Methods

Media and strains

All strains were grown at 30 °C in complete 2.0% (w/v) glucose (YPD) medium except where
stated otherwise. Glucose restriction medium contained 0.5% or 0.1% glucose. Mild stress
conditions were one of the following: defined medium (SD); amino acid restriction (SD
lacking non-essential amino acids); salt stress (NaCl, 300 mM); heat stress (37 °C); sorbitol
(1M). In all experiments, auxotrophic markers were matched between strains by integrating
empty vector. The copy number of integrated genes was determined by Southern blotting.
Deletions were generated with a kan-MX6 PCR-based technique'® and confirmed by PCR.
Additional copies of PNCI were integrated as described previously'®. The entire open
reading frame and 700 bases of the upstream sequence of YLR285W were amplified from
genomic DNA and cloned into pSP400, then sequenced and integrated as described
previously'®. A GFP cassette was integrated in frame at the 3" end of the native PNCI gene as
described previously'®. The RFP-PTS]1 (for peroxisomal targeting signal 1) plasmid
(pSG421) was a gift from S. J. Gould (Johns Hopkins University). The coding region of
human NNMTwas subcloned from p91023(B), a gift from R. Weinshilboum (Mayo Clinic),
into pSP400 downstream of the ADHI promoter. Strains derived from PSY316AT'® were
used for lifespan analysis. Strains derived from W303AR'" were used for western blots,
microscopy and silencing assays. W303AR cdc25-10 was a gift from L. Guarente (MIT).

Yeast assays

Lifespan measurements were performed as described previously'® except for the heat-
stress experiments, in which strains were incubated after each dissection at 37 °C. Silencing
was assayed as described previously'®.
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Protein expression analysis

Strains were pretreated under the indicated conditions and grown to mid-exponential
phase. Western blots were performed as described'® with whole-cell extracts (75 pg).
Proteins were detected with anti-GFP antibodies (Santa Cruz) or anti-actin antibodies
(Chemicon). Fluorescent microscopy images were captured at the same exposure (1s) at
X100 magnification with a Hamamatsu Orcal00 CCD camera and processed with
Openlab software. Cultures were grown in complete medium containing 0.5% glucose to
enhance the detection of fluorescence.

Nicotinamidase activity assay

The activity of Pncl in extracts obtained from pretreated mid-exponential-phase cultures
was determined as described previously™. In brief, 0.16 mg of protein was incubated with
either 0 or 8 mM nicotinamide for 45 min at 30 °C in a final volume of 400 pl of 10 mM
Tris-HCI pH 7.5, 150 mM NaCl and 1 mM MgCl,. Pncl activity was determined by
measuring the final concentration of the reaction product, ammonia, with an ammonia
diagnostic kit (Sigma). Baseline ammonia was accounted for by subtracting a no-
nicotinamide control. Nicotinamidase activity was expressed as nmol ammonia min~ ' per
mg total protein. Pncl activity was obtained by subtracting the background value for the
pnclA strain (0.06 = 0.004 nmol min ™~ per mg).
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Computational design of receptor
and sensor proteins with novel
functions

Loren L. Looger, Mary A. Dwyer, James J. Smith & Homme W. Hellinga

Department of Biochemistry, Duke University Medical Center, Durham,
North Carolina 27710, USA

The formation of complexes between proteins and ligands is
fundamental to biological processes at the molecular level.
Manipulation of molecular recognition between ligands and
proteins is therefore important for basic biological studies' and
has many biotechnological applications, including the construc-
tion of enzymes®™, biosensors™®, genetic circuits’, signal trans-
duction pathways® and chiral separations’. The systematic
manipulation of binding sites remains a major challenge. Com-
putational design offers enormous generality for engineering
protein structure and function'. Here we present a structure-
based computational method that can drastically redesign pro-
tein ligand-binding specificities. This method was used to con-
struct soluble receptors that bind trinitrotoluene, L-lactate or
serotonin with high selectivity and affinity. These engineered
receptors can function as biosensors for their new ligands; we
also incorporated them into synthetic bacterial signal transduc-
tion pathways, regulating gene expression in response to extra-
cellular trinitrotoluene or L-lactate. The use of various ligands
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and proteins shows that a high degree of control over biomol-
ecular recognition has been established computationally. The
biological and biosensing activities of the designed receptors
illustrate potential applications of computational design.

