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ABSTRACT. Direct measurement of the forces involved in protganotein and proteirnrreceptor interactions

can, in principle, provide insight necessary for the advancement of structural biology, molecular biology,
and the development of therapeutic proteins. The protein insulin is illustrative in this respect as the
mechanisms of insulin dimer dissociation and instiimsulin receptor binding are crucial to the efficacy

of insulin medications for the control of diabetes. Insulin molecules, modified with a photochemically
active azido functionality on specific residues, were attached to force microscope tips and opposing mica
surfaces in configurations that would either favor or disfavor dimer formation. Force curve measurements
performed in buffer solution revealed the complexity of the insulin monememomer interaction with
multiple unbinding events occurring upon tip retraction, suggesting disruption of discrete molecular bonds
at the monomermonomer interface. Furthermore, the force curves exhibit long-range unbinding events,
consistent with considerable elongation of the insulin molecule prior to dissociation. The unbinding forces
observed in this study are the result of a combination of molecular disentanglement and dimer dissociation
processes.

Insulin, a 5800 Da protein comprising a 21 amino acid A ligand—receptor binding interactions. Surface mapping of
chain and a 30 amino acid B chain linked by two disulfide spatially heterogeneous adhesion and friction due to segre-
bridges, is stored in the pancreaficcells in a hexameric  gated functional groups has been accomplished by using
form (Figure 1A). However, it interacts as a monomer with chemically modified AFM tips §—9). Of particular rel-
its transmembrane receptor to increase glucose transport anévance to the present work, AFM has been used to study
utilization. The efficacy of insulin formulations for the the adhesive strength and mechanics of various biomolecular
treatment of insulin-dependent diabetes therefore greatlybinding interactions, including antiboehantigen (0), fer-
depends on a better understanding of insulin association anditin —anti-ferritin antibody, {1), streptavidin-biotin (12—
dissociation and of the influence of directed mutations and 14), and DNA—nucleotide adhesive interactiortdj. These
specific binding agents on these processes. A key stepmeasurements rely on measurement of the deflection of an
toward this goal would be the direct and convenient AFM cantilever, with a known force constant, during
measurement of protein binding forces associated with insulin retraction of a sample surface from an appropriately modified
dimer formation, which represents a key intermediate stage AFM tip. In addition to elucidating specific molecular
of dissociation. recognition events, further advancement of these techniques

Recently, surface forced), optical tweezers2), inter- ~ May lead to imaging of the distribution of specific binding
facial force microscopy (IFM)3), atomic force microscopy ~ Sites on bioactive membrane surfaces, as well as improve-
(AFM)® (4), and micropipet techniquesS)( have been  Ments in the topographic images of such surfaces.
employed to probe directly various intermolecular and T measure the forces associated with protgirotein or
protein-ligand binding, the relevant species must be attached
to opposing surfaces (i.e., an AFM tip and a sample surface)
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Ficure 1: (A) Sequence for human insulin, illustrating the A and
B chains. Disulfide links between the A7 Cys and B7 Cys and A20
Cys and B17 Cys enforce the conformation of this portion of the
insulin molecule. (B) Molecular model of the insulin monomer
based on a structure deduced from NMR studies of a B16-Fyr
His mutant insulin. The model is oriented to reveal the binding
domain comprising B8 Gly, B9 Ser, B12 Val, B13 GIn, B16 Tyr
(here replaced with His), B23 Gly, B24 Phe, B25 Phe, B26 Tyr,

Yip et al.
Table 1: Insulin MonomerMonomer Contacts

B8-Gly B8-Gly

B9-Ser B9-Ser

B12-Val B12-Val
B13-Glu B13-Glu
B16-Tyr B16-Tyr
B23-Gly B23-Gly
B24-Phe B24-Phe
B25 Tyr B25 Tyr
B26-Tyr B26-Tyr
B27-Thr B27-Thr

a Adapted from ref 25.

23 and 24). Residues B24 through B26 adoptfasheet
structure, with the dimer-forming interface defined by contact
between these nominally plangsheets arranged in an
antiparallel fashion. The prominent intermonomer interac-
tions in this region are hydrogen bonds between B24 Phe
and B26 Tyr of each monomeR%). These interactions
conspire to make insulin dimer formation favorable as
indicated by the moderate association constants reported for
this process, which range from 72710 to 7.5 x 1 M1

(26).

To identify possible tethering points on the insulin
molecule, it is necessary to examine the solution conforma-
tion of the insulin monomer. However, insulin’'s complex
self-association characteristics have hampered such deter-

B27 Thr, and B28 Pro. The insulin molecule is drawn as a backbone >~ L . A .
model with the A and B chains depicted in blue and red, Minations based on native insulins, and while it is possible

respectively. Those residues involved in dimer formation as well to infer a solution conformation from analyses of X-ray
as the immobilization sites B1 Phe and B29 Lys are depicted as crystal structures, this can be complicated by crystal packing
ball-and-stick models. The model was prepared with RasMol v 2.6 fqrces. Accordingly, we based our model on the high-
using coordinates deposited in the Brookhaven Protein Data Bankresolution (average rms backbone deviation 0.89 A) solution
under entry code pdblhls. ‘

NMR structure reported for B16 Tyr His mutant of human
demonstrated that several proteins, such as insulin, growthinsulin (Brookhaven Protein Data Bank entry code 1hls.ent)
hormone, RGDS tetrapeptide fragments, and interleukin 2, (27). This mutant insulin is particularly well-suited for our
can remain bioactive upon surface immobilization provided purposes as it exists as a monomer in solution and has only
the immobilized protein is oriented properly or has sufficient a single-site mutation compared to other monomeric insulins

conformational flexibility (7, 18.

