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Observation of Contraction and Expansion in a Bis ACHTUNGTRENNUNG(peptide)-Based
Mechanical Molecular Actuator

Christian E. Schafmeister,*[a] Laura G. Belasco,[b] and Patrick H. Brown[c]

Introduction

Mechanical molecular actuators are molecular devices that
switch between two different conformational states under
external control.[1–4] Molecular actuators have been devel-
oped that, in solution, change their color,[5] fluorescence
properties,[6–10] chiroptical properties,[11] and electrical con-
ductance[12] as they switch from one state to another. Many
other groups[1,13–16] have created molecular devices that un-
dergo a change in size and shape that is inferred indirectly
from their property changes and from modeling; however,
direct observations of shape changes of molecular devices in
solution by measuring changes in hydrodynamic properties
is lacking. Hydrodynamic measurements have been used for
almost a century to demonstrate the existence of large con-
formational changes in proteins, such as myosin[17] and tro-

ponin C.[18] Because mechanical molecular actuators are de-
veloped to serve as components in rationally designed nano-
scale devices, such as valves, hydrodynamic measurements
can play a very useful role in optimizing their behavior.

In our laboratory, we have developed bis(amino acid)
building blocks that allow us to create shape-persistent
structures with designed function.[19] A goal of our laborato-
ry is to use these building blocks to create molecular actua-
tors that undergo a large change in shape and size, and to
harness this conformational change to construct nanoscale
valves and other active devices.[20,21] For example, nanoscale
valves could be created that control the flow of proteins,
peptides, and therapeutics for drug delivery by attaching the
molecular actuators to the insides of nanoscale channels.
When the actuators are switched through external control,
they would contract against the wall of the channel to open
the valve and expand into the center of the channel to close
it. We wanted to see if we could create such a molecular ac-
tuator and demonstrate a change in shape and size in solu-
tion using sedimentation analysis and size exclusion chroma-
tography.

Results and Discussion

Proteins that undergo large conformational changes have
one state that is anisometric (length@width) and adopt a
more symmetrical shape in their other state.[22] With this in
mind, we designed and synthesized molecule 1 using solid-
phase synthesis techniques. It consists of two molecular rods
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approximately 24 G[23] in length each containing four bis-
ACHTUNGTRENNUNG(amino acid)[19] monomers connected by a flexible hinge
consisting of an ornithine residue (Figure 1, Scheme 1). The

two rods are structured domains that provide anisometry
and shape persistence to the unbound form. The hinge will
have a tendency to adopt an all trans conformation, which
leads the unbound state to favor a more extended shape
while being dynamic to allow the ends to come together to
form a metal-binding site. The shape change of 1 is con-
trolled by metal exchange. The two ends of 1 have two 5-
carboxymethyl-8-hydroxyquinoline (Q) groups that together
chelate a Cu2+ ion. 8-Hydroxyquinoline forms a very stable
2:1 complex with copper with a well-characterized square
planar geometry.[24–26] We synthesized 1 as a linear oligomer
on solid support and characterized it using high-perfor-

Figure 1. The operation of the hinged molecular actuator 1.

