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     Sub-pN Stability by Tailoring AFM Cantilever
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             ABSTRACT Atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS) is a powerful yet accessible

              means to characterize the unfolding/refolding dynamics of individual molecules and resolve closely spaced, transiently occupied
                 folding intermediates. On a modern commercial AFM, these applications and others are now limited by the mechanical proper-

                ties of the cantilever. Specifically, AFM-based SMFS data quality is degraded by a commercial cantilever’s limited combination
                 of temporal resolution, force precision, and force stability. Recently, we modified commercial cantilevers with a focused ion beam

                 to optimize their properties for SMFS. Here, we extend this capability by modifying a 40 18 m m
2

   cantilever into one terminated
      with a gold-coated, 4 4 m m 2            reflective region connected to an uncoated 2- m-wide central shaft. This ‘‘Warhammer’’ geometrym

                  achieved 8.5- s resolution coupled with improved force precision and sub-pN stability over 100 s when measured on a commer-m

               cial AFM. We highlighted this cantilever’s biological utility by first resolving a calmodulin unfolding intermediate previously

                  undetected by AFM and then measuring the stabilization of calmodulin by myosin light chain kinase at dramatically higher un-
                  folding velocities than in previous AFM studies. More generally, enhancing data quality via an improved combination of time res-

            olution, force precision, and force stability will broadly benefit biological applications of AFM.

     Single-molecule force spectroscopy (SMFS ) provides valu-

       able insights into diverse biophysical systems ( ). One1

      particularly exciting applica tion is studying the unfoldi ng

        and refolding of nucleic acid structures ( ) and proteins2

      ( ). Detecting closel y spaced and/or transiently occupied3,4

       intermediate states yields insights into a molecule’s folding

       pathway ( ). Such studies require a technically chal-5–9

     lenging triumvirate of experimental capab ilities: temporal

      resolution, force prec ision, and force stability. Temp oral

       resolution and force precision are needed to distinguish

       closely space d and briefly occupied states. Force stability

     enables equilibrium assays, where individual molecu les

        repeatedly unfold and refold ( ) and thereby also enables2

     reconstruction of a one-dimensiona l free-energy landscape

       along the stretching axis ( ). Dua l-beam optical traps10

         have emerged as the SM FS modality of choice for such

        studies ( ) due to their combination of force stability6–8,10

        and precision. For instance, studies of calmod ulin with an

      optical trap resolved additional folding intermed iates ( )7

       that were previously undetected by highly stable, custom

    atomic force microscopy (AFM) ( ).11

       Historically, AFMs have had poor force prec ision and

       stability in comparison to custom-built op tical traps ( ).1 

       However, commercial AFMs are much more user acces-

           sible. SMFS on a mode rn AFM is now limited by the me-

      chanical properties of com mercial cantilevers rather than

         the rigidity of the AFM frame (12–14). For example, we

         achieved sub-pN stability over 100 s by removing the gold

          coating from long, soft cantilevers ( 100 m;L ¼ m k z

         7 pN/nm) ( ). Yet these cantilevers still suffered from rela-12

         tively poor force precision and time resolution (450 ms) in

       comparison to the best optical trapping results ( ).15

       A high-speed AFM using ultras hort cantilevers (L ¼

           9 m) ( ), on the other hand, has exceeded the time reso-m 16

         lution of advanced optical traps ( ) (0.7 versus 6–10 s,15 m

       respectively). However, this benefit comes at the expense

       of force precision due to underdamped motion (quality

        factor ( ) 0.5) and stability due to low-frequencyQ >

       (low- ) noise ( ). Recently, we optimize d ultrashort canti-f 14

         levers for SMFS by modify ing them with a focus ed ion

       beam (FIB), achieving 1- s resolution and improved forcem

        precision ( ). Yet these cantilevers had only moderate sta-14

       bility, achieving sub-pN performance over 1–3 s. Further,
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      detecting such modified, ultrashort cantilevers required ret-

       rofitting our commercial AFM with a home-built detection

        system ( ). Thus, there is an exciting opportunity in14

      AFM-based SMFS to com bine excellent time resolution

         and extended force stability with the ease of use provided

    by an unmo dified commercial AFM.