While measurements of streptaviehihiotin binding forces
have exploited the 222-point symmetry of the streptavidin
tetramer, which is nearly ideal for attachment of the protein
to surfaces and subsequent measurement of ligesweptor
binding (19—21), such fortuitous symmetry and arrangement
of binding sites is not evident in the insulin molecule, whose

that typically bear large sequence deletions. Remarkably,
the solution conformation of this mutant insulin is compa-
rable to that adopted by monomer 1 in the 2Zn insulin
hexamer crystal structur@4). Close inspection of the NMR
model suggested that attachment of an insulin monomer to
a surface via the B1 Phe residue, located at the N-terminus
of the B chain, would direct the dimer forming domain away

dimerization interface is substantially more complex than the from the surface. Conversely, immobilization via the B29

streptavidin-biotin binding site. Crystallographic studies

have revealed that the residues responsible for insulin dimerwould pin the binding domain at the surface.

Lys residue, located near the C-terminus of the B chain,
Further

formation are located primarily in the B chain, including B8 evidence for exposure of the dimerization domains upon
Gly, B9 Ser, B12 Val, B13 Glu, B16 Tyr, B23 Gly, B24 immobilization via B1 Phe can be seen in the following.

Phe, B25 Phe, B26 Tyr, B27 Thr, and B28 Pro (Figure 1B) Photoaffinity labeling studies determined that the B29 Lys
(22) (Table 1). Many of these same residues also have beerresidue lies immediately adjacent to the receptor binding
implicated in insulin receptor binding (as reviewed in refs domain with the B1 Phe terminus located distal to this region,
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which suggests that both the receptor binding and dimer- with copious amounts of pH 7.5 phosphate-buffered saline
ization domains would be exposed upon surface immobiliza- (PBS) solution and pH 3.5 glycine buffer to remove any of
tion via B1 Phe 28). This is supported by a study that the insulin derivatives not covalently attached to the mica.
demonstrated that insulin covalently bound to surface- The insulin concentrations~4 uM) employed during
hydrolyzed poly(methyl methacrylate) films under conditions immobilization were sufficiently low to preclude significant
favoring attachment via B1 Phe was capable of stimulating populations of insulin dimers. While we cannot conclusively
Chinese hamster ovary cell growth7. These observations prove that such species are not present, we expect that the
are consistent with exposure of the receptor-binding and, byrinsing procedure performed under acidic conditions (pH 3.5
inference, dimer-forming domains of the B1 Phe-immobilized glycine buffer) would remove most if not all noncovalent
insulin molecules. Therefore, we postulated that these two insulin dimers. After a final rinse with pH 7.5 PBS solution,
orientations would exhibit different force characteristics the derivatized mica was stored at@ in PBS solution until
associated with the relative accessibility of the dimer-forming use. Pyramidal 3N; AFM tips (Digital Instruments, Inc.,
domains. type DNP) were modified and stored in an identical fashion.

Herein we report in situ AFM-based measurements of the Although the SiN; surface of the AFM tip possesses low
adhesion force between insulin monomers whose orientationconcentrations of native -NHunctionalities 80) that may
on the AFM tip and an opposing mica surface are dictated be sufficient for attachment of photoactive insulin derivatives,
by photochemical attachment of specific residues to thesethe tips were treated with 3-APTES in order to increase the
surfaces. The measurements reveal that the binding charsurface density of active -NHgroups (Figure 2). Similar
acteristics differ substantially for differently oriented mono- tip modification schemes have been employed by ott8ss (
mers and that dimerization adhesive forces are influenced Other ReagentsMonoclonal anti-insulin (MAb 21) and
by binding antagonists such as free insulin and anti-insulin Normal guinea pig immunoglobuliy G (N-IgG) were
antibodies. The force curves exhibit long-range unbinding Prepared as previously describ&?,(33). Stock 0.158 mg/
events, consistent with considerable insulin extensibility as ML N-IgG solution was prepared in pH 7.5 PBS buffer
the dimerized monomers are pulled apart. The force curvessolution and diluted 100-fold in pH 7.5 PBS buffer. The
are nominally identical for repeated measurements, indicating!yophilized MAb 21 was reconstituted in pH 7.5 PBS buffer
reversible and rapid refolding of the protein. These results solution to a nominal concentration ofL ug/mL. Bovine
suggest a protocol for evaluating the effects of antagonistsinsulin (Sigma) was used as received. Stock bovine insulin
and sequence alterations on insulin dimer formation and solutions at concentrations ranging from 10 tegImL were
measuring insulirreceptor interactions, which could have Prepared from pH 3.5 glycine buffer solutions and stored at
significant impact on the development of therapeutic for- 4 °C until needed.

mulations for the treatment of diabetes. Atomic Force Microscopy All AFM data were obtained
on a NanoScope Ill MultiMode scanning probe microscope
MATERIALS AND METHODS (Digital Instruments, Inc., Santa Barbara, CA) equipped with