The general principles for the formation of specific complexes are
well understood"', and involve a lock-and-key fit between ligand and
receptor, the structure of which is determined primarily by short-
range interactions (steric contacts and hydrogen bonds). Complex
formation is thermodynamically driven primarily by the hydro-
phobic effect and by long-range electrostatics. Difficulties in struc-
ture-based computational design arise from limitations in the
description of the molecular interactions and the combinatorial
complexity of the problem'>"’. Despite notable advances in the
rational manipulation of protein sequence and stability using auto-
mated computational design tools", the computational design of
ligand-binding properties has been limited to metal centres*, changes
in specificity in which much of the chemical character of the wild-
type ligand is retained>®' or has resulted in relatively weak binding’.

Here we present a computational method for the redesign of
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Figure 1 Structures of a representative receptor and all target ligands. a, Ribose binding
mediates a transition from an open (left) to a closed (right) conformation'”. The protein
has two domains (I, amino terminal, green; Il, carboxy terminal, blue), linked by a hinge
region (H, purple). Fluorescence intensity changes of an environmentally sensitive,
thiol-reactive fluorescent dye coupled to a mutant cysteine residue at position 265
(burgundy) monitor ligand binding®. Calculations use the closed structure, mutating the
complementary surface residues (red) and docking the target ligands into the convex hull
shown (black). b, Structures of target ligands and structurally related decoys used to
probe the specificity of the designed receptors.
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ligand-binding-site specificity in proteins (see Supplementary
Information for details). By using high-resolution three-dimen-
sional structures, the algorithm identifies amino-acid sequences
that are predicted to form a complementary surface between the
protein and a target ligand replacing the wild-type ligand. The
procedure combines target-ligand docking (~10° translations and
rotations) with mutations of amino-acid residues in direct contact
with the wild-type ligand (typically 12—18 residues, corresponding
to 10*° to 10°® mutant structures representing 10" to 10*
sequences). The resulting combinatorial problem (10°* to 107
choices) is solved with an algorithm based on the dead-end
elimination (DEE) theorems'". This procedure deterministically
identifies the global minimum of a semi-empirical potential func-
tion describing the molecular interactions in the system', including
a modified Lennard-Jones potential, an explicit, geometry-depen-
dent hydrogen-bonding term and a continuum solvation term to
represent the hydrophobic effect. Additionally, a new term demand-
ing that potential hydrogen-bond donors and acceptors in the
ligand must be satisfied was found to be critical; it captures the
necessity of balancing the hydrogen bond inventory, which is a
dominant effect in molecular recognition''. Designs are selected for
experimentation from a rank-ordered set of possibilities. The design
process is relatively rapid, requiring about 3 days of computation to
generate a set of designs in a particular protein for a given ligand on
a 20-processor computer cluster.

This procedure was used to engineer binding sites for trinitro-
toluene (TNT), L-lactate or serotonin in place of the wild-type sugar
or amino-acid ligands of five members of the Escherichia coli
periplasmic binding protein (PBP) superfamily, using the high-
resolution three-dimensional structures of the closed conformation
of these proteins complexed with their wild-type ligand as starting
points for the calculation (Fig. 1). The five proteins were glucose-
binding protein (GBP)'®, ribose-binding protein (RBP)", arabi-
nose-binding protein (ABP)'®, glutamine-binding protein (QBP)"’
and histidine-binding protein (HBP)*. The variation in structure
and sequence” of these proteins presents distinct starting points for
the design calculations. The three target ligands selected for this
study bear little resemblance to the wild-type cognate ligands of the
chosen PBPs; they are chemically distinct from each other and one
of them (TNT) is a non-natural molecule. The designs therefore
explore critical parameters of molecular recognition, including
molecular shape, chirality, functional groups (hydrogen bonding,
in terms of nitro (acceptor), hydroxyl (donor and acceptor) and
carboxylate (acceptor); and molecular surface, in terms of polar,
aliphatic and aromatic), internal flexibility (TNT < L-lactate <
serotonin), charge (neutral (TNT), anionic (L-lactate) and cationic
(serotonin)) and water solubility (TNT < serotonin < L-lactate).