Scheme 1. Synthesis of 1 (see the Experimental Section for abbreviations). a) N-Fmoc-1-napthyl-l-alanine, MSNT, MeIm, CH2Cl2; for solid-phase synthe-
sis b)–f) deprotection (piperidine (20%) in DMF, RT, 30 min), coupling (Fmoc-Xaa-OH (2 equiv; Xaa=Na-Fmoc-Ng-ivDde-l-diaminobutanioc acid (b),
Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) (c)–(f)), HATU (2 equiv), DIPEA (5 equiv), 0.2m amino acid in 20% CH2Cl2/DMF, RT, 30 min, repeated to double
couple each amino acid), and capping (50:12.5:1 DMF/Ac2O/DIPEA (1 mL), RT, 20 min) steps were performed for each amino acid; g) deprotection (pi-
peridine (20%) in DMF, RT, 30 min); h) coupling (Na-Fmoc-Nd-Mtt-l-ornithine (2 equiv), HATU (2 equiv), DIPEA (5 equiv), RT, 30 min, repeated
once); i) piperidine (20%) in DMF, RT, 2 h; j) TFA (1%), triisopropylsilane (5%) in CH2Cl2 (1 mL), RT, 1 min, repeated 10 times; for solid phase syn-
thesis k)–o) deprotection (piperidine (20%) in DMF, RT, 30 min), coupling (Fmoc-Xaa-OH (2 equiv; Xaa=Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) (k)–(n), Na-
Fmoc-Ne-Mtt-l-diaminopropionic acid (o)), HATU (2 equiv), DIPEA (5 equiv), RT, 30 min, repeated once), and capping (50:12.5:1 DMF/Ac2O/DIPEA
(1 mL), RT, 20 min) and deprotection (piperidine (20%) in DMF, RT, 30 min) steps were performed for each amino acid; p) piperidine/DMF (20%), RT,
1.5 h; q) TFA (1%), triisopropylsilane (5%) in CH2Cl2 (1 mL), RT, 1 min, repeated 10 times; r) hydrazine (2%) in DMF (1 mL), RT, 1 min, repeated 10
times; s) coupling (5-carboxymethyl-8-hydroxyquinoline (5 equiv), HATU (4.8 equiv), DIPEA (10 equiv), 0.2m acid in 20% CH2Cl2/DMF, RT, 30 min)
and aminolysis of phenolic esters (piperidine (20%) in DMF, RT, 5 min) steps were performed four times; t) TFA (80%), ethanedithiol (4%), thioanisol
(8%), triflic acid (8%), 0 oC, 1 h; u) piperidine (20%) in DMF, RT, 36 h.
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mance liquid chromatography, low-resolution mass spec-
trometry and high-resolution mass spectrometry.

Titration of 1 with Cu2+ shows spectral changes consistent
with the formation of a [CuQ2] complex (Figure 2).[27–29] Iso-

sbestic points are observed at 250, 279, and 346 nm, which is
consistent with a transition between two states. The absorp-
tion changes at 244 and 259 nm show an inflection point at a
ratio of Cu2+ to 1 of 1.0 and little change beyond that when
up to five equivalents of Cu2+ are added (Figure 3). Further

addition of Cu2+ shows no other inflection points, implying
no formation of 1:2 (1/Cu2+) complexes. Addition of three
equivalents of ethylenediaminetetraacetic acid (EDTA) to
the metal-bound oligomer causes the spectrum to return to
that of the metal-free species, which indicates that the
switch is reversible (Figure 4). At concentrations higher
than 100 mm, compound 1 is soluble, but aggregation occurs
when copper is added.

A Job analysis was performed to confirm the stoichiome-
try of copper binding to 1.[30] The absorbance at 259 nm was

plotted as a function of the mole fraction of 1 with respect
to Cu2+ (Figure 5). The Job plot shows a maximum in ab-
sorbance at a mole fraction of 0.52, which is consistent with
a binding stoichiometry of 1:1 (1/Cu2+),

To determine the shape, size, and aggregation state of oli-
gomer 1 in the metal-free and metal-bound states, we car-
ried out sedimentation equilibrium and velocity experi-
ments. A sample of 1 (7 mm 1, 1.0 mm EDTA, 10 mm sodium
phosphate buffer at pH 7.0) and a sample of 1·Cu (5 mm 1,
5 mm CuCl2, 10 mm sodium phosphate buffer at pH 7.0) were
centrifuged at 60000 rpm in a Beckman XL-I analytical ul-
tracentrifuge for 20 h at room temperature. After this time,
the samples had reached equilibrium, as indicated by a lack
of change in the absorbance profile across the cell with in-
creased time. We carried out sedimentation analysis using
“Sedfit”[31] to determine the hydrodynamic parameters for 1
and 1·Cu (see Table 1 and the Supporting Information).

Figure 2. Spectrophotometric titration of a 17 mm solution of 1 (10 mm

sodium phosphate, pH 7, T=25 8C) with a 150 mm solution of CuCl2
showing the overlaid spectra. The arrows indicate the direction of change
with increasing copper.

Figure 3. Spectrophotometric titration of 1 (17 mm solution of 1, 10 mm

sodium phosphate buffer, pH 7.0, T=25 8C, titrated with 150 mm CuCl2)
monitored at 244 nm (*) and 259 nm (&).