        Here, we extend our earlier efforts in modifying cantile-

        vers with an FIB ( ) to achieve 8.5- s resolution13,14 m

         coupled with sub-pN stability over 100 s on an unmodified

        commercial AFM. We dem onstrated the utility of this, to

       our knowledge, new cant ilever geom etry by unfolding a

      single protein domain embedded in a polyprotein

         ( ), and thereby resolved a cal modulin unfolding in-Fig. 1 A

       termediate p reviously undet ected by AFM ( ). We also11

      measured calmodulin stabilization by myosin light chai n

       kinase (MLCK) at much higher unfol ding velocities than

    in earlier AFM studies ( ).11

       Our new ‘‘Warhammer’’ cantilever is best understood if

        we briefly review the process and benefits of FIB-modifying

       cantilevers. To achieve detection with our commercial AFM

       (Cypher ES; Asylum Research, Golet a, CA), we started

        with a cantilever of intermed iate length, a BioLever Mini

            ( 40 m; 100 pN/nm; Olympus) ( ). RelativeL ¼ m k z Fig. 1 B

            to the oft-used BioLever Long ( 100 m; 7 pN/nm;L ¼ m k z

      Olympus), this shorter and stiffer cantilever offered

       improved short-ter m force precision due to its lower

      hydrodynamic drag (b) (17) and improved time resolution

          ( / in the overdamped limit [ 0.5]). However,t z k b Q <

          these benefits come at the expense of force stability due to

        low- noise that increases with . Our ori ginal FIB-modi-f k

          fying process yielded a soft yet short cantilever ( 40L ¼

            mm; 7 pN/nm) (k z Fig. 1 C) ( 13). In that work, we simul-

         taneously reduced and by removing a rectangular regionk b

         at the base of the cantilever and thinni ng the remainin g

         supporting beams. We then removed the majority of the can-

        tilever’s gold coating to improve forc e stability, and retained

          high reflectivity by preserving a small gold patch at the end

          of the cantilever. For brevity, we refer to these cantilevers as

          a ‘‘Mod Min i.’’ In our original work ( ), they exhibited a13

        good response time (76 s) by SMFS standards coupledm

        with sub-pN force stability over five decades of time

 (0.001–100 s).

      Using thi s basic FIB-modification process, we hypothe-

          sized that reducing via reduced surface area at the endb

      of the cantilever would further improve performance.

       Such reduction could be accommodated while still effi-

        ciently detect ing the resulting cantilever by using the small

    spot-size (9 3 m m 2
     ) detection module available for our

        commercial AFM. In particular, we tested two new canti-

       lever geometries, referred to as ‘‘Long-cut Mini’’ and

        Warhammer ( , and ). Although the Long-cutFig. 1 D E

        Mini was an extension of our original Mod Mini

           (Fig. 1 C) ( 13), the Warhammer used a small (4 4 m m
2

)

        yet highly reflective region supported by a central uncoated

        shaft. We modified all cantilevers to have a 10-fold
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       FIGURE 1 Improved performance of modified AFM cantilevers.

         ( ) Schematic of the assay showing a polyprotein consisting ofA

         four domains of NuG2 ( ) and one domain ofred a3  D ( blue) being

        unfolded with a Warhammer cantilever. ( – ) Images of cantile-B E

          vers prior to gold removal: an unmodified BioLever Mini ( ), aB

           standard Mod Mini ( ), a Long-cut Mod Mini ( ), and a Warham-C D

         mer ( ). The cantilever’s spring constant is noted below eachE

         image. ( ) Comparison of the force PSD for each cantileverF

         using the color code denoted in ( )–( ). ( ) Force precisionB E G

        over a given averaging time, technically the Allan deviation

          ( ). At the very shortest times, the motion of the cantilever17

      becomes correlated, distorting the force precision calculation.