Complementary surfaces were designed for TNT in RBP, ABP
and HBP, for L-lactate in ABP, GBP, RBP, HBP and QBP, and for
serotonin in ABP (Fig. 2, Table 1). The designed surfaces are
electrically neutral for TNT, positively charged for lactate, and
negatively charged for serotonin. Hydrophobic groups of all three
target ligands interact primarily with aliphatic side chains, although
several examples of aromatic interactions are seen (TNT.Al,
TNT.H1, Lac.G1). In one instance, an example of dual aromatic
stacking was obtained (TNT.R3). In all cases, the hydrogen-bonding
potential (donor, acceptor) of the functional groups on the ligand is
largely satisfied.

Seventeen designs predicted by the automated design procedure
were selected for experimental characterization (Table 1). The
predicted mutations (ranging from 5 to 17 amino-acid changes)
were constructed by polymerase chain reaction mutagenesis of the
wild-type receptor scaffold genes®. Proteins were overexpressed,
purified and modified with thiol-reactive styryl dyes conjugated to
cysteine residues introduced by mutation at locations where the
fluorescence emission intensity of the dye responds to a ligand-
mediated hinge-bending motion of the receptor’. Ligand-binding
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affinities (Table 2) were determined by titration, monitoring ligand-
dependent changes in fluorescence emission intensity that were
fitted to single-site binding isotherms® (Supplementary Infor-
mation). In all cases, wild-type receptors show no change in
fluorescence intensity upon addition of target ligands. Conversely,
the mutant receptors respond only to target and not wild-type
ligands. A wide range of affinities is observed, down to the
nanomolar level (TNT.R3). To probe the specificity of interaction,
the affinities of several closely related ligands (Fig. 1b) were also
determined (Table 2). The thermostabilities of a representative
subset of apo-receptors (Supplementary Information) showed
that cooperative folding transitions are retained with a slight loss
of stability relative to the wild-type proteins.

Every designed receptor exhibits a detectable affinity for its target
ligand. In the TNT designs, all six receptors can distinguish the
absence of a single nitro group (2,4- and 2,6-dinitrotoluene) and,
with the exception of the ABP design, the absence of a single methyl
group (trinitrobenzene). The introduction of an additional point
mutation suggested by visual inspection of the model to improve
packing is sufficient to achieve the desired selectivity in this ABP
design. All 10 lactate designs exhibit the desired chiral stereospeci-
ficity, selecting L-lactate over both the D-lactate enantiomer and
pyruvate, the prochiral oxidized form of lactate. The single seroto-
nin design has a significantly lower affinity for tryptamine (absence
of a hydroxyl group) and tryptophan (absence of a hydroxyl group
and presence of a carboxylate group). The relative free energy
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corresponding to the loss of a hydrogen bond in a decoy ligand
(1-5 kcal mol ™ '; Supplementary Information) is consistent with the
observed range of weak and strong hydrogen bonds''. The auto-
mated computational design procedure therefore reliably predicts
mutant receptors that attain ligand binding with the desired,
drastically altered specificity, consistent with correct modelling of
critical elements of molecular recognition: shape, functional groups
and chirality.