200um V-shaped SN, cantilevers. Images were analyzed

Photoreactie Insulin Dervatives. The photoreactive  ith the Digital Instruments Nanoscope IIl version 4.22
(N®?-monoazidobenzoyl)insulinB29-MABI) and (N*®'- software. The vertical dimensions of insulin molecules that
monoazidobenzoyl)insulirB1l-MABI) were prepared from  had been photochemically attached to the mica surface were
bovine insulin as described previousBgf. These deriva-  determined on arbitrarily selected regions of the image using
tives possess a photochemically active azido group on thethe threshold feature, with a threshold height of 0 nm. The
B29 Lys or B1 Phe residue, respectively, that enables gverage feature height was determined from the average peak
covalent coupling of these residues to the exposed amineheijght above the threshold value. The baseline, which
functionalities of the modified surfaces. The Iyophlllzed Corresponded to the threshold height, was chosen by a first-
reagents were stored in the dark-a20 °C until required order plane fit to the image region.
for use. Aliquots were reconstituted at a concentration of  Egrce curves were obtained by disabling they scanning
~0.025 mg/mL (-4 uM). The B29-MABI solution was  motion and modulating the-axis-directed piezo motion.
prepared in 0.2 M N#PQ/NaH,PQ, and 0.9% NaCl, while  complete force curves were acquired within-1D s.
B1-MABI was reconstituted using 0.006 N HCI. Contact forces were kept below 2 nN in order to minimize

Surface Immobilization of Insulin on Mica and AFM Tips. damage to the immobilized proteins. The tip deflection
Freshly cleaved mica was immersed in a 2% (w/w) acetone piezo motion calibration was determined from the slope of

solution of (3-aminopropyl)triethoxysilane (Aldrich, Mil-  the constant compliance retraction trace where the tip was
waukee, WI), which reacts with surface -OH groups and in “hard” contact with the surface (i.e., just below turn-
introduces reactive-NHgroups to these surfacezd, for 1 around). The spring constant of the cantilevers w074

h, rinsed extensively with anhydrous acetone, and cured atN-m™, as determined by an end-mass resonance technique
49 °C for approximately 1 h. The aminosilane-modified (34). To minimize tip geometry effects, binding measure-
mica was photolabeled with the photoreactive insulin by ments were performed with the same tip whenever possible.
placing~150uL of the reagent solution on the mica surface A minimum of 75 force curves was acquired for a given set
and irradiating it fo 1 h with ultraviolet light (354 nm). In of conditions at a given scan rate, repeated on several
separate experiments we established that the photoreactivéocations on the substrate. Data analyses were performed
insulin derivatives remained fully biologically active after using Nanoscope Il version 4.22b1 (Digital Instruments,
exposure to ultraviolet irradiation as demonstrated by their Inc., Santa Barbara, CA) and a program written in our
binding to the insulin receptor (data not shown). After laboratory (SPMCON95) that enables rapid analysis of force
irradiation, the insulin-modified mica was rinsed sequentially curves and compilation of binding forces. However, SPM-
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Ficure 2: (A) Schematic representation of the procedure for anchoring insulin derivatives to substrates. (B, C) Schematic models of
idealized oriented insulin monomers immobilized at AFM tips and mica substrates. The insulin monomer is drawn as a backbone model
with the A and B chains depicted in blue and red, respectively. Those residues involved in dimer formation as well as the immobilization
sites B1 Phe and B29 Lys are depicted as ball-and-stick model&B)ABI functionalized AFM tip and mica substrates. This idealized
configuration leaves the binding domains exposed on both the tip and mica surfaces and is denotBd-EABIMABI- B1(M). (C)
B29-MABI functionalized AFM tip and mica substrates. This idealized configuration pins the binding domain near the surfaces of the
AFM tip and mica substrate and is denoted aB@Y-MABI: MABI- B29(M).

CONB95 does not automatically detect pull-off events as suchinteraction force ) was estimated from the mean) (and
detection schemes can fail in the event of multiple unbinding variance ¢?) of each distribution35).
events. Rather, SPMCONS95 relies on the user to identify Molecular Simulations.Conformational changes associ-
and manually measure unbinding events. Details on the ated with stretching of the insulin dimer were examined using
capabilities of SPMCONS95, which runs in the Microsoft the molecular modeling program Sculpt version 2.5 (Inter-
Windows95 environment, and downloading information active Simulations Inc.; http://www.intsim.com). Molecular
can be found on the World Wide Web at http:// models were constructed from the insulin dimer structure
www.cems.umn.edu/research/ward or at ftp:/cyclops.ibme. reported as the asymmetric unit in the single-crystal X-ray
utoronto.ca. structure of porcine insulin, designated in the Brookhaven
The influence of various antagonists was examined in Protein Data Bank by entry code pdb4ins. The slight
succession in the following order: insulin, N-IgG, or MAb  sequence differences between wild-type insulin strains (i.e.,
21 using the same tip. Prior to the introduction of a given human, bovine, or porcine) were ignored.
antagonist, the AFM cell was thoroughly flushed with an
aqueous solution contairgré N urea ad 2 N acetic acid to RESULTS
remove the preViOUS antagonist. The AFM Ce” was I’efilled |mag|ng Of Dervatized Mica Surface_The presence Of
with PBS solution and the antagonist solution was introduced insulin molecules on the mica surface after photo|abe|ing
via a cannula fitted to the inlet ports of the AFM cell. The was Verified by tapp|ng mode AFM performed in PBS
total amount of antagonist solution added was approximately splution using unmodified AFM tips. AFM of the mica
10% of the total AFM liquid cell volume. The irreversibility  syrface after treatment with 3-APTES revealed minor surface
of Mab 21 blndlng dictated that this event be performed last roughening 6075 nm rms roughness), presumab|y from
In a given series. polycondensation of this reagent during derivatization (Figure
The interaction forces were calculated from vertical 3A). The surface appeared substantially different after
excursions in the retraction portion of the force curves that photochemical attachment of the insulin derivatives, exhibit-
were due to sudden unbinding events. The forces associatedng regular elliptically shaped features (Figure 3B). Image
with the vertical excursions were fitted to a Poisson distribu- analyses of arbitrarily selected regions of the surface revealed
tion, with all clearly resolved vertical force excursions above that the height of these features ranged from 2.5 to 2.7 nm.
the noise leveb-0.03 nN used in the analysis. Histograms These values are in good agreement with the distance of 2.9
of the measured unbinding forces exhibited a highly skewed nm between the B1 Phe and B29 Lys residues of the insulin
Poisson distribution as would be expected for a random monomer, based on the solution structure of a monomeric
sampling of a discrete number of events. The averageinsulin mutant as determined by NMRY). The average
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molecules or biomolecules immobilized on the tip. Rather,
the presence of insulin on the AFM tip can be inferred from
the successful derivatization of the 3-APTES-mica surfaces,
as the surface of a i; tip contains native -Nk groups
and reactive hydroxyl groups capable of reacting with
3-APTES @6, 37). Although the AFM tip was modified
with 3-APTES in order to increase the surface density of
reactive -NH groups, the low density of active hydroxyl
and amino groups on the 8i, tip and its low radius of
curvature would favor the attachment of an insulin monomer
on the tip.

