a small drug-like molecule that disrupts or
enhances the stability of the complex. In this way, STINT-NMR
serves as a direct assay for protein-drug interactions, facilitating
high throughput screening. SMILI-NMR technology offers
unique advantages for the screening of therapeutic agents against
chosen disease-related protein targets. We can selectively screen
for drug-like molecules that block the interaction surface that
is critical for the normal functioning of the biocomplex. This
greatly reduces the likelihood of compensatory mutations or
suppressor gene products arising that may restore the function
of the drug-compromised biocomplex.

We used a well-studied system of two interacting proteins,
FKBP and FRB, as a model system to demonstrate the efficacy
of SMILI-NMR in the screening of small molecules that can
facilitate heterodimerization. The FKBP-FRB interaction con-
stitutes one of the immunomodulatory systems in mammalian
cells.11 FKBP, fujimycin (FK-506)12 binding protein, is a 12
kDa cytoplasmic protein that functions as a folding chaperone
for proteins containing proline residues. FKBP belongs to the
immunophilin family and has peptidyl-prolyl cis-trans isom-
erase (PPIase) activity, promoting cis-trans isomerization, the
slow step in the process of protein folding.11 FKBP is highly
conserved from yeast through humans and is relatively abundant
in most tissues and cell types.13 In the down-regulation of T-cell
activation, FKBP is notable as an inhibitor of cell cycle
progression and as the initial intracellular target for the natural
product immunosuppressive drugs fujimycin and rapamycin.14

In complex with rapamycin, FKBP binds to FRB, the 100
amino acid FKBP-rapamycin binding domain of the mam-
malian target of rapamycin (mTOR),15,16 inhibiting the ability
of this kinase to mediate mitogenic responses.17 mTOR functions
as a sensor of cellular nutrient and energy levels and redox
status.18 Misregulation of the mTOR pathway is implicated as
a contributing factor to various human diseases, especially
various types of cancer.19 The key factor, rapamycin, is currently
undergoing clinical trials for a variety of cancer treatments.20,21
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Thus, screening of small molecules that function similarly to
rapamycin in vivo becomes a very significant and interesting
undertaking.

In this work we show that: (1) the formation of a biocomplex
is required to generate a high resolution NMR spectrum to study
interacting molecules; (2) small molecule binding alters the
interaction surfaces involved in biocomplex formation; (3) we
can rapidly screen a library of small molecules to select
compounds that alter the interactions between the components
of the biocomplex and observe the change in the structure of
the biocomplex; (4) the functional ramifications of the binding
by the small molecule identified by this selection process can
be measured using a biological functional assay.

Results

1. The Formation of a Biocomplex Was Required to
Obtain an NMR Spectrum of FKBP. To demonstrate the
efficacy of SMILI-NMR, we first set up the in-cell model system
by sequentially overexpressing [U-, 15N]-FKBP and unlabeled
FRB in E. coli using two compatible plasmids, pRSF-FKBP
and pBAD-FRB, and recorded the in-cell 15N-edited hetero-
nuclear single quantum coherence (1H{15N}-HSQC) NMR
spectrum (Supporting Information Figures 1 and 2). When only
[U-, 15N]-FKBP was overexpressed, the in-cell NMR spectrum
showed no well-resolved peaks, implying that the single species
is part of a large complex, e.g., possibly membrane-bound and
therefore invisible to NMR.22-24 When unlabeled FRB was then
sequentially overexpressed in the same cells the 1H{15N}-
HSQC NMR spectrum of FKBP became evident but only at
the highest FRB concentrations, indicating the formation of a
complex (Figure 1A). Similar results were obtained when
[U-,15N]-FRB and unlabeled FKBP were sequentially overex-
pressed in the same cells (Supporting Information Figure 3).
The in-cell NMR spectrum of [U-,15N]-FRB contained a
significant number of broadened peaks suggesting that FRB
interacts nonspecifically with the cell interior.