The affinities of the wild-type receptors for their cognate ligands
fall in the range 0.1-1.5 pM (ref. 6). Two of the three TNT designs in
RBP also fall into this range (Table 2); the binding behaviour of these
computationally designed receptors is therefore indistinguishable
from naturally evolved PBPs. It has been observed that the maximal
binding affinity for many ligands is correlated with the number of
non-hydrogen atoms®'. The affinity of one TNT design, TNT.R3, is
2nM, corresponding to its empirically expected value. The single
serotonin design does not attain the expected nanomolar affinity. The
affinity of the fully automated design (Stn.A1) is 50 pM, and is
improved to 4.7 uM by the introduction of a single point mutation
predicted to improve packing interactions between receptor and
ligand. Several of the lactate designs have micromolar affinities,
approaching the expected maximum for a six-atom ligand (0.3 pM).

High-affinity receptors are successfully identified within the top
10 ranked designs for each ligand, corresponding to a tiny fraction
of the available search space. Nevertheless, the designs exhibit a
significant spread in ligand-binding affinities, not only for a given

Figure 2 Stereo views of representative designed ligand-binding sites: a, TNT.R3;
b, Lac.R1; ¢, Lac.H1; d, Stn.A1 (dashed lines indicate hydrogen bonds between protein
and ligand; numbers identify side chains close to the ligand). TNT.R3 and Lac.R1 are
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presented in the same orientation, illustrating the adaptability of the RBP scaffold to bind
different ligands. The Lac.R1 and Lac.H1 structures illustrate that the same ligand can be
bound by sites designed in different scaffolds.
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Table 1 Complementary surface sequences of the designed receptors

Scaffold ~ Target Design Complementary surface sequencet
RBP 9 18 15 16, 64 89 90, 1084 132y 1874 141, 164, 190, 214, 215, 235
Wild-type S N F F N D R S | A R F N F D Q
TNT R1 () S N A N s s R R s N A s
R2 () S 1 A N N A D K A N N K A N
R3 (A) ) F L S S S S S 1 F S S
Lac R1 (A \" A R s S S K M K | S T
GBP 10, 14 16, 91, 92, 152, 154, 158, 183y 211 236, 256
Wild-type Y D F N K H D R w N D N
Lac G1(A) K K F K L M H K K N A D
G2(A) K M K K L K K M K N A s
ABP 10, 11, 14 16 17, 20, 64, 89 90, 108 145, 147, 151, 177, 204, 205, 232, 235,
Wild-type K Q E W F E C D D M L T R N M N N D
TNT A1() S R T A A K A A 1 R Q S D L A F T
A2% () s R T A A K S A | R Q S D L A F T
Lac A1(A) K E Y A L A A R S S T N K
A2(A) K L Y A s S A R S S T K H
Stn A1() A Q E A ] Q S D D E L T R E M N N
A2% () A Q E A S Q S D N E L T R E M N N
HBP 11, 14 52 70, 71, 72 77 117y 120y 121y 122, 143, 161,
Wild-type D Y L S L S R L T T Q Q D
TNT H1() T ) s F K R A S Q s
H2()) N A N Q K R L T Q T N
Lac H1(A) s L S K R K S S T s
H2(A) s K T K R H S A T T
QBP 10, 13, 50, 70, 75 115, 11§, 156 157, 185
Wild-type D F F T R K T H D Y
Lac Q1(A) D L L s R K T H H F
Q2(A) D R s T R K S H R F
Q3(A) D L K s D K T H R F

The Nomenclature for the designed receptors gives the target ligand and a single-letter abbreviation of the scaffold protein.
1 Subscripts indicate the location of a residue position: I, N-terminal domain; Il, C-terminal domain; H, hinge (Fig. 1). Bold letters indicate mutations from wild type (calculations may predict retention of wild-
type residues). Underlined letters represent side chains making hydrogen bonds with the ligand (cognate ligand in the case of wild type). The design calculations in a given receptor were not always
performed with identical complementary surface residues: automated identification of the complementary surface is indicated by ‘A’ (see Supplementary Information); ‘I’ indicates identification by
inspection. Blanks therefore indicate residue positions not included in a calculation (wild-type sequence and conformation).
FTNT.A2 is a point mutant of TN1.A1; Stn.A2 is a point mutant of Stn.A1. Both mutations were designed by inspection.