Figure 4. Three spectra that demonstrate the reversibility of copper bind-
ing to 1. The spectrum of a 27 mm solution of 1 before the addition of
copper (c), after addition of 1 equiv CuCl2 (g), and after further ad-
dition of 3 equiv EDTA (a).

Figure 5. A Job plot of 1 combined with CuCl2.

Table 1. Hydrodynamic parameters for compounds 1 and 1·Cu.

vB [mLg�1] S[a] Rs[b] [G] PAR a/b[c] OAR a/b[d]

1 0.670 0.66 8.515 (8.51–8.52) 2.01 2.06
1·Cu 0.636 0.79 8.12 (8.08–8.16) 1.22 1.21

[a] Sedimentation coefficient given in Svedbergs (1x10�13 s) [b] Stokes
radius, intervals represent one standard deviation [c] Prolate axial ratio,
assuming 1.5% hydration. [d] Oblate axial ratio, assuming 1.5% hydra-
tion.
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The analysis of the sedimentation equilibrium data indi-
cates that both 1 and 1·Cu are monomeric under these con-
ditions. The sedimentation coefficient for 1·Cu is 18%
larger than that of 1, which is consistent with the metal-free
species being more extended and sedimenting slower due to
increased hydrodynamic friction relative to the metal-bound
species 1·Cu. The predicted difference that would arise from
an increase in mass due to a bound copper ion is 2.1%, as-
suming a proportional change in surface area and no change
in overall shape. Therefore, a large conformational change
upon binding the copper ion is necessary to account for the
significant increase in the sedimentation coefficient.

The 18% relative change in sedimentation coefficient is
large and comparable to relative changes seen in proteins
that undergo large conformational changes when subjected
to different conditions. Troponin C undergoes a large con-
formational change when it binds four Ca2+ ions and its sed-
imentation coefficient increases by 23%.[18] Smooth-muscle
myosin undergoes a very large conformational change when
it switches from its extended state to the more compact
flexed state and its sedimentation coefficient increases by
50%.[17] Proteins such as citrate synthase and malate syn-
thase that undergo significant but smaller conformational
changes upon binding a ligand show small changes in sedi-
mentation coefficient of 1.5 and �2% respectively.[32]

To further probe the differences in shape between the
conformational states, shape modeling was performed by
using the freeware program SEDNTERP.[33] The Stokes
radius of 1 decreases by 4.7% upon binding copper, which is
consistent with the molecule becoming more compact as it
binds copper. The magnitude of the change is small because
a sphere is a poor approximation of an anisometric molecule
such as 1. When we model the two states of the actuator as
ellipsoids, a large change in axial ratio is necessary to ac-
count for the change in the sedimentation coefficient upon
binding copper (Figure 6; the prolate axial ratio a/b for 1 is
2.03 and for 1·Cu is 1.23).

The contraction and expansion of 1 was further confirmed
by using size exclusion chromatography; 1·Cu elutes later
than 1, which is consistent with 1·Cu being more compact
and symmetric than 1 (Figure 7). Two resolved peaks were
observed in the chromatogram of 1 with no added copper
(solid chromatogram); analysis of the UV/Vis spectra indi-

cated that the earlier peak at 36.6 min was metal-free 1 and
the later peak at 38.9 min was very likely to be 1·M (1
bound to an unknown metal, probably copper from previous
size exclusion runs). The observation of two resolved peaks
indicates that the rate of metal exchange is slow relative to
the chromatographic timescale, which is a desirable property
for future valve applications.

It is difficult to compare the performance of 1 with previ-
ously developed artificial molecular actuators because sedi-
mentation analysis and size exclusion chromatography has
not previously been used to characterize these types of mol-
ecules. Fluorescence resonant energy transfer (FRET) has
been used to characterize molecular actuators,[3–7,10] but it
suffers from a few drawbacks that compromise its value to-
wards quantitatively determining distances and molecular
dimensions. Quantitative analysis of FRET data is always
frustrated by the uncertainty in the alignment of transition
dipoles and the uncertainty in the amount of conformational
flexibility that could change the time-average distance be-
tween the dye pair.[30] Sedimentation analysis and size exclu-
sion chromatography do not suffer from these problems and
they provide quantitative measures of the time-average di-
mensions of a molecule rather than just the distance be-
tween specific groups on a molecule. These techniques can
provide valuable complementary data in the analysis of arti-
ficial molecular actuators and valuable data for the design
of molecular devices that depend on a change in the physi-
cal dimensions of a molecular actuator, such as nanoscale
valves.