To rule out the possibility that the NMR spectra of [U-,
15N]-FKBP-FRB and [U-, 15N]-FRB-FKBP were due to
extracellular protein,23,25 after obtaining the in-cell NMR
spectrum, the cells were centrifuged and the supernatant was
examined. No NMR spectra of either [U-, 15N]-FKBP-FRB
or [U-, 15N]-FRB-FKBP was observed above noise level
(Supporting Information Figure 4), implying that there is no
leakage or cell lysis occurring during the time it takes to acquire
the NMR spectrum.

Banaszynski et al.26 indicated that any interaction between
free FKBP and FRB is weak (Kd > 50 µM). However, within
the cell, overexpressed proteins can reach concentrations
exceeding 100 µM, which is sufficiently high to sustain weak
interactions.10,26 In fact, both FKBP and FRB were highly
overexpressed (Supporting Information Figure 2). Furthermore,
macromolecular crowding may play a role in stabilizing weak
interactions inside the cell.23,24 These observations support the
notion that creating a proper protein complex is necessary for
high-resolution studies.

2. Small Molecule Binding Alters the Interaction Surfaces
Involved in Biocomplex Formation. Once the in-cell system was
established, we titrated cells containing sequentially overex-
pressed [U-,15N]-FKBP and unlabeled FRB with the immu-
nosuppressant drug rapamycin to trigger the formation of the
ternary complex FKBP-rapamycin-FRB. Rapamycin is a
macrolide antifungal antibiotic first isolated from Streptomyces
hygroscopicus in 1975.14 Rapamycin binds to FKBP with 200
pM affinity27,28 and to FRB with 26 µM affinity.26 While FKBP

and FRB interact with each other only weakly,26 the FKBP-
rapamycin complex binds to FRB with 12 nM affinity26 to form
a well-characterized high-affinity ternary complex.29 In this
complex, rapamycin acts mostly as a linker: The crystal structure
of FKBP-rapamycin-FRB revealed that there is only a limited
FKBP-FRB interaction surface29 (Figure 2A).

Adding rapamycin to the cell suspension resulted in visible
changes in the 1H{15N}-HSQC spectrum of [U-,15N]-FKBP
(Figure 1B). These changes involved 32 out of the 107 residues
in FKBP. Chemical shift changes obtained from this in-cell
titration experiment were mapped onto the three-dimensional
structure of FKBP (Figure 2A). Adding rapamycin to cells
overexpressing [U-,15N]-FRB and unlabeled FKBP also re-
sulted in changes in the in-cell NMR spectrum (Supporting
Information Figure 4). These results indicated the formation of
a high-affinity ternary complex between FKBP-rapamycin and
FRB.

Ascomycin30 is a macrolide complex with immunosuppres-
sant activity and is an ethyl analogue of the known immune
suppressant fujimycin.30 Ascomycin acts by binding to immu-
nophilins, especially FKBP. The immunophilin-ascomycin
complex, in turn, inhibits calcineurin, a type 2B phosphatase.
Ascomycin acts as a competitive inhibitor of rapamycin, binding
to FKBP with 1.4 nM affinity, but does not bind to FRB.31,32

Furthermore, although ascomycin binding to FKBP is compa-
rable to that of rapamycin, the ascomycin-FKBP complex binds
to FRB with considerably lower affinity.31,32

Adding ascomycin to the cell suspension also resulted in
visible changes to the in-cell NMR spectrum of [U-,15N]-FKBP
(Figure 1C). These changes involved 38 of the 107 residues in
FKBP, 29 of which were similarly perturbed upon rapamycin
binding (Figures 1C, 2B). However, the ascomycin binding
surface on FKBP involved an additional 9 residues, resulting
in an expanded surface area on FKBP relative to that of
rapamycin alone (Figure 2B). STINT-NMR analysis revealed
an FKBP interaction surface characteristic of a high affinity
complex between FKBP and ascomycin.32 Adding ascomycin
to the cells overexpressing [U-,15N]-FRB and unlabeled FKBP
did not result in changes of the in-cell NMR spectrum (not
shown).