Force Measurements.Measurement of intermolecular
forces by force microscopy can be performed by monitoring
the deflection of an AFM cantilever with a known force
constant as a sample surface is moved toward the AFM tip
until contact is made and then retracted. Viewed as a
Hookian spring, the restoring forc&) of the AFM tip can
be estimated as the tip deflectionz) multiplied by the
(experimentally determined) tip spring constdntOnce this
restoring force exceeds the adhesive force between the tip
and sample, a “pull-off” event will occur. The vertical tip
jump during pull-off can be used to estimate the interaction
force, which can be related to the number of binding sites,
adhesive contact area, and the molecular packing density of
the bound molecules. Although simplistic in concept, force
curves become markedly more complex in the case of
biomolecular systems where multiple intermolecular inter-
actions exist and both dissociation and (re)association events
may occur on the time scale of the experiment, resulting in
broad retraction curves with discrete, possibly quantized,
pull-off events. While estimates of the interaction forces
may be obtained from the vertical tip jump during pull-off,
the width and shape of the retraction curve likely are
indicative of processes associated with entropically unfavor-
Ficure 3. Tapping mode AFM images acquired in pH 7.4 PBS able molecular unfolding and elongation. The shape of the
buffer solution of mica (A) after treatment with 3-APTES and (B) retraction curve thus reflects a balance between the competi-

after photochemical reaction of the surface in panel AVB29- e entropic and enthalphic processes that are present during
MABI. The image in panel B was acquired after copious washing - . -
association/dissociation.

with glycine buffer (pH= 3.5) in order to remove any specifically
and nonspecifically bound insulin that was not covalently anchored  Force curve measurements performed in buffer solutions
to the mica surface. at pH 3.5 and 7.5 with bare or 3-APTES-modified AFM tips,
and similarly modified mica substrates, were unremarkable,
with single sharp unbinding events with negligible jump-
to-contact, no discernible hysteresis between the approach
and retraction portions of the force curves, and unbinding
forces of <0.1 nN. Force curves for an insulin-modified
tip and a bare mica surface, a configuration denoted as (T)-
B1-MABI:(M), 2 in PBS solution (pH= 7.5) also exhibited
negligible jump-to-contact, sharp pull-offs, and unbinding
forces<0.06 nN (Figure 4A). However, at pH 3.5 in glycine
buffer the same configuration exhibited large jump-to-contact

lateral dimensions of the features was 24 xrh6 nm, which

is much larger than expected for an insulin molecule as
viewed normal to the binding domain (approximately 3 nm
x 2 nm). These overly large dimensions can be attributed
to the inherent resolution limits of the AFM tips used in these
studies. Larger features~@0 nm x 50 nm) occasionally

were observed, possibly due to coupling of photoactive
insulin derivatives to covalently anchored insulin monomers.
Motion of the attached insulin species on the time scale of

AFM imaging also may contribute to an overestimation of o i .
the lateral dimensions of these features. The morphology and significantly larger binding forces of 4.3 nN (Figure 4B),

of these insulin-derivatized mica surfaces differed consider- consistent with strong electrostatic interactions between the

ably from films of adsorbed insulin on mica, which consisted negatwely Ch?fged bare m|ca_surface a_nd _the positively

of randomly oriented aggregates charged insulin molecule at this pH, which is below the
The AFM images obtained as described above demonstratésomectrlc point of insulin (b= 6.4) 38). These observa-

the attachment of insulin molecules to the mica surface. On

the other hand, direct verification of the presence of 2The configuration of a given experiment is denoted such that the

immobilized insulin on the AFM tip cannot be achieved residue bound to the AFM tip (T) or mica (M) is indicated in boldface

; ; ; ; type adjacent to the respective surfaces. For exampl81¢W)ABI:
re.ad"y by conventlpnal .analytlcal method_s °".‘”.”9 to .the MABI- B29(M) refers to the configuration in which an insulin molecule
minute amount of insulin on the tip. This difficulty is jsimmobilized on the tip via the B1 Phe residue while the mica-bound

common to all AFM-based force measurements involving insulin molecule is tethered via the B29 Lys residue.
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Ficure 4: Representative force curves for BOrMABI:(M)
acquired at a scan rate of 0.5 Hz in (A) pH7.5 PBS and (B) pH