          This region of the curve is de-emphasized using a dashed line.
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         reduction in . We did not investigate very soft cantileversk

         ( 4 pN/nm), which tend to irreversibly fol d whe nk <

  immersed in liquid.

        To compare our set of four cantilever geometri es, we

        measured their thermal motion in liq uid positioned 50 nm

        over the surface and thereby deduced their force power

        spectral density (PSD) ( ) and force precisionFig. 1 F

        ( ). Specifically, we computed the mean forceFig. 1 G

        precision over a given averaging time, technical ly the Allan

      deviation ( ). Importantly, these metrics reflect perfor-18

        mance in typi cal SMFS assays because they account for

         the increased when a cantilever is positioned near ab

surface.

        Analysis of the PSD reveals several benefit s arising from

       FIB modifica tion. First, a standar d BioLever Mini remained

          resonant even near the surface ( 1.9), as illustrated byQ ¼

             the peak in its PSD at 32 kHz ( Fig. 1 F, ). Yet, standar dred

       SMFS theo ry assumes the force probe is overdamped

        ( 0.5) ( ). All three modified cantil evers exhibitedQ < 19

       PSDs with no peak. Unexpectedly, the Long-cut Mini

        exhibited a PSD essentially identical to a standard Mod

         Mini (Fig. 1 F, versus ) despite removing anorange blue

         extra 30% of the cantilever’s plan ar surface area. In contrast,

       the Warhammer geometry had a 3-fold higher character-

  istic frequency (f c       ) and better force precision in the

        thermally limited regime (flat portion of the PSD). Hence,

       both time resolution and force prec ision improved despite

        constant . Our results, therefore, suggest that a singlek

       supporting shaft has substant ially reduced relative tob

      two widely spaced supports. Finite-element modeling may

   provide for further enhancements.

       Com puti ng for ce pr ecis ion a s a f unct ion o f aver agin g

       tim e highl ight s that aver agin g Brownia n motio n over shor t

        t i m e s c a l e s i m p r o v e d d a t a q u a l i t y ( F i g . 1 G) . Over long er

       t i m e s c a l e s , f o r c e p r e c i s i o n w a s d e g r a d e d d u e t o l ow - f

       n o i s e . F o r t h e s e f o u r c a n t i l e v e r s , t h e Wa r h a m m e r h a d

        t h e b e s t s t a b i l i t y, w i t h s i m i l a r p e r f o r m a n c e b y t h e o t h e r

      two mod ifie d c ant i levers. The Warh amm er also exhi bite d

         t h e b e s t s h o r t - t e r m f o r c e p r e c i s i o n d u e t o i t s l o w e r b.

       M o r e q u a n t i t a t iv e l y, t h e Wa r h a m m e r h a d 4 0 % l e s s f o r c e

         n o i s e t h a n a M o d M i n i i n t h e t h e r m a l l y l i m i t e d r e g i m e

 ( 0 . 2 – 1 0 m s ) .

        We next com pared the performance of the three modified

           cantilevers ( ) when applied to the unfolding of a pol-Fig. 2 A

             yprotein, a widely used assa y ( ). To do so, we used aFig. 1 A

      polyprotein containing a single copy of a 3   D centered within

          four repeats of NuG2 ( ). NuG2 is a fast-folding variant of20

           GB1 ( ) that has been well studied by AFM ( ), and acts21 22

       as an internal standard to assure individual polyproteins

  were stretched. a 3      D is a computationally designed, three-

        helix bundle ( ), and is the most mechanical ly labile23

        protein probed to date by AFM-based SMFS ( ). For20

      improved data quality, we site-specifically anchored one

        end to a polyethylene glycol-coated cover slip via a

         copper-free click chemistry, and the other end to a polyeth-

      ylene glycol-coat ed AFM tip via a streptavidin-biotin

       linkage. This schem e enabled a strong but reversible

     coupling to the AFM tip ( ).20
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     FIGURE 2 Temporal resolution of different