ligand in a particular scaffold, but also between scaffolds. The
likelihood that a protein scaffold can be mutated to accept a new
target ligand (‘adaptive potential’) is also variable. The observed
range of affinities can be rationalized with an empirical quantitative
structure—activity relationship (QSAR) that provides empirically
fitted weights for the DEE force-field components (steric clashes
and unsatisfied hydrogen bonds) and takes into account additional
factors not modelled by the DEE force field (hydrophobic contact
areas, electrostatics and volume ratio of wild-type to target ligands
as a measure of adaptive potential; see Supplementary Infor-
mation). This QSAR provides direct reciprocity between theory
and experiment, completing the loop in the protein design cycle,
and will be used in future experiments to select scaffolds on the basis
of their predicted adaptive potential, and for rank-ordering designs
by QSAR-based predicted affinities™.

RBP and GBP control the chemotaxis of E. coli towards sugars,
which is mediated by a two-component signal transduction path-
way”’. This response can be reconnected to gene regulation by
constructing a synthetic signal transduction pathway that controls
the transcriptional upregulation of a 3-galactosidase reporter gene**
(Fig. 3a). The biological activities of the TNT and L-lactate designs
in RBP and the L-lactate designs in GBP were tested in this pathway,
replacing wild-type RBP and GBP with designed receptors. Wild-
type receptors mediate increases in reporter gene expression in
response to ribose or glucose but not in response to TNT or L-
lactate. Conversely, all the redesigned receptors respond to their
target ligands but not to wild-type ligands. The dose-response
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Table 2 Affinities of the designed receptors for target ligands and analogues

Kq (WM)
Target Receptor TNT TNB 2,4-DNT 2,6-DNT
TNT RBP.R1 0.34 1.0 5.0 5.4
RBP.R2 1.6 3.8 5.3 4.9
RBP.R3 0.002 0.1 8.4 15
ABP.A1 1,400 600 >10,000 >10,000
ABP.A2 400 500 2,000 4,000
HBP.H1 220 1,000 >10,000 >10,000
L-Lac p-Lac Pyr
L-Lactate GBP.G1 2.8 205 255
GBP.G2 21 55 115
HBP.H1 1.8 40 50
HBP.H2 12.2 30 48
QBP.Q1 9,500 >100,000 >100,000
QBP.Q2 300 >100,000 >100,000
QBP.Q3 25,000 >100,000 >100,000
ABP.A1 160 >100,000 >100,000
ABP.A2 20,000 >100,000 >100,000
RBP.R1 7.4 40 40
Stn Trp Trm
Serotonin ABP.A1 50 660 900
ABP.A2 4.7 65 90

© 2003 Nature Publishing Group

The limit of detection for the nitro compounds corresponds to affinities of ~10 mM, and for lactate
analogues to 100mM. Error of K4 measurement is approximately 10% (see Supplementary
Information). TNB, trinitrobenzene; DNT, dinitrobenzene; Pyr, pyruvate, Stn, serotonin; Trp,
L-tryptophan; Trm, tryptamine.
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Figure 3 Synthetic two-component signal transduction pathway®*. a, The ligand-bound
RBP or GBP (1) interacts with the Trg domain (thick black line) of a chimaeric
transmembrane histidine kinase, Trz (2), resulting in autophosphorylation of the EnvZ
domain (grey line) and phosphate transfer to OmpR (3), which then binds to the ompC
promoter (4), upregulating /acZ transcription. OM, outer membrane; PP, periplasm;

IM, inner membrane; CP, cytoplasm. b, Response to TNT (circles, TNT.R1; squares,
TNT.R2; diamonds, TNT.R3). ¢, Response to sugar (open circles, ribose and wild-type
RBP; open squares, glucose and wild-type GBP) and L-lactate (filled circles, Lac.R1; filled
squares, Lac.G1). 3-Galactosidase activities are reported as the difference in assay
end-point absorbances of ligand-stimulated and unstimulated cultures. Sensitivity of

E. colito high TNT or L-lactate concentrations precluded the determination of full
dose—response curves. There was no response in the absence of receptors or frz.

curves of the TNT-binding RBP receptors follow the same order as
the intrinsic ligand-binding affinities (Fig. 3b, c). The redesigned
receptors therefore mediate signal transduction to extracellular
TNT or L-lactate, as intended.