Conclusion

We have constructed 1, which is a water-soluble, hinged
macromolecule that binds Cu2+ , and demonstrated directly
using hydrodynamic measurements that it undergoes a large
contraction and expansion under external control. It will
serve as a starting point for future nanoscale mechanical

Figure 6. Cartoons of the two prolate ellipsoids pe1 (left, dark) and
pe1·Cu (right, light), which have the same hydrodynamic properties as 1
and 1·Cu.

Figure 7. The size exclusion chromatograms of 1 with no added copper
(c, monitored at 244 nm) and in the presence of one equivalent of
CuCl2 (a, monitored at 259 nm). The UV/Vis spectra of the peaks indi-
cates that the peak at 36.6 min is metal-free 1, the peak at 39.0 is 1·Cu,
and the peak at 38.9 min is very likely to be a contaminating metal-
bound species 1·M.
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device applications that incorporate molecules which under-
go large conformational changes.

Experimental Section

General : Solid-phase synthesis was performed in disposable polypropy-
lene reaction columns connected to a three-way valve equipped with
vacuum and argon for mixing. CH2Cl2 used in coupling reactions was dis-
tilled over calcium hydride. Dry grade dimethylformamide (DMF) used
in coupling reactions was purchased from Aldrich. Diisopropylethyl-
ACHTUNGTRENNUNGamine (DIPEA) was distilled under nitrogen sequentially from ninhydrin
and potassium hydroxide and stored under molecular sieves. O-(7-Aza-
benzotriazon-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU) was obtained from GenScript. 8-Hydroxyquinoline was ob-
tained from Aldrich. All amino acids and resins were obtained from No-
vabiochem unless otherwise noted. The pro4 ACHTUNGTRENNUNG(2S4S) monomer was synthe-
sized by using literature procedures.[19] All solid-phase reactions were
mixed by bubbling argon up through the reactor, which allowed mixing
to occur and provided an inert atmosphere for the reaction.

HPLC–MS analysis was performed on a Hewlett–Packard 1050 HPLC/
1100 electrospray MS instrument equipped with a Waters Xterra MS C18
column (3.5 mm packing, 4.6 mmO100 mm) and a diode-array detector.
High-resolution ESIMS was performed on a Waters LC/Q-TOF instru-
ment. Preparative HPLC was performed on a Varian ProStar 500 HPLC
system with an XTerra Prep MS C18 column (5 mm packing, 30 mmO
100 mm). UV/Vis experiments were performed on a Varian Cary 50 Bio
spectrophotometer in 10 mm quartz cells. Gel filtration chromatography
was performed on a Hewlett–Packard 1050 HPLC instrument equipped
with a Superdex Peptide 10/300 GL column (13 mm packing, 10 mmO
300–310 mm). Analytical ultracentrifugation was performed on a Beck-
man Optima XL-I analytical ultracentrifuge. Data was analyzed using the
programs SEDFIT,[34] SEDPHAT,[35] and SEDNTERP.[36]

The concentrations of all solutions of 1 in the absence of metal were de-
termined by UV absorption at 25 8C by using the extinction coefficient
e244 (2Oe244=56100 Lmol�1 cm�1, determined at pH 7.0 from the slope of
the calibration curve A244 versus concentration). The concentrations of all
solutions of 1 in the presence of metal were determined by UV absorp-
tion at 25 8C by using the extinction coefficient e259 (2Oe259=

49400 Lmol�1 cm�1, determined at pH 7.0 from the slope of the calibra-
tion curve A259 versus concentration). All solutions for Job plots and ti-
trations had concentrations in the micromolar range (10–50 mm) and were
prepared in pH 7.0, 10 mm phosphate buffer. UV/Vis titrations were car-
ried out by addition of standard metal solutions in water to the titration
solution. The absorbance spectra were corrected for dilution and for the
absorbance of the metal.