Ascomycin was reported to attenuate heterodimerizaton in
the FKBP-FRB system.31 We used ascomycin to compete
rapamycin away from FKBP in cells containing sequentially
overexpressed [U-,15N]-FKBP and unlabeled FRB. We ob-
served the in-cell 1H{15N}-HSQC spectrum of [U-,15N]-FKBP
as ascomycin was titrated into a cell suspension containing 100
µM rapamycin. As the concentration of ascomycin increased,
rapamycin was partially competed out as evidenced by the
gradual appearance of FKBP-ascomycin peaks and the disap-
pearance of the FKBP-rapamycin peaks. When the concentra-
tion of ascomycin reached 200 µM, the competition experiments
resulted in the complete recovery of an FKBP-ascomycin
spectrum (not shown).

Adding rapamycin to cells overexpressing labeled FKBP in
the absence of FRB or labeled FRB in the absence of FKBP
did not produce an NMR spectrum. In each case, coexpression
of the second protein was required to generate an in-cell NMR
spectrum. Thus, the binding of rapamycin or ascomycin to
FKBP resulted in specific, high affinity biocomplexes with
characteristic NMR spectra. STINT-NMR analysis of the
binding revealed the biologically relevant, functional interaction
surface on FKBP. In this way, STINT-NMR can be used to
screen for small drug-like molecules that bind to this surface,
thereby preventing FKBP from engaging in its normal activities.
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3. Screening of Dipeptide Library Identified Heterodimer-
izing Interactors. We chose to screen a dipeptide chemical
library33 composed of 17 × 17 dipeptides.33,34 The library was
chosen to provide a collection of compounds that are capable
of interacting with the biological target of interest at a detectable
level. The compounds must also provide suitable starting points
for subsequent optimization into credible drug candidates.35

Thus, the dipeptide library was considered useful as a potential
source of novel lead structures because: first, dipeptides have
been shown, by many groups,33,36 to be an excellent starting
point for drug design because they can easily be prepared at
relatively low cost; second, a library containing only 289
compounds can provide a data set that spans a broad spectrum
of physicochemical properties, and no deconvolution is required
to identify the lead structures;35 and third, because bacterial and
eukaryotic cells possesses a transport system to take up
dipeptides, these small biologically relevant molecules can pass
through the cell membrane and interact with the target protein
directly in vivo.37,38

We used a standard screening procedure, which we called
the matrix method, in which library compounds located in one
row or one column of a matrix plate were mixed and tested
(Figure 3A). Individual mixtures were examined for their ability
to change the in-cell NMR spectrum of the FKBP-FRB
biocomplex. Samples exhibiting similar spectral changes, located
at the intersection of rows and columns, were used in the second
round of screening to deconvolute and validate the initial
findings. In this way, we can screen a matrix of 289 (17 × 17)
compounds by examining 34 (17 + 17) samples (Figure 3A).

The 34 dipeptide mixtures, A-X, D-X, E-X, F-X, G-X, H-X,
I-X, K-X, L-X, N-X, Q-X, R-X, S-X, T-X, V-X, W-X, Y-X,
X-A, X-D, X-E, X-F, X-G, X-H, X-I, X-K, X-L, X-N, X-Q,
X-R, X-S, X-T, X-V, X-W, and X-Y, were screened at 1 mM
concentration in cells overexpressing [U-,15N]-FKBP and
unlabeled FRB. We expected to see changes in the in-cell NMR
spectrum of the protein complex when at least one of the
compounds in the mixture binds to the interaction surfaces
involved in complex formation. Most of the dipeptide mixtures
showed no interaction with the target protein FKBP, i.e., the
1H{15N}-HSQC did not change upon adding these mixtures.
But the mixture of A-X showed a totally different change from
the rapamycin induced ternary complex. Unlike the changes in
chemical shifts of specific amino acid observed for the rapa-
mycin induced ternary complex, formation of the dipeptide-
induced complex resulted in extreme broadening and the
disappearance of some peaks in the NMR spectrum at the
highest concentration used (10 mM). We also found that
the mixtures of D-X, T-X, L-X, X-E, X-I, X-A, and X-T resulted
in similar broadening of the spectra, which usually indicates
the formation of a large complex.