We have shown that binding specificities of receptors can be
changed drastically by a computational design algorithm. The
receptors bind their new cognate ligands selectively relative to
closely related decoy molecules, and have affinities that in several
cases rival or exceed the affinities of the naturally evolved parent
proteins. Essential elements of molecular recognition are therefore
correctly captured by the computational design process. The
method is relatively rapid and can be applied to many different
ligands and proteins. Several of the designed receptors are biologi-
cally active, showing that computational design can be used success-
fully to manipulate biological systems. Furthermore, even within
the relatively small number of examples presented here, several
potential biotechnological applications are illustrated. The engin-
eered PBPs have the appropriate affinities and specificities for use as
reagentless fluorescent biosensors™ or cell-based sensors®,
although further work will be needed to develop devices capable
of being deployed in the field. TNT is a potent carcinogen as well as
an explosive, and contaminates soil and water near military instal-
lations™. The TNT.R3 receptor represents a first step in the devel-
opment of reagentless fluorescent sensors to detect the source of
underwater TNT plumes that leach into the sea from unexploded
ordnance in coastal waters, using plume-tracing underwater robotic
vehicles””. On land there is an urgent need to detect landmines™.
Vapour-phase TNT chemical sensors have been developed success-
fully*®. However, spraying mined fields with bacteria that respond to
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TNT by transcriptional activation of a fluorescent reporter gene
might offer advantages in cost and simplicity*. The bacterial signal
transduction system driven by the engineered TNT.R3 receptor
illustrates the potential for developing specific cell-based detectors
for chemical threats and pollutants. The L-lactate and serotonin
receptors also have practical applications in clinical chemistry.
Elevated concentrations of L-lactate are indicative of several medical
conditions®. Fluctuations in serotonin blood concentrations are
associated with a variety of psychiatric conditions, and elevated
concentrations indicate the presence of certain bowel tumours™.
The computational design of chirally selective receptors, illustrated
by the L-lactate case, could be of use in the facile chromatographic
preparation of optically pure pharmaceuticals from racemic mix-
tures, which is important for drug development®. In principle, the
computational design strategy presented here can be extended to
the design of enzymes™*. O
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Direct ohservation of catch bonds
involving cell-adhesion molecules
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Bonds between adhesion molecules are often mechanically
stressed. A striking example is the tensile force applied to
selectin-ligand bonds, which mediate the tethering and rolling
of flowing leukocytes on vascular surfaces'. It has been
suggested that force could either shorten bond lifetimes, because
work done by the force could lower the energy barrier between
the bound and free states* (‘slip’), or prolong bond lifetimes by
deforming the molecules such that they lock more tightly>*
(‘catch’). Whereas slip bonds have been widely observed’,
catch bonds have not been demonstrated experimentally. Here,
using atomic force microscopy and flow-chamber experiments,
we show that increasing force first prolonged and then shortened
the lifetimes of P-selectin complexes with P-selectin glycoprotein
ligand-1, revealing both catch and slip bond behaviour. Tran-
sitions between catch and slip bonds might explain why leuko-
cyte rolling on selectins first increases and then decreases as wall
shear stress increases”'>'°. This dual response to force provides a
mechanism for regulating cell adhesion under conditions of
variable mechanical stress.