= 3.5 glycine buffer solutions. The curves illustrate the deflection 20 20 o T a0
of the AFM tip as the tip approaches the sample surface (left-facing  Rejative piezo displacement (nm)

arrow) and is retracted from the surface (right-facing arrow). The ) ) )

x-axis is defined as the sample surface displacement relative to theFIGURE 5: Representative force curves acquired in pH 7.5 PBS
minimum in the retraction portion of the force curve. Thaxis is buffer at a scan rate of 0.5 Hz with a corresponding schematic
defined by the neutral tip position () when the tip is no longer in representation of insulin monomer elongation and interface distor-
contact with the surface. The inset schematics depict the interactiontion for each. (A, B) (TB1-MABI:MABI- B1(M) exhibits a broad
between a tethered insulin molecule at an AFM tip and the retraction curve prior to well-defined multiple unbinding events.
negatively charged mica surface. In panel A, the solutionpH  (C, D) (T)B29-MABI:MABI- B29(M) exhibits repulsive forces
plisuin @and the insulin molecule remains nominally neutrally between the tip and substrate on tip approach, signifying unfavorable
charged, whereas in panel B, the solution pHplinsuin and the |n_suI|n molecul_e conformations for dimer formation, as compared_
insulin molecule is positively charged. Adhesive forces are With the behavior suggested by the smooth approach curve seen in
determined from the retraction portion of the force curve when a panel A. In panels A and B, an asterisk denotes onset of repulsive
“pull-off” event occurs (**) and are calculated from the vertical tip—sample forces, and a dagger denotes return to nominally zero
tip jump (T — **). These data clearly indicate stronger binding in tip deflection. (E, F) Force curve for (BL-MABI:MABI- B2Y(M).

the acidic buffer solution where the pH is below the isoelectric Note that the final unbinding distance for panel A, as measured
point of insulin (4 ~ 6.4). from the global minimum, is approximately twice that of panel E.

. L . - In panels B, D, and F the rectangles denote the B29 Lys residues
tions argue that the photoreactive insulin derivative was |ocated in the insulin dimerization domain. The numbers on the

anchored to the AFM tip. force curves correspond to the position of the tip illustrated in the
In contrast to the configuration (BL-MABI:(M), force schematic representations.
curves for the configuration (BJLl-MABI:MABI- B1(M) in tion as the tip-sample separation is increased, suggesting

which insulin was immobilized via the B1 Phe residue on extension of the dimerized insulin molecules due to me-
both the AFM tip and the mica surface exhibited pronounced chanically induced protein unfolding. Our analyses included
hysteretic behavior during retraction of the sample from the all unbinding events that immediately followed the global
tip (Figure 5). The adhesion force during retraction increased minimum of the retraction curve (denoted as 3 in Figure 5)
monotonically to a global minimum, which was located above the noise level of our instrument. Figure 5B graphi-
beyond the point of initial repulsive contact observed during cally depicts these considerations. Histograms of the mea-
the approach curve. At distances beyond this minimum the sured unbinding forces exhibited a highly skewed Poisson
force curves typically exhibited multiple vertical jumps, distribution, as expected for a random sampling of a discrete
usually separated by regions of near zero slope. Force curvesiumber of events (Figure 6). While previous measurements
with the same qualitative features were repeatedly obtainedof ligand—receptor binding have relied on the direct deter-
on the same region, indicating that the protein was robust mination of the unbinding force from the magnitude of the
under the conditions of measurement. A representative forcefinal vertical jump observed in the retraction portion of the
curve is shown in Figure 5A. These features are similar to force curve {3—15), we were unable to analyze binding
those observed in force curves for other biomolecular systemsforces from the final insulin monomemonomer unbinding
(10-15). In our case, the featureless broad region of the events as the final vertical excursions were difficult to
retraction curve between the repulsive onset and the globaldistinguish from instrument noise, making the choice of the
minimum is presumed to result from nonspecific adhesion final unbinding event somewhat subjective and arbitrary.
forces between entangled insulin chains of the opposing Consequently, autocorrelation analysis using data acquired
surfaces. The vertical jumps immediately following the in this manner were inconclusive and unbinding events could
minimum suggest sudden unbinding of intermolecular bonds not be quantified by this approach. Rather, we determined
between residues across the dimerization interface. Thean average interaction forcg)(from the ratio of the variance
regions of near horizontal slope indicate minimal tip deflec- (¢?) to the meang) of the measured forces. The average
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1 (T} B1-MABLMABI-B1 (V) 3 tions are presented in Table 2. The addition of insulin to
3 the AFM cell configured with either (B1-MABI:MABI-
I B1(M) or (T)B29-MABI:MABI- B29YM) decreased the bind-
; ing forces by about 35% and 23%, respectively. This process
3 was reversible as the original force curves were obtained
after the dissociation of dimers by washing with an agueous
191 y g q
¥ . solution containig 6 M urea ad 2 M acetic acid. The force
curves measured for the B)-MABI:MABI- B1(M) con-
figuration after the addition of a monoclonal anti-insulin
antibody MAb 21, which is directed specifically against an
E insulin epitope encompassing most of the insulin dimer-
; EI forming residue$34), exhibited negligible adhesive unbind-
BIMABI-B1 (VD) 3 ing forces 0.03 nN). In contrast, force curves of the
3 (TYB29-MABI:MABI- B29(M) configuration obtained in the
presence of this antibody were highly variable, with no
consistent effect of the antibody on the binding events.
Control experiments in which force curves were obtained in
| T 3 the presence of N-IgG revealed a reduction in binding forces
M orce o) S for the (T)B1-MABI:MABI- B1(M) configuration but an
FiGure 6: Histograms of unbinding forces for (A) (B1-MABI: :zcreifre f?rvt/ri]ti (;?Zi-ﬂl\iﬁle.erABl—ltBZQ(M) configuration,
MABI- B1(M), (B) (T)B29-MABI:MABI- B2YM), and (C) (TB2% contras € esults.