Thus, the dipeptides located at the intersection of rows, A-X,
D-X, T-X, and L-X and columns X-E, X-I, X-A, and X-T were
screened in a second round (Figure 3A). A-A, A-T, A-E, A-I,
D-A, D-T, D-E, D-I, T-A, T-T, T-E, T-I, L-A, L-T, L-E, and
L-I were titrated into cells individually. At a concentration of
10 mM, A-A, A-E, D-A, D-T, D-E, T-E, and L-E showed
similar broadening as the mixtures. Only A-E showed the same
interaction with FKBP at 5 mM (Figure 3B). Similar changes
upon adding 5 mM A-E were observed in the in-cell NMR
spectrum of the [U-,15N]-FRB and unlabeled FKBP (not
shown), suggesting that A-E facilitated heterooligomerization
of FKBP and FRB.

We used competition experiments with rapamycin and
ascomycin to confirm that A-E binds specifically to the

Figure 1. In-cell NMR spectra of the ternary [U-, 15N]-FKBP-FRB-
rapamycin and [U-, 15N]-FKBP-FRB-ascomycin complexes. (A)
Backbone assignment of FKBP after 4 h overexpression of [U-,
15N]-FKBP and 4 h sequential overexpression of FRB. At typical
intracellular concentrations, there is no interaction between FKBP and
FRB,26 however, within the cell, overexpressed proteins can reach
concentrations levels exceeding 100 µM, which is sufficiently high to
sustain weak interactions. Besides, macromolecular crowding may play
a role in stabilizing weak interactions inside the cell.23,24 We believe
that the weak interactions form the biocomplex to generate an in-cell
NMR spectrum of FKBP. (B) Overlay of 1H{15N}-HSQC spectra of
E. coli after 4 h overexpression of [U-, 15N]-FKBP and 4 h sequential
overexpression of FRB in the absence (black) and presence (red) of
150 µM rapamycin. (C) Overlay of 1H{15N}-HSQC spectra of E. coli
after 4 h overexpression of [U-, 15N]-FKBP and 4 h sequential
overexpression of FRB in the absence (black) and presence (red) of
150 µM ascomycin.
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FKBP-FRB complex. Adding 5 mM A-E and 150 µM
ascomycin to cells overexpressing [U-,15N]-FKBP and unla-
beled FRB resulted in complete recovery of FKBP-ascomycin
in-cell NMR spectrum, proving that ascomycin successfully
competed A-E out (Figure 1C and Supporting Information
Figure 5A,B). Unexpectedly, adding 5 mM A-E and 150 µM
rapamycin to the cells did not result in recovery of high quality
in-cell NMR spectrum characteristic of ternary FKBP-FRB-
rapamycin complex (Figure 1B and Supporting Information
Figure 5C,D). The in-cell NMR spectrum of [U-,15N]-FKBP-
FRB-rapamycin-A-E complex exhibited extreme broadening
characteristic of the [U-,15N]-FKBP-FRB-A-E spectrum
(Figure 3B and Supporting Information Figure 5D). Because
both rapamycin and ascomycin bind to a similar FKBP site,39,40

it is unlikely that the ability of ascomycin to compete out A-E
is simply due to steric occlusion. Thus, we concluded that A-E
binds to a FKBP surface that is different from that of both
rapamycin and ascomycin. Our studies showed that the interac-
tion surface of ascomycin on FKBP was larger than that of
rapamycin (Figure 2A,B). In addition, according to structural
studies,39,40 there were small but significant changes between
the tertiary structures of FKBP-rapamycin and FKBP-asco-
mycin. We assumed that inability of rapamycin as compared

to ascomycin to compete A-E out was due to this difference in
binding mode.