  cantilever geometries. (A) Scann ing ele c-

     tron microscopy images of the modified

   cantilevers. ( ) Force-versus-time tracesB

    show unfolding of the (NuG2)2 -a3 D-(N uG2)2

      construct. In this assay, the construct was

   stretched until the a3     D and three NuG2 do-

      mains unfolded. The stage was further re-

      tracted until the polyprotein was held at

      80 pN. The stage retraction was then

      stopped and the last folded NuG2 domain

      unfolded. Data smoothed to 2 kHz. ( )C

  High-bandwidth force-versus-time traces

       from ( ) showing the unfolding of the fourthB

        NuG2 domain at 0 nm/s. Time constantsv ¼

     determined from exponential fits. Data ac-

      quired at 500 kHz. ( ) Autocorrelation ofD

      the cantilever motion after the final NuG2

      domain unfolded but was still attached to

    the polyprotein. Time constants shown

       were determined from the 1/e point of the

   autocorrelation (dashed line E). ( ) F o rce

       PSDs of the 500-kHz data after unfolding of

      the final NuG2 domain. Time constants esti-

   mated from /(z Q pf c     ) based on the charac-

  teristic frequency, fc .
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        To directly measure the cantilever response time during a

         SMFS assay, we used a stret ching protocol in which we

  initially unfolded a 3        D and the first three NuG2 domains at

          v ¼ 400 nm/s, and then stopped retraction at 80 pN

          ( ) to mea sure the resulting force decay after theFig. 2 B

          rupture of the final NuG2 domain ( ). This mechan-Fig. 2 C

           ical response to a step change in force was well descr ibed by

      a single exponential. Comparison among the modified

        cantilevers showed that the Warhammer had a decay time

         of 8.5 s, a 3-fold improvement over the Long-c ut Minim

         and the Mod Mini (29 and 25 s, respectively). Addition-m

       ally, all three cantilevers clearly resolved the low-force

  unfolding of a 3 D.

        Although this force decay is our preferred metri c, the

        cantilever response time is also encoded in the Brownian

        motion of the cant ilever. In particu lar, we computed two

      alternative metrics by analyzing the cantil ever’s thermal

       motion when pulling on the fully unfolded polyprotein,

       because the taut polyprotein contributes added stiffness to

          the full system during a SMFS assay. In the first alternative,

         we estimated the cantilever response time from the 1/e point

        in the cantilever’s autocorr elation curve ( ), yieldi ngFig. 2 D

        a characterist ic time similar to our preferred metric. The

        second metric was based on analysis of force PSDs

            ( ), similar to , but when pulling on theFig. 2 E Fig. 1 D

        polyprotein. Based on a traditional AFM analysis ( ), the16

       response time was estim ated using /(t z Q p f c ).

        Although this estimate is accurate in the underdamped limit

        ( 1), the resulting response times were neverthelessQ >>

         similar to the other metrics. Finally, we note that careful

          inspection of leads to an apparent anomaly: theFig. 2 C

       Warhammer has larger force fluctuations and hence larger

        force noise than the other two modified cantilevers. In

      actuality, the Warhammer has better force precision

          ( , and ); this discrepancy arises from the temporalFig. 1 G F

       filtering by the slower responding cantilevers given the

          depicted 500-kHz data ( ). When the data from allFig. 2 C

         three cantilevers were filtered to 5 kHz ( ), theFig. S1

       Warhammer exhibited better forc e precision (1.7 pN) than

           either the Mod Mini (2.4 pN) or the Long-cut Mini (2.6 pN).

     To demonstrate the Warhammer’s improved performance

        in AFM-based SMFS, we revisited a pioneering AFM study

       that resolved the unfolding and refolding of calmodulin

          ( ). To review, this pri or work used a custom AFM to11

           pull at very low velocities ( 1 nm/s) and thereby revealedv ¼

      two unfolding steps: the N-terminal and C-terminal

         domains, each of which is composed of two EF-hand motifs.