Using atomic force microscopy (AFM) (Fig. 1a), we measured the
force dependence of bond lifetimes of P-selectin with two forms of
P-selectin glycoprotein ligand-1 (PSGL-1) or with G1, a blocking
monoclonal antibody (mAb) against P-selectin'’ (see Methods).
P-selectin is an extended C-type lectin expressed on activated
endothelial cells and platelets. PSGL-1 is a mucin expressed on
leukocytes. Ca**-dependent interactions of P-selectin with PSGL-1
mediate the tethering and rolling of flowing leukocytes on vascular
surfaces in response to infection or tissue injury'~.

We captured dimeric PSGL-1 purified from human neutrophils'®
or monomeric recombinant soluble PSGL-1 (sPSGL-1)"° with PL2,
a non-blocking anti-PSGL-1 mAb*® adsorbed on the cantilever tip
(Fig. 1b). Cantilever tips bearing (s)PSGL-1 or G1 were repeatedly
brought into contact with lipid bilayers reconstituted with P-selec-
tin purified from human platelets” to allow bond formation. The
cantilever was then retracted a prescribed distance to apply a
constant tensile force to the bond or bonds (if any resulted from
the contact), and the duration or lifetime of the adhesion at that

T Present addresses: National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of
Sciences, Beijing 100080, China (M.L.), and Immucor, Inc., Norcross, Georgia 30091, USA (J.W.P.).
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force was recorded (Fig. 1c). To measure lifetime at forces lower
than the level of their fluctuations, many instantaneous forces were
averaged (Fig. 1d, e). This enabled the reliable resolution of mean
forces as low as a few piconewtons, and allowed the detected
differences in mean forces to achieve high statistical significance
(Fig. 1f). The binding frequency was kept low (12-20%) to ensure
that most (about 90%) adhesions dissociated as a single step (Fig.
Ic, lower tracing). Only single-step dissociations were analysed.

Binding was highly specific. Rendering the cantilever tip func-
tional with (s)PSGL-1 increased adhesion frequencies 3—10-fold
(Fig. 2a and b) and also increased bond lifetimes (Fig. 3a and b).
The inclusion of blocking mAbs against P-selectin (G1) or against
PSGL-1 (PL1*°) or the divalent-cation chelator EDTA in the
chamber solution decreased adhesion to nonspecific levels.
G1-coated cantilever tips had significantly higher adhesion frequen-
cies and longer bond lifetimes than control PL2-coated tips (Figs 2¢
and 3c¢).

Remarkably, both the P-selectin—sPSGL-1 interaction (Fig. 3a)
and the P-selectin—-PSGL-1 interaction (Fig. 3b) exhibited a biphasic
relationship between lifetime and force. The bond lifetimes initially
increased with force, indicating the presence of catch bonds. After
reaching a maximum, the lifetimes decreased with force, indicating
slip bonds. This biphasic pattern was detected in individual experi-
ments with a single cantilever tip on a single bilayer, which included
as few as about five lifetime measurements to calculate a mean and a
standard deviation at each of four force levels to cover the biphasic
region. This pattern remained unchanged as more data were
accumulated (about 400 lifetime measurements for each form of
PSGL-1), which allowed us to examine the distributions of lifetimes.
As with published flow-chamber data””''", lifetimes at a given
force seemed to follow an exponential distribution, which was made
linear by plotting In(number of events with a lifetime of # or more)
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Figure 1 AFM system. a, Schematic diagram. b, Making the AFM functional. The
cantilever tip depicted represents a composite of all molecules adsorbed or captured.
SPSGL-1 and PSGL-1 are depicted as monomer and dimer, respectively. ¢, Force-scan
curves illustrating the cantilever bending (insets) when a compressive or tensile force was
applied to the tip. The upper curves illustrate a contact cycle without binding, where the
retraction curve (from left to right) retraced the approach curve (from right to left). The
lower curves illustrate a contact cycle with binding and lifetime measurement. d, Plot of
instantaneous force against time before (red) and after (blue) an unbinding event.
e, Running means (thick curves) = s.e.m. (paired thin curves) against number of data
points. f, P value of the Student’s #-test comparing the difference of the two running
means against numbers of point pairs.
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