4. Functional Assay in Yeast. To further confirm the
effectiveness of SMILI-NMR, we examined the biological
activity of A-E in yeast. Yeast and human FKBP share 54%
identity and many conservative amino acid substitutions. Ra-
pamycin is toxic to the yeast Saccharomyces cereVisiae, forming
the FKBP-rapamycin-FRB complex, which inhibits progres-
sion through the G1 phase of the cell cycle.41 The mutant lacking
yeast FKBP (fpr1-) is drug resistant and viable.41

The haploid yeast strains (S. cereVisiae) JK9-3dR [FPR1+]
(wild type), which produces FKBP, and JH3-3b [fpr1-], which
does not, were asssayed for growth.41 Both strains were grown
on YPD medium containing either 100 µM rapamycin or 5 mM
A-E (Figure 4). In the absence of rapamycin or A-E, both strains
grew normally. JH3-3b also grew in the presence of rapamycin
and A-E due to the lack of FKBP in this strain, which precludes
the formation of the toxic ternary biocomplex. JK9-3dR did not
grow in the presence of rapamycin as expected41 and grew only
slightly in the presence of the dipeptide, indicating that the
dipeptide induced the formation of a biocomplex similar to that
induced by rapamycin, disturbing the progression of the cell
cycle in this strain. The slight growth exhibited by JK9-3dR

Figure 2. Interaction surfaces on FKBP. (A) Interaction surface mapped on the 3D structure of FKBP (PDB code 1FKR)39 was based on chemical
shift changes from the in-cell titration with rapamycin (yellow). The backbone structure of FRB was shown in blue. (B) Interaction surface mapped
on the 3D structure of FKBP (PDB code 1FKR) was based on chemical shift changes from the in-cell titration with ascomycin.

Figure 3. Matrix method of screening chemical libraries. (A) A library containing 289 compounds is screened by examining individual mixtures
located in the first row and first column of a matrix plate. Mixtures that result in similar changes in the in-cell NMR spectrum, located at the
intersection of rows (red) and columns (blue), are used in the second round of screening. (B) 1H{15N}-HSQC spectrum of E. coli after 4 h
overexpression of [U-, 15N]-FKBP and 4 h sequential overexpression of FRB in the presence of 5 mM A-E.
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likely reflects the weaker binding affinity of A-E for FKBP,
relative to that of rapamycin. These results validate the finding
that A-E exhibited biological activity comparable to that of
rapamycin.

Discussion

SMILI-NMR presents a unique approach to small molecule
screening due to the in-cell nature of the assay combined with
high resolution NMR as a readout. SMILI-NMR is used to
directly observe changes in biocomplex binding epitopes caused
by small molecule interference at the level of individual amino
acids. Our evaluation of SMILI-NMR for screening showed that
in the first round of the assay, we could efficiently identify a
mixture of compounds that bind to the selected biocomplex,
FKBP-FRB, with millimolar affinities, from a small library of
289 dipeptides. In the second round, we deconvoluted the
mixture into contributions from individual compounds, thus
validating the findings. As a final step, we found that at least
one of the dipeptides from the second round of screening, A-E,
was active in the FKBP-FRB functional assay in yeast.41 These
results proved that SMILI-NMR can be used to screen small
libraries of carefully selected compounds, such as those used
for fragment-based screening.6,42

There are four critical issues that are important for evaluating
drug screening methods: biochemical validity of the assay, assay
speed, signal-to-noise ratio, and cost.43,44 Arguably, the strongest
appeal of SMILI-NMR is the biological relevance of the
screening. Because observations are performed inside the cell,
SMILI-NMR allows us to screen a library of compounds against
biocomplexes under physiologically relevant conditions. By
introducing posttranslational modifications, different conforma-
tional states of the biocomplex can be assessed.45 Importantly,
in-cell NMR is capable of detecting multiple conformations and
is ideally suited to observe low affinity and transient complexes.
SMILI-NMR can be especially valuable to screen against target
biocomplexes of bacterial origin. The method may be applicable
to proteins that are soluble in vivo but are difficult to purify;
very specific nonbacterial protein-mediated interactions can be
examined in a low background, and either protein can be
expressed first and either or both proteins can be labeled using
different strategies.9

The method is comparatively simple and fast. It has the
advantages of STINT-NMR, which requires minimal sample
preparation and eliminates the need for extensive protein
purification. Assay speed is limited by the in-cell NMR
acquisition time, which, depending on the protein expression
level, can be up to an hour. To automate SMILI-NMR, robotic
HTS accessories, such as liquid handlers and NMR tube
changers, can be used together with modern NMR spectrom-
eters. The atomic resolution nature of in-cell NMR increases
the informational content of screening, allowing us to decon-
volute mixtures of compounds used for screening. In the present

work, we were able to successfully screen mixtures of 34
dipeptides. In general, the optimal number of mixture compo-
nents will depend on the quality of the in-cell NMR spectrum
of the biocomplex. By using the matrix method, we increased
the testing rate of M × N samples by examining M + N samples
in the first round of screening. A further increase in the assay
speed can be achieved by increasing the dimensions of the
matrix (Figure 3A), which would entail a subsequent increase
in the number of mixture components.