        However, a subsequent study usin g a dual-beam optical trap

        revealed an additional intermediate in which one of the

       EF-hand motifs in the C-te rminal doma in unfolds ( ).7

        With the Warhammer, we now observed this additional un-

        folding intermediate, and did so at a comparatively high

       stretching velocity (100 nm/s) relative to the original

            AFM work (1 nm/s) ( , and ). For clarity, we colorFig. 3 A B

        coded the three unfolding states, fully folded ( ), partialblue

        unfolding of the C-terminal EF hand ( ), full unfoldinggreen

        of the C-te rminal doma in ( ), and the fully unfoldedorange

        calmodulin ( ). As expected, the total change in con-purpl e

        tour length (53.0 nm) agreed with the previously measured

   value (52.2 nm) ( ).7

      We next recapitulated the mechanical stabilization of

         calmodulin when bound to one of its target ligands, MLCK

        ( ). In that earlier study, MLCK stabilized the N-terminal11

A

C

B

       FIGURE 3 Improved AFM-based SMFS studies of calmodulin

       unfolding when using a Warhammer cantilever. ( ) Force-exten-A

        sion curves show the unfolding of a polyprotein containing

           calmodulin and four repeats of NuG2 at 100 nm/s. Tracev ¼

       color coding indicates fully folded calmodulin ( ), partialblue

        unfolding of the N-terminal domain ( ), followed by thegreen

          full unfolding of the C- and N-terminal domains ( andorange pur-

         ple, respectively). The unfolding of the NuG2 domains at higher

         force is also color coded purple. Dashed lines represent worm-

         like chain fits. ( ) Calmodulin unfolding at low force. ( )Inset B

        Three force-versus-time traces at 100 nm/s highlightv ¼

      three-step unfolding of calmodulin. ( ) Force-extension curvesC

        comparing the unfolding of calmodulin bound and unbound to

           MLCK at 400 nm/s ( and , respectively). Dark tracesv ¼ red blue

   filtered to 250 Hz.
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          domain. When we added MLCK to the buffer, we also clearly

       observed MLCK-induced stabilization ( , versusFig. 3 C re d

        blue) despite pulling at much higher velocity (400 versus

       1 nm/s). Thus, the Warhammer provides for significantly

      enhanced signal/noise ratio and rapid characterization of

      low-force unfolding events by AFM standards ( )1,11

        From a practical point of view, we emphasize that

     FIB-modified cantilevers were straightforward to fabricate

        and were reusable. Until recentl y ( ), our laboratory had13

         no prior expertise with an FIB. After initial training in

      FIB operation, fabrication of the Warhammer geometry

       was not technically challenging, but rather a modification

       of a previously published, step-by-st ep protocol ( ). The24

          change in geometry, on the other hand, was the key to

     improved performance. Fabrication remained efficient; we

     produced 2–3 cantilevers/h. Unlike FIB-modified, ultrashort

       cantilevers ( ), we detected the Warhammer when using14

       the standar d small spot-size module of our commercial

         AFM with no loss in precision over all measured fre-

          quencies ( ). That said, we preferred to use aFig. S2 A

       home-built modu le that featured a 3- m diameter circularm

        spot ( ) because it reduced an optical interference artifact14

        ( ). Finally, Warhammer cantilevers were robust andFig. S2 B

      reusable. After functionalization ( ), a Warhammer coul d20

       be reused over multiple days and refunctionalized after

        plasma cle aning. Han dling or bending of the cantilever dur-

       ing plasma cleaning was typically the limiting factor.

      In summary, Warhammer cantilevers offer an excellent

       combination of 8.5- s resolution coupled with sub-pN forcem

         stability over 100 s. We expect this combination to enable

       equilibrium folding studies of proteins and nucl eic acid

        structures over long periods on a commercial AFM. The

        advances in data qual ity dem onstrated here for SMFS are

       immediately applicable to a wide range of biological

     AFM appl ications, including rapid nanomechanical map-

    ping of live cel ls ( ).25
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