Solid-phase synthesis

General procedure A (HATU coupling): In a microcentrifuge tube, the
amino acid (2 equiv) was dissolved in 20% CH2Cl2/DMF (0.2m) with
HATU (2 equiv). After mixing, DIPEA (5 equiv) was added and the so-
lution was vortexed. The solution was left to sit for an activation time of
10 min, and it was then added to the resin and allowed to react under
argon bubbling for 30 min followed by washing successively with 2 mL of
CH2Cl2, CH2Cl2, iPrOH, CH2Cl2, and CH2Cl2 for 2 min each under argon
bubbling. This coupling and washing step was repeated one additional
time with the same amino acid.

General procedure B (capping): Unreacted amines were capped by the
addition of 1 mL of a solution of 50:12.5:1 DMF/acetic anhydride/
DIPEA with argon bubbling for 20 min followed by thorough washing
successively with 2 mL of DMF, DMF, iPrOH, DMF, and DMF for 2 min
each under argon bubbling.

General procedure C (9-fluoren-9-ylmethoxycarbonyl (Fmoc) deprotec-
tion): Deprotection of the Fmoc-protected amine was performed by the
addition of 20% piperidine/DMF (1 mL) followed by argon bubbling for
30 min. The coupling yield was determined by measuring the absorbance
of the piperidine/dibenzofulvene adduct (e301=7800m

�1 cm�1) in this solu-

tion. The resin was then successively washed thoroughly with 2 mL of
DMF, DMF, iPrOH, DMF, iPrOH, and DMF, DMF for 2 min each under
argon bubbling.

Synthesis of 1: A 50 mg batch of hydroxymethyl polystyrene (100–200
mesh) resin (0.98 mmolg�1 substitution) was transferred to a solid-phase
reaction vessel. The resin was swollen and the first amino acid, N-Fmoc-
1-napthyl-l-alanine (42.9 mg, 98 mmol, Acros), was added to a solution of
1-(mesitylene-2-sulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT), and 1-meth-
ylimidazole (MeIm) in CH2Cl2 (0.5 mL) and mixed by using a micropi-
pettor in a 1.5 mL microcentrifuge tube (amino acid (5 equiv), MSNT
(5 equiv), MeIm (3.75 equiv), 0.2m amino acid in CH2Cl2). This solution
was added to the resin and allowed to react under argon bubbling for 1 h
followed by washing successively with 2 mL of CH2Cl2, CH2Cl2, iPrOH,
CH2Cl2, and CH2Cl2 for 2 min each under argon bubbling. This coupling
and washing step was repeated one additional time with the same amino
acid. The sequence was then capped by using general procedure B and
deprotected by using general procedure C.

Na-Fmoc-Ng-ivDde-l-diaminobutanoic acid (ivDde=4,4-dimethyl-2,6-di-
oxocyclohex-1-ylidene; 21.4 mg, 39.2 mmol) was coupled to the resin by
using general procedure A, and the sequence was capped by using gener-
al procedure B and deprotected by using general procedure C.

Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) was coupled to the resin by using general
procedure A. After capping by using general procedure B and deprotec-
tion by using general procedure C, these steps were repeated three more
times for this residue, pro4 ACHTUNGTRENNUNG(2S4S), to give a total of 4 pro4 ACHTUNGTRENNUNG(2S4S) residues
in a row.

Na-Fmoc-Nd-Mtt-l-ornithine (Mtt=methyltrityl ; 23.9 mg, 39.2 mmol)
was coupled to the resin by using general procedure A and capped by
using general procedure B. The deprotection step (general procedure C),
however, was extended from 30 min exposure to 20% piperidine to 2 h
to allow for complete diketopiperazine formation. Capping by using gen-
eral procedure B was then repeated, followed by a deprotection of the
Mtt group by using 1% TFA and 5% TIS in CH2Cl2 (10O1 mL, 1 min
each) under argon bubbling. The resin was then neutralized by using 5%
DIPEA/CH2Cl2, 2O1 mL, 1 min each, under argon bubbling.

Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) was coupled to the resin by using the gen-
eral procedure A. After capping by using general procedure B and de-
protection by using general procedure B, these steps were repeated three
more times for this residue, pro4 ACHTUNGTRENNUNG(2S4S), to give a total of 4 pro4 ACHTUNGTRENNUNG(2S4S)
residues in a row.

Na-Fmoc-Ne-Mtt-l-diaminopropionic acid (22.8 mg, 39.2 mmol) was cou-
pled to the resin by using general procedure A and capped by using gen-
eral procedure B. The deprotection step (general procedure C) was ex-
tended from 30 min exposure to 20% piperidine to 2 h to allow for com-
plete diketopiperazine formation. The capping step was then repeated,
followed by a deprotection of the Mtt group by using 1% TFA and 5%
TIS in CH2Cl2, 10O1 mL, 1 min each, under argon bubbling. The resin
was then neutralized by using 5% DIPEA/CH2Cl2, 2O1 mL, 1 min each,
under argon bubbling. The N-ivDde protecting group on the second resi-
due was then removed by using 2% hydrazine in DMF, 10O1 mL, 1 min
each, under argon bubbling. The resin was then washed with 2 mL each
of DMF, iPrOH, DMF, iPrOH, and DMF for 2 min each under argon
bubbling.

5-Carboxymethyl-8-hydroxyquinoline (19.9 mg, 98 mmol) was coupled by
using general procedure A, however, with acid (5 equiv), HATU
(4.8 equiv), DIPEA (10 equiv), 0.2m in 20% CH2Cl2/DMF. The resin was
washed with 1 mL of 20% piperidine/DMF under argon bubbling to
break up any 8-hydroxyquinoline phenyl ester polymeric chains that had
formed on the resin. This coupling and washing step was repeated three
additional times. The resin was then prepared for cleavage by washing
with 2 mL each of DMF, iPrOH, DMF, iPrOH, CH2Cl2, MeOH, CH2Cl2,
MeOH, and CH2Cl2 for 2 min each. The reactor was then put in a
vacuum tube, and dried under reduced pressure overnight.

A small stirrer bar was added to the solid-phase reaction vessel, which
was then capped and submerged in an ice bath. Ethanedithiol (12.5 mL)
and thioanisole (25 mL) were added followed by trifluoroacetic acid
(TFA; 250 mL) and triflic acid (25 mL). The cleavage solution was stirred
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for 1 h at 0 8C and 1 h at room temperature and then filtered. The filtrate
was then added dropwise into room temperature diethyl ether (15 mL).
An additional 250 mL of TFA was added to the resin and filtered, then
the TFA filtrate was added dropwise to the previous diethyl ether solu-
tion. The resulting precipitate was pelleted by centrifugation. The pellet
was washed again with diethyl ether and dried to form a yellow residue
through lyophilization. This residue was then dissolved in 20% piperi-
dine/NMP (2 mL) and sealed in an HPLC vial with a diketopiperazine
closure for 36 h at room temperature and monitored by LCMS. This solu-
tion was then added dropwise to diethyl ether, and the precipitate was
pelleted by centrifugation. The product was purified by preparative
HPLC (mobile phase, MeCN (0.05% formic acid)/H2O (0.1% formic
acid), 0% to 50% MeCN over 30 min; flow rate 25 mLmin�1). The de-
sired fractions were concentrated by lyophilization to give a fluffy light
yellow solid. The expected mass of 1 was confirmed by low-resolution
HPLC–MS, illustrated in Figures S1 and S2 in the Supporting Informa-
tion, as well as by high-resolution ESIMS (HR-ESIMS: m/z calcd for
C95H101N23O25: 995.8700 [M+2H]/2, 664.2493 [M+3H]/3, 498.4389
[M+4]/4; found: 995.9069, 664.2669, 498.4535).