MABI:MABI- B1(M) interactions. All data were from force curves
performed in pH 7.5 PBS buffer at a scan rate of 0.5 Hz. The DISCUSSION

histograms reveal a skewed Poisson distribution of forces with a  |nsylin—Insulin Association.In the present study, we have
fsubstantlal reduction in the number of unbinding events and their used force microscopy to evaluate interactions between
orces depending on the orientation of the bound insulin molecules. ™. . .
oriented insulin molecules. Force curves measured between

binding force for the (TB1-MABI:MABI- B1(M) configu- insulin covalently bound to force microscope tips and silane-
ration, determined by analysis of numerous force curves modified mica revealed trends in retraction curve shapes
acquired at a retraction rate of 100 ratt, was 1.34 nN consistent with the orientation of the tethered-insulin mol-
(Table 2). ecules. Specifically, extensional unfolding was most preva-

Extensional unfolding of the insulin molecules was cor- lent when the insulin molecules were oriented to favor dimer
roborated by force measurements performed with other formation. When measured from the global minimum of
insulin—insulin configurations. The average interaction force the retraction portion of the force curves, these unbinding
measurement for the (BR9-MABI:MABI- B2Y(M) config- distances approach 20 nm, with occasional values approach-
uration, in which the insulin molecules are tethered by the ing 40 nm. In this study we have chosen to measure the
B29 Lys group to the tip and mica surfaces, was comparableunbinding distance from the global minimum rather than the
to that measured for (Bl-MABI:MABI- B1(M) (Table 2). apparent onset of repulsion (asterisks in Figure 5), which
However, the shape of the force curves for the BR9- can be attributed to contact between the hard surfaces of the
MABI:MABI- B29M) configuration as shown in Figure 5C mica and the AFM tip following interpenetration and
differed dramatically as the retraction curve returns to zero entanglement of opposing insulin molecules. As the mica
deflection at the onset of repulsion, in contrast to the long surface is retracted, the tip will disengage from the mica.
unbinding distance observed for the BIyMABI:MABI- However, nonspecific interactions between the entangled
B1(M) configuration. This contrasting behavior can be insulin chains will cause the observed hysteresis and the
explained by the different position of the binding domain broad monotonic increase in adhesion force. This disen-
with respect to the tip and mica surfaces as depicted in Figuretanglement also will contain entropic contributions due to
5D. In the (TB29-MABI:MABI- B29(M), the binding conformational changes required for this process. Eventually
domain is essentially pinned at the tip surface; dimer rupture the tip will be retracted so that the insulin chains are
can occur but extensional unfolding is not possible. Fur- disentangled and the dimerization interface is nominally
thermore, the unbinding distances observed for th&1T) parallel to the planes of the opposing surfaces with the
MABI:MABI- B29YM) configuration (Figure 5E), which  opposing monomers in an unstretched, near-native conforma-
exhibited an average interaction force of 0.96 nN (Table 2), tion. Further retraction will lead to the first unbinding event,
were roughly half that observed for B)-MABI:MABI- thereby establishing the global minimum. Consequently,
B1(M). This is to be expected if only one binding site is insulin extension and the distance at which complete rupture
pinned at the surface as illustrated in Figure 5F. In contrast, of the dimerization interface occurs are better measured from
the binding domain in the (B1-MABI:MABI- B1(M) con- the global minimum rather than the onset of hard repulsive
figuration is distal from the anchoring residue on both contact. These unbinding events will occur when the
surfaces, which allows extensional unfolding of the insulin entropic penalty of unfolding exceeds the bond strength of
molecule as long as the monomenonomer interface  a given set of intermolecular interactions.
remains intact. A similar model was proposed in an AFM study of Fab

To demonstrate the specificity of the force measurement, anti-human serum albumin interactions. These studies,
we examined the effect of adding insulin or insulin antibod- which extended the ligands away from the tip and sample
ies. Average interaction forces obtained under these condi-surface with flexible poly(ethylene glycol) tethers, revealed

Counts

Counts
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Table 2: Interaction Forces between Functionalized AFM Tips and Substrates in pH 7.5 PBS Solution at a Scan Rate of 0.5 Hz

tip modification mica derivatization binding antagonist average binding fqroé) variance ¢) (nN)
(T)B1-MABI none none 0.06

(T)B1-MABI MABI- B1(M) none 1.34 1.4
(T)B1-MABI MABI- B1(M) insulin 0.88 0.62
(T)B1-MABI MABI- B1(M) N—IgG 0.29 0.15
(T)B1-MABI MABI- B1(M) MAb-21 <0.02 0
(T)B29-MABI MABI- B29(M) none 1.35 1.58
(T)B29-MABI MABI- B29(M) insulin 1.04 1.38
(T)B29-MABI MABI- B29(M) N—IgG 1.55 0.98
(T)B29-MABI MABI- B29(M) MAb-21 c

aThe average binding forces were calculated by fitting a Poisson distribution to the forces measured for distinct vertical unbindirtdgNevents.
measurable force$§.The force curves for (B29-MABI:MABI- B29(M) in the presence of MAb 21 were very erratic, precluding acquisition of
interaction forces and determination of a binding force.