The sensitivity of SMILI-NMR is similar to the sensitivity
of standard structure-activity relationships screening by NMR
(SAR-NMR).5 Similar to STINT-NMR,8 SMILI-NMR is limited
primarily by the amount of protein expression that can be
achieved. The other limitation is the integrity of the interacting
proteins. Cell lysis during storage and in-cell NMR experiments
can also limit the sensitivity of SMILI-NMR. Keeping the cells
below the freezing point with a cryoprotectant, such as 10%
glycerol, and using an ultrasensitive NMR cryoprobe to decrease
NMR data acquisition time, can overcome these limitations.

While SMILI-NMR requires a high magnetic field, preferably
700 MHz or higher, and an NMR spectrometer equipped with
a cryoprobe to perform in-cell NMR experiments, the cost of
the assay can be mitigated by the fact that SMILI-NMR obviates
the need for multiple in vitro binding assays. The cell membrane
provides a selectivity filter for drug-like molecules capable of
entering the cell, which increases the chance that a selected
candidate will perform well in in vivo functional assays. Also,
in-cell protein overexpression results in higher local concentra-
tions of interaction partners than in lysates, thus increasing the
likelihood of selecting weaker interactors for fragment-based
screening.6,42 SMILI-NMR can discriminate binding to different
surfaces on the target protein, further facilitating fragment-based
screening.

Conclusions

Overall, SMILI-NMR promises to be a valuable and important
addition to the repertoire of drug screening tools used in small
molecule-protein complex interaction studies. It provides an
important means to bridge the gap between biochemical
identification of small ligands capable of interfering with target
biocomplexes and functional in vivo data on the inhibition of
cellular processes by using these ligands.

Experimental Section

General Procedures. All reagents and solvents were obtained
from commercial suppliers and used without further purification.
Restriction enzymes and Taq polymerase were from NEB. The
specified chemical purity of rapamycin (A.G. Scientific, Inc.) and
ascomycin (A.G. Scientific, Inc.) was better than 98%. The specified
chemical purity of dipeptides (EZBiolab) was better than 95%. All
other chemicals were reagent grade or better (Sigma-Aldrich). All
NMR spectra were recorded on a Bruker Avance II NMR

Figure 4. Yeast assay for biological activity of the dipeptide, A-E. Isogenic haploid yeast strains that express (FPR1+) or lack (frp1-) the FKBP
proline isomerase were grown for 3 days on YPD medium. (A) Control plate. (B) 100 µM rapamycin. (C) 5 mM A-E.
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spectrometer, operating at a 1H frequency of 700 MHz, equipped
with triple resonance cryoprobes and processed using TOPSPIN
2.0 (Bruker, Inc.). Chemical shifts were referenced by using
tetramethylsilane as an internal standard.

Plasmid Constructions. DNA coding for full-length FKBP was
amplified from pC4EN-F1 (ARIAD Pharmaceuticals, Inc.) using
the oligonucleotides 5′- TTT TTT CCA TGG TGT CTA GAG
GAG TGC AGG TGG AAA CC-3′ and 5′-TTT TTT GGT ACC
TTA ATA ACT AGT TTC CAG TTT TAG AAG CTC CAC ATC-
3′. The gene was ligated into pRSF-1b (Novagen) using the NcoI
and KpnI linker sites. The resulting plasmid, pRSF-FKBP,
expresses FKBP from the T7lac promoter, which is induced by
IPTG. pRSF-FKBP contains the kanamycin resistance gene (KanR)
and lacI gene to ensure sufficient expression. DNA coding for FRB
was amplified from pC4-RHE (ARIAD Pharmaceuticals, Inc.),
using the oligonucleotides 5′-TTT TTT CCA TGG CTT CTA GAA
TCC TCT TTG AGG TGC-3′ and 5′-TTT TTT GGT ACC TTA
ACT AGT CTT TGA GAT TCG TCG GAA CAC ATG-3′. The
gene was ligated into pBAD-HisA (Invitrogen) using the NcoI and
KpnI linker sites. The resulting plasmid, pBAD-FRB, expresses
FRB from the araBAD promoter, which is induced by L-arabinose.
pBAD-FRB contains the ampicilin resistance gene (AmpR), a
pBR322 replication origin and the araC gene, which codes for a
transcription regulator.