Spectrophotometric titration of 1: The nature of Cu2+ binding to 1 was
studied by spectrophotometric titration of a 17 mm solution of 1 (10 mm

sodium phosphate, pH 7, T=25 8C) with a 150 mm solution of CuCl2
(Figure 2). Addition of copper causes the absorption band at 244 nm
(due to the p!p* transition of Q) to undergo a bathochromic shift to
259 nm, whereas the band at 315 nm decreases in intensity and a new
metal-to-ligand charge-transfer band at 390 nm appears. Isosbestic points
are observed at 250, 279 and 346 nm, which is consistent with a transfor-
mation between two unique species. A solution (100 mL) of 1 in 10 mm

sodium phosphate buffer was placed in a quartz microcuvette. A UV/Vis
spectrum was recorded at a rate of 600 nmmin�1, and the concentration
of 1 was calculated from the absorbance at 244 nm. A standard solution
of CuCl2 in water (150 mm) was titrated into the solution of 1 a few micro-
liters at a time with mixing by pumping the solution in and out with a
200 mL disposable pipette. Spectra were recorded after every addition of
metal solution. All spectra were baseline subtracted by using a 10 mm

sodium phosphate buffer blank and corrected for dilution.

The UV/Vis titration curves at 244 and 259 nm show an inflection point
at a Cu2+/1 ratio of �1:1. Further addition of Cu2+ shows no other inflec-
tion points, which implies that there is no formation of 1:2 (1/Cu2+) com-
plexes (Figure 3).

Size exclusion chromatography : Size exclusion chromatography was per-
formed on a Hewlett–Packard 1050 HPLC instrument equipped with a
Superdex Peptide 10/300 GL column with a standard flow rate of
0.45 mLmin�1 at 25 8C. The eluent used was 7 mm ammonium acetate
buffer (pH 7.2) with 30% acetonitrile to reduce secondary interactions.
While every effort was made to ensure that, with the choice of eluent,
there would be no interactions with the column matrix, we discovered
that the column has a slight ion exchange capability and that copper
from earlier runs would be absorbed and released in later runs. We there-
fore washed the column with a 7 mm solution of EDTA (pH 7.0) contain-
ing 30% acetonitrile to remove residual metals as much as possible
before the injection of the unbound actuator and then with a solution of
7 mm ammonium acetate buffer (pH 7.2) with 30% acetonitrile and
100 mm CuCl2 to fill up the columnQs metal-chelating sites before injection
of the bound actuator. This helped to ensure that the unbound actuator
would not pick up any metal while in the column and the bound actuator
would not lose any metal. However, metal contamination appeared to
become more and more of a problem with continued use of the column.
We believe that the small peak at 38.9 min in the copper-free sample
(solid trace, Figure 7) is due to metal contamination because it became
more prominent with repeated use of the column and because it has a
UV/Vis spectrum with a lmax at 259 nm, which is consistent with a metal-
bound species. The metal-free versus metal-bound state was determined
by measuring the absorption spectra of the peaks (see Figure S3 in the
Supporting Information) and the exchange rate between the metal-bound
species and the metal-free species was slower than the chromatographic
timescale and so metal-bound and metal-free species were easily distin-

guished within individual runs by their different elution times and differ-
ent absorbance spectra.

Analytical ultracentrifugation : An approach to a sedimentation equilibri-
um experiment was performed on both metal-free and copper-bound
samples in 10 mm phosphate buffered saline (pH 7.0; see Figure S6 in the
Supporting Information). A 0.5 mL sample of a solution of 1 (8 mm 1,
1.0 mm EDTA, 10 mm phosphate buffer at pH 7.0) was dialyzed (2000
MWCO, 0.2–0.5 mL “Slide-a-lyzer” cassette, the cassette was prehydrated
according to the manufacturerQs instructions) against 100 mL of 1.0 mm

EDTA, 10 mm phosphate buffer at pH 7.0 for 4 h. The final concentra-
tion of 1 in the sample was measured to be 7 mm, as determined by the
UV/Vis absorbance at 244 nm. EDTA was added to the metal-free
sample to scavenge metal introduced during dialysis. A 0.5 mL sample of
a solution of 1·Cu (16 mM 1, 20 mM CuCl2, 10 mm phosphate buffer at
pH 7.0) was dialyzed (2000 MWCO, 0.2–0.5 mL “Slide-a-lyzer” cassette,
the cassette was prehydrated according to manufacturerQs instructions)
against 20 mm CuCl2, 10 mm phosphate buffer at pH 7.0 for 4 h. The final
concentration of 1 in the 1·Cu sample was 5 mm, as determined by the
UV/Vis absorbance at 259 nm. In the future we will use lower molecular
weight cutoff dialysis membranes. The dialysates were used as blanks for
analytical centrifugation. Sample (400 mL) and reference buffer (400 mL)
were loaded into charcoal-filled double-sector epon centerpieces that had
been thoroughly cleaned with an EDTA solution overnight. The loaded
cells were then centrifuged at 60000 rpm, and absorbance measurements
were recorded at radial increments of 0.001 cm every 300 s for 20 h at
20 8C in a Beckman XL-I analytical ultracentrifuge.