that dissociation occurred once the tethers had becomethat sequential force curve measurements are acquired with
extended, suggesting that the association forces binding thansulin monomers that have reestablished their native con-
Fab complex were stronger than the conformational con- formation after dimer dissociation. Similar effects were
straints on the tetherdl@). Similar molecular elongation  observed in force microscopy studies of titin immunoglobulin
phenomena have been reported in optical trap studies of DNAdomain unfolding and apparent refolding?y.
extensibility @9, 40) and AFM studies of the forced To determine the feasibility of extensional unfolding prior
unfolding of titin IgG domains41), tethered duplex DNA  to dimer rupture, the retraction portion of the force curve
(42), the shear-induced elongation of human von Willebrand beyond the disentanglement regime was simulated compu-
factor @3), and the unbinding of complementary DNA tationally by pulling on the B1 Phe terminus located at the
sequenceslf). opposite ends of an insulin dimer. Dissociation of the
The occasional observation of unbinding distances that streptavidin-biotin complex was simulated by molecular
exceeded 20 nm may be due to oligomers formed by photo-dynamics in an analogous fashids0f. The conformation
cross-linking of a photoreactive insulin monomer to a of the model during each step of the simulation was
surface-immobilized insulin monomer during surface im- determined by local minimization of the model’s potential
mobilization. These oligomers would still expose a binding energy including contributions from torsion, van der Waals,
domain to an approaching insulin monomer and comparablehydrogen-bonding, and electrostatic interactios®.( The
binding forces would be expected, with the apparent exten-forces applied at the B1 Phe termini were propagated through
sional length increased by a factor proportional to the number changes in secondary structure with rigid constraints applied
of insulin molecules in the oligomer. The occasionally to bond lengths, bond angles, and planar groups. No other
observed unbinding distance of 40 nm would be consistent constraints on chain conformation or residue orientations
with an oligomer of two insulin molecules. The long were imposed. The simulations revealed that the interface
unbinding distance also may be due to elongation of a between the two insulin monomers, based on the crystal-
polymeric silane layer formed by siloxane cross-linking lographic dimer, which is held together by numerous
during surface modification with 3-APTES. However, it has hydrophobic, hydrogen-bonding, and aromatic interactions,
been shown through AFM studies that lateral forces in excessretains its structure and conformation as forces are applied
of 300 nN (using unmodified cantilevers similar to the type nominally perpendicular to the interface (Table 1). In
used in the present study) are required to disrupt suchparticular, the simulations revealed that as the external forces
siloxane layers from the mica surfaegell. These data argue were applied, the interchain AB7 and A20-B19 disul-
against the interpretation that the unbinding forces observedfides, and the intrachain A6A11 disulfide remained intact
in our present study represent contributions from a polymeric and the (1— 4) g-turn defined by residues B2@23 in the
silane layer. insulin monomer became significantly distorted, with the B
The unbinding distances observed here suggest substantiathain adopting a nearly fully extended conformation in the
unfolding and “mechanical denaturation” of the insulin B1—B20 region prior to rupture of the monomemonomer
molecule during retraction. Since force curves obtained interface. In such an orientation, the distance between
repeatedly on the same region were nominally identical, it opposing B1 Phe residues across the monememnomer
is unlikely that irreversible changes in the binding domains interface increased to nearly 20 nm prior to rupture.
occurred during repeated force measurements. IndeedAlthough simulations cannot approach the AFM time scale
molecular dynamics simulations have demonstrated that theowing to computational limitations, these results suggest that
insulin molecule is inherently flexibletg), which is believed the intrachain interactions dictating the native B chain
to be important for insulin receptor bindingg). While conformation are weaker than forces acting across the
studies of native insulin folding and unfolding are hindered monomer-monomer interface and provide a conceptual basis
by its self-association properties, necessitating the use offor the apparent extensibility of the insulin dimer prior to
insulin analogues that exist as monome¥g @8), previous disruption.
stopped-flow studies of protein refolding suggest that a  As suggested by earlier AFM force measurement studies
protein’s nativeg-structure is formed within a few mil-  of the unbinding between biotin and a series of avidin
liseconds of the initiation of the refolding reactiot®). These mutants, the contribution of factors such as entropically
data argue that insulin refolding likely occurs within the time driven ligand binding remains uncled&d). Itis likely such
frame (order of seconds) of the AFM force experiment and considerations apply to conformationally flexible complexes
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such as insulin, which comprise humerous interactions andthe case of the (B29-MABI:MABI- B29(M) configuration,

a high degree of rotational freedom. In the case of pretein erratic force curves were obtained, suggesting nonspecific
protein interactions, the measured adhesion force reflects ainteractions of the antibody with the oriented insulin. We
distribution of interactions and bond energies between propose that the complexation of MAb 21 with (T/BB9-
different functional groups on different residues rather than MABI may be weak due to poor accessibility of the epitope.
a single defining interaction forceb?, 53. We attribute Occasional dissociation of the weak complex would reexpose
the failure of autocorrelation analysis in our studies of insulin the insulin so that dimer formation can be detected on the
dimerization to these considerations. This prompted us totime scale of the AFM experiment~geconds between
evaluate the unbinding forces by Poisson statistics, which consecutive force curves). The problem of using antibodies
do not rely on the resolution of binding force quanta. Used as specific blocking agents also was demonstrated by
previously to determine single-bond forces resulting from unbinding force measurements performed in the presence of
van der Waals and hydrogen-bonding interacti®%, (this N—IgG. This antibody should show no specificity to the
approach is appropriate for a system in which the adhesionjmmobilized insulin molecules; however, we observed a
force is the sum of a finite number of discrete bonds that reduction in the (TB1-MABI:MABI- B1(M) binding force

act independently of each other (this last point may be pyt an increase in the (BR-MABI:MABI- B2YM) binding
debated owing to the cooperative nature of protein inter- force.

actions).