Labeling and Expressing FKBP and FRB: [U-,15N]-FKBP
and -FRB. Both pRSF-FKBP and pBAD-FRB were cotrans-
formed into E. coli strain BL21(DE3) codon+ (Novagen) for
overexpression. Cells were grown overnight to an OD600 of 1.0-1.2
at 37 °C in 1 L of Luria-Bertani medium (LB) supplemented with
100 µg/mL ampicillin, 35 µg/mL kanamycin, and 0.2% glucose.
Glucose was added to suppress FRB transcription fom the araBAD
promoter. The cells were washed once with minimal medium (M9)
salts and resuspended to an OD600 of 0.5-0.6 in 2 L of M9
containing 100 µg/mL ampicillin, 35 µg/mL kanamycin, and 1.0
g/L 15NH4Cl and 0.2% glucose as the sole nitrogen and carbon
sources, respectively. The culture was incubated at 37 °C for 10
min and [U-,15N]-FKBP expression was induced by adding 0.5
mM isopropyl �-D-1-thiogalactopyranoside (IPTG). The induction
was allowed to proceed for 4 h, during which time the OD600 of
the culture approximately doubled. A 100 mL sample was collected,
the cells were centrifuged, washed three times with 50 mL of 10
mM potassium phosphate buffer [pH 7.0] containing 10% glycerol,
and stored at -80 °C for subsequent NMR analysis. The remaining
culture was centrifuged, washed once with M9 salts, and a sufficient
number of cells containing [U-,15N]-labeled FKBP cells were
resuspended in 2 L of LB to yield an OD600 of 0.5-0.6. The culture
was incubated at 37 °C for 10 min, and FRB overexpression was
induced by adding 0.2% of L-arabinose. Expression of FRB was
allowed to proceed for 4 h, during which time the OD600 of the
culture increased by ∼10%. Then 100 mL samples were collected,
centrifuged, washed three times with 50 mL of 10 mM potassium
phosphate buffer [pH7.0] containing 10% glycerol, and stored at
-80 °C for subsequent NMR analysis. We found that freezing and
thawing the cells produces minimal cell lysis, allowing the NMR
samples to be stored for at least one month.

Labeling and Expressing FKBP and FRB: [U-,15N]-FRB
and -FKBP. Similar to the preparation of [U-,15N]-FKBP and
-FRB sample, cells cotransformed with pRSF-FKBP and
pBAD-FRB were grown overnight at 37 °C to an OD600 of 1.0-1.2
in 1 L of LB supplemented with 100 µg/mL ampicillin, 35 µg/mL
kanamycin, and 0.2% glucose. The cells were washed once with
M9 salts and resuspended to an OD600 of 0.5-0.6 in 2 L of M9
containing 100 µg/mL ampicillin, 35 µg/mL kanamycin, and 1.0
g/L15NH4Cl and 4 mL/L glycerol as the sole nitrogen and carbon
sources, respectively. The culture was incubated at 37 °C for 10
min and [U-,15N]-FRB expression was induced by adding 0.2%
of L-arabinose. The induction was allowed to proceed for 4 h, during
which time the OD600 of the culture approximately doubled. A 100
mL sample was collected and the cells were centrifuged, washed
three times with 50 mL of 10 mM potassium phosphate buffer
[pH7.0] containing 10% glycerol, and stored at -80 °C for

subsequent NMR analysis. The remaining culture was centrifuged,
washed once with M9 salts, and a sufficient number of cells
containing [U-,15N]-FRB were resuspended in 1 L LB to yield an
OD600 of 0.5-0.6. The culture was incubated at 37 °C for 10 min,
and expression of FKBP was induced by adding 0.5 mM IPTG.
Expression of FKBP was allowed to proceed for 4 h, during which
time the OD600 of the culture increased by ∼10%. Then 100 mL
samples were collected, centrifuged, washed three times with 50
mL of 10 mM potassium phosphate buffer [pH7.0] containing 10%
glycerol, and stored at -80 °C for subsequent NMR analysis.