The compounds were determined to have been in sedimentation equilib-
rium (SE) once the root-mean-square (rms) difference between succes-
sive scans was below the level of noise in data acquisition (0.01OD). The
SE scans were analyzed by using a discrete species model in SED-
PHAT[35] to calculate a partial specific volume (vB) for each actuator with
molecular weights fixed at the known values obtained from HRMS. Sedi-
mentation coefficients for the metal-free (S=0.6601) and metal-bound
(S=0.7891) actuator were determined by using the continuous distribu-
tion (c(s)) model in SedFit for scans covering the entire sedimentation
process prior to reaching equilibrium. The values reported are the aver-
age of 1000 Monte Carlo simulations and the error intervals represent
one standard deviation. The freeware program SEDNTERP[33] was used
to calculate the frictional ratio, Stokes Radius (Rs), and maximum hydra-
tion of each actuator from the mass determined by HRMS, vB was calcu-
lated from SE, and the sedimentation coefficient was measured from the
sedimentation velocity (SV) experiment. The errors in Rs reflect the var-
iance in the sedimentation coefficient. The sedimentation equilibrium
profiles (measured at 244 and 255 nm, respectively) from the metal-free
and metal-bound samples are shown in Figure S8 in the Supporting Infor-
mation. The absorbance spectra of the metal-free and metal-bound sam-
ples within the analytical centrifugation cells (after 20 h at 60,000 rpm)
are shown in Figure S9 in the Supporting Information. Analysis of the
sedimentation velocity/approach to equilibrium and sedimentation equi-
librium data was performed using SedFit.[31]

We modeled the actuators as prolate ellipsoids using SEDNTERP and
calculated the axial ratio for 1 and 1·Cu as a function of hydration. As-
suming 1.3% hydration, the prolate axial ratio for 1 is 2.03 and for 1·Cu
is 1.23. We modeled 1 and 1·Cu as prolate and oblate ellipsoids using the
following parameters: For 1, Mr=1991 Da, s*=0.66007 svedbergs, vB=

0.6700 mLg�1, 1 ACHTUNGTRENNUNG(density)=1.00523 gmL�1, h(viscosity)=0.010189 poise;
SEDNTERP calculated R0=8.0867O10�8 cm , Rs=8.5157,O10�8 cm. For
1·Cu, Mr=2052 Da, s*=0.78913 svedbergs, vB=0.6355 mLg�1, 1-
ACHTUNGTRENNUNG(density)=1.00523 gmL�1, h(viscosity)=0.010189 poise; SEDNTERP
calculated R0=8.0257O10�8 cm, Rs=8.1202O10�8 cm. The degree of hy-
dration (grams of bound water/grams of macromolecule) is an important
parameter when carrying out shape modeling based on hydrodynamic pa-
rameters because predicted axial ratios decrease rapidly with increasing
estimates of hydration (Figures S10 and S11 in the Supporting Informa-
tion); this is one reason why it is best to compare hydrodynamic meas-
urements in a relative mode rather than an absolute mode.[22] In the case
of modeling 1 and 1·Cu, the relative difference between predicted prolate
axial ratios are large (>42%) and increase with increasing estimates of
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hydration. At hydration values larger than approximately 2.5%, shape
modeling of 1·Cu gives non-physical predictions. We are assuming that
hydration will be small because neither 1 nor 1·Cu have pockets that can
sequester water and that the level of hydration will not change when
copper binds. We assumed a level of hydration of 1.5% for prolate ellip-
soid and oblate ellipsoid shape modeling.
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