The magnitude of insulininsulin interaction forces was
approximately 1.341.35 nN regardless of the orientation
of the insulin monomers, which is larger than that observed
for binding between streptavidin and biotin (0.26 nIS)X
and human serum albumin and its polyclonal antib{sh)
but comparable to forces reported for the interaction between
complementary 20 base-pair DNA strands (1.52 nNj).(
However, care must be exercised when comparing unbinding
forces measured for different systems; these forces not only
reflect thermodynamic differences and the initial contact
force (11) but also may be rate-dependent owing to differ-
ences in kinetics of bond breaking, bond formation, and " P .
conformational relaxation during retractid3bf. As reported d'CtatPT the presence of adheswe interactions regardless of
by others 6, 57), the AFM force measurement relies on a the_ orientation of_ the protein. To address these concerns,
constant rate of tip (or substrate) retraction. Thus the AFM Which are intrinsic to these types of force measurements,
tip applies a time-dependent restoring forée(t) = kAZ we cons@ered the folllowmg.. The specificity of the blndlr!g
At, which suggests that the observed dissociation force isProcess is reflected in the width and depth _of the retraction
convoluted with theate of retraction and thus may not be ~Portion of the force curve and not solely in the absolute
a true measure of individual bond strengths. Indeed, our Ma@gnitude of the observed unbinding forces. Thus, it is
studies revealed that the number of “unbinding events” reasoqable to expect that Wh_en the tethergd insulin molecules
decreased with increasing retraction rate accompanied by s€ oriented properly for dimer formation to occur, the

relatively minor increase in the unbinding force per event. @ccompanying higher binding forces and elongation events
Similar effects were observed in an AFM study of titin Would be reflected in a broader and deeper retraction force

streptavidin-biotin dissociation46). Although it is possible ~ during tip approach but may also result from rearrangement
to minimize tip velocities, this in turn raises issues of Of the molecules during tip retraction. It is therefore
electronic noise and instrument stability. necessary to examine carefully the shape of both the approach
The complex structure of the insulin monomer binding @nd retraction portions of the force curves in order to
interface precludes the use of partial blocking strategies suchcorrectly evaluate the unbinding events. We propose that
as those employed by others in studies of (strept)avidin such effects are largely accounted for in statistical analyses
biotin binding (L3, 14). For the present study, it clearly is  Of the unbinding events as nonspecific interactions and would
more appropriate to measure the intermolecular binding Not give rise to statistically relevant unbinding events, except
forces in the presence of reagents specifically designed toin the unlikely event of simultaneous rupture of all specific
inhibit insulin—insulin self-association. We addressed this and nonspecific intermolecular bonds. Background nonspe-
by measuring insulin interaction forces in the presence of Cific protein—protein and proteirrsurface interactions also
soluble insulin or anti-insulin antibodies. The introduction bear consideration. In our studies, experiments performed
of soluble insulin did result in significant reductions in the Wwith B1-MABI- or B29-MABI-modified AFM tips and mica
measured interaction forces. However, the interpretation of modified with nonspecifically adsorbedhsulin (or anti-
these findings is complicated by both specific and nonspecific insulin antibodies) revealed highly erratic retraction curves
interaction of the soluble insulin with insulin anchored on with minimal ~0.07 nN unbinding, comparable to the force
the mica and on the tip. The monoclonal antibody MAb curves acquired betwe&1-MABI- or B29-MABI-modified
21, directed at an epitope in the dimerization domain of AFM tips and bare mica (data not shown). These results
insulin, clearly prevented dimer formation in the BT support that the measured insulin monomeronomer
MABI:MABI- B1(M) configuration, as evidenced in the interaction forces and observed retraction force curve well
consistent lack of unbinding events during tip retraction. In shapes reflect theslative freedom of the insulin dimerization

We note several key issues regarding the measurement of
forces between large conformationally flexible proteins.
Specifically, a valid concern is whether the measured forces
reflectsinglemolecule-molecule interactions as it is difficult
to control the density of immobilized molecules, especially
at the surface of the AFM tip. Furthermore, it is difficult to
conclusively identify the conformation of the tethered
molecules and that it is likely that a distribution of molecular
orientations exist within the constraints dictated by the tether
point. In the present study, this would reflect the mobility
of the insulin monomer relative to either B1 Phe or B29 Lys.
Moreover, the functional complexity of a protein would
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binding domain as dictated by the location of the tethering
site.

These studies demonstrate that specific pretpiotein
interaction forces, the effect of molecular orientation on these
forces, and the influence of antagonists can be studied with
high resolution by AFM. Our data revealed that insulin
dimer unbinding occurs near the limit of extensibility of the
insulin B-chain with rupture of specific hydrogen-bonding
and hydrophobic interactions acting across the dimer inter-
face. The extent of insulin extensibility was found to depend
on the proximity of the immobilization anchor to the insulin
dimer binding domain, a notion corroborated by molecular
simulations of the unbinding process. Furthermore, our data
illustrate the complexity of measuring proteiprotein
interactions by AFM and, in the case of insulin, that the
observed unbinding forces are likely very sensitive to
interface geometry, structure, and residue conformations. The
final unbinding event observed in force curves, while likely
due to the unbinding of a specific residue or group of
residues, may not thus be characteristic of the overall
unbinding force Nevertheless, the influence of antagonists,
particularly a monoclonal antibody directed against the
insulin dimerization binding domain, can be examined
directly with AFM force measurements. The possibility of
attaching photoactive groups to other protein molecules
suggests a useful strategy for examining the effect of
sequence alterations and binding site modifications on
interaction forces, while the in situ nature of AFM force
measurements renders it ideally suited for characterizing the
effect of solution conditions, such as pH and ionic strength,
on protein-protein interactions. Although AFM force
measurements are inherently complex, we anticipate that this
and related approaches will facilitate elucidation of antigen
antibody, protein-protein, and proteinreceptor interaction

forces and energies, as well as the development of therapeutic

protein formulations.
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