NMR Experiments. [U-, 15N] labeled cells were resuspended
in 0.5 mL of NMR buffer (10 mM potassium phosphate, pH 7.0,
90%/10% H2O/D2O) and transferred to an NMR tube. To rule out
the possibility that the visible NMR spectrum was due to extra-
cellular proteins, we sedimented the cells from the NMR sample
and acquired the 1H{15N}-HSQC spectrum of the resultant
supernatant. No protein NMR signal was visible above the noise
level. All NMR spectra were acquired at 25 °C. We used a watergate
version of the 1H{15N}-HSQC experiment. 1H{15N}-edited HSQCs
were recorded with 32 transients as 64 complex points, apodized
with a squared cosine-bell window function, and zero-filled to 128
points prior to Fourier transformation. The corresponding sweep
widths were 12 and 35 ppm in 1H and 15N dimensions, respectively.
Chemical shifts of human FKBP were assigned by Rosen et al.46

These assignments closely matched the in-cell NMR spectrum of
[U-, 15N]-FKBP. To resolve residual ambiguities in the chemical
shift assignments due to spectral crowding, we collected 15N-edited
TOCSY and NOESY spectra with mixing times of 60 and 100 ms,
respectively, on a cell lysate of the in-cell NMR sample (Supporting
Information Figure 1). This procedure allowed us to assign 94%
of all backbone amide proton and nitrogen resonances.

We prepared 34 dipeptide mixtures, A-X, D-X, E-X, F-X, G-X,
H-X, I-X, K-X, L-X, N-X, Q-X, R-X, S-X, T-X, V-X, W-X, Y-X,
X-A, X-D, X-E, X-F, X-G, X-H, X-I, X-K, X-L, X-N, X-Q, X-R,
X-S, X-T, X-V, X-W, and X-Y, where X stands for any one of all
17 amino acids in a mixture. For example, A-X is a mixture of
dipeptides, in which the first amino acid is alanine and the second
amino acid is any one of 17 amino acids. These mixtures were
added individually at 1 mM final concentrations to E. coli cells
overexpressing [U-, 15N]-labeled FKBP and unlabeled FRB. After
the first round of screening, A-X, D-X, T-X, and L-X and X-E,
X-I, X-A, and X-T showed extreme broadening, leading to the
disappearance of the spectrum. Thus the dipeptides located at the
intersection of rows, A-X, D-X, L-X, and T-X and columns X-A,
X-E, X-I, and X-T were screened in a second round. These
dipeptides (A-A, A-E, A-I, A-T, D-A, D-E, D-I, D-T, T-A, T-E,
T-I, T-T, L-A, L-E, L-I, and L-T) were titrated into the cells
individually.

Yeast Assay. Two isogenic haploid strains of Saccharomyces
cereVisiae were used in this work, one that expressed normal FKBP
proline isomerase and was sensitive to rapamycin, JK9-3da
(FPR1+), and another strain with disrupted FKBP gene, JH3-3b
(fpr1-), which conferred rapamycin resistance.41 Yeast strains were
grown for 65 h at 30 °C on YPD plates containing rapamycin at 0
or 100 mg/mL or 5 mM dipeptide A-E.
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and cell lysate spectra of [U-, 15N]-FKBP-FRB; SDS-PAGE of
FKBP and FRB sequential expression; overlay of the in-cell NMR
spectra of the ternary FKBP-[U-, 15N]-FRB-rapamycin and
FKBP-[U-, 15N]-FRB complexes; NMR spectrum of cell suspen-
sion supernatant; competition between the dipeptide, A-E, and
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