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Although nanoparticle-protein conjugates have been synthesized
for numerous applications, bioconjugation remains a challenge,
often resulting in denaturation or loss of protein function. This is
partly because the protein–nanoparticle interface is poorly under-
stood, which impedes the use of nanoparticles in nanomedicine.
Although the effects of nanoparticle ligand and material on pro-
tein structure have been explored, the choice of the labeling site on
the protein has not yet been systematically studied. To address this
issue, we label cytochrome c site-specifically with a negatively
charged Au nanoparticle via a covalent thiol–Au bond. The attach-
ment site is controlled by cysteine mutations of surface residues.
The effect of labeling on protein structure is probed by circular
dichroism. Protein unfolding is the most severe when the nano-
particle is attached to the N- and C-terminal foldon, the core motif
of cytochrome c. Also, when the nanoparticle is attached in the
vicinity of charged residues, the amount of structural damage is
greater because of salt-dependent electrostatic interactions with
charged ligand bis(p-sulfonatophenyl) phenylphosphine on the
nanoparticle. Molecular dynamics simulations also elucidate local
to global structural perturbation depending on labeling site. These
results suggest that the labeling site must be considered as one of
the main design criteria for nanoparticle–protein conjugates.

bioconjugation � protein folding � circular dichroism �
molecular dynamics simulation � nanoscale interface

Nanomaterials hold much promise for biomedical applica-
tions such as multiscale imaging (1–3), novel therapeutic

approaches (4), and biomolecular sensing (5). The emerging
field of nanomedicine is based on exploiting the unique size- and
material-dependent properties of nanomaterials. However, the
biggest barrier in effectively using them is their biological
interface. Historically, biological–inorganic interfaces suffer
complications such as surface fouling in medical devices and
nonspecific adsorption of proteins on sensors, inhibiting practi-
cal use. The problem significantly worsens for nanoscale systems
because of their high surface-to-volume ratio. Nanoscale sur-
faces are physically and chemically different from the bulk,
requiring nontraditional tools to effectively probe them. These
factors suggest a pressing need for deeper understanding of the
‘‘nano-bio’’ interface.

One particular issue related to the interface that limits the
potential of nanoparticles (NPs) is conjugation to a biomolecule.
Covalently linking a NP to a protein can affect both its structure
and function. Even if protein structure is retained, the NP can
sterically hinder substrate binding. NPs are large compared with
dye molecules, and their interface with proteins is highly com-
plex. NPs are not hard spheres but crystals with facets, edges, and
vertices, and their passivating ligands can change conformation
or come on and off the NP. Consequently, there are numerous
nonspecific interactions between the NP and protein, where
amino acid side chains noncovalently bind to the NP or ligand in
undesirable ways. This often leads to protein denaturation,
rendering the NP–protein conjugate useless.

Despite these complications, proteins on nanostructures are
often assumed to be fully folded, an oversimplification that can
severely obfuscate quantitative data in fluorescence resonance
energy transfer (FRET) (6) and activity measurements (7), or

lead to fundamental obstacles in comprehending biological side
effects and cytotoxicity. To date, efforts have focused predom-
inantly on exploiting material properties of NPs (8, 9), but
ultimately these endeavors are limited by a poor understanding
of the NP–protein interface. To realize the full potential of NPs
in biological applications, understanding and ultimately control-
ling these interactions is critical.

To this end, efforts have begun to elucidate how NP labeling
affects protein structure and function. For covalently linked
proteins, the structural effects of ligand charge (10, 11) and NP
material (12) have been studied. However, a key factor not yet
explored is the effect of the labeling site, which may affect the
protein conformation and activity, and thus would be crucial for
obtaining quantitative information from NP–protein conjugates.
Whereas the advances in conjugation chemistry have enabled
site-specific labeling, the choice of labeling site must be strat-
egized. Proteins have different domains of varying structural and
functional importance, and charge and hydrophobicity are rarely
uniform on protein surfaces. Obviously, labeling sites necessary
for protein function, such as binding or active sites, must be
avoided. Furthermore, each domain on a protein can stabilize
the structure differently, so labeling sites must be carefully
chosen to minimize destabilization. We have previously shown
that protein structure in NP–protein conjugates is dominated by
interactions with amino acid side chains in local vicinity of the
conjugation site (10, 12). However, to date, there is no study that
systematically investigates the effect of labeling site on protein
structure, and the choice of labeling site has been largely
overlooked.

Here, we conjugate Au NPs to the protein cytochrome c (cyt
c) at different sites and study the effect on protein structure. We
show that electrostatic interactions of amino acid side chains
with the NP ligand are partially responsible for protein behavior,
but more importantly, there are key motifs on the protein that
must not be labeled to avoid denaturation. Conversely, labeling
a protein with a NP can be used to induce local denaturation.
Based on this, we propose a general guideline for NP function-
alization: To preserve protein structure, f lexible and loosely
folded motifs should be labeled instead of nucleation centers for
folding. Fundamental understanding of the effect of labeling site
on protein structure, in combination with material, size, and
ligand dependence, will enable strategic labeling of diverse
proteins with a variety of biomedical importance.

Results
Choice of Protein and NP. Cyt c is ideal for this study because its
structure (13, 14) and folding have been extensively character-
ized, both experimentally (15, 16) and computationally (17, 18).
Cyt c from Saccharomyces cerevisiae was used because its unique
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exposed Cys at position 102 can be linked covalently to Au NPs.
Two other Cys at positions 14 and 17 are covalently bound to the
heme and unavailable for labeling. Site-directed mutagenesis has
inserted Cys mutations distributed throughout different motifs
[39 � loop B; 50 � loop C; 66 � 60’s helix; 99 and 102 �
C-terminal helix; Fig. 1a, Table 1 (19, 20)]. We used 1.5-nm
diameter Au NPs coated with BPS ligands, which partially unfold
cyt c when covalently attached at C102 (10). Although a neutral
ligand such as PEG would be better at keeping the conjugated
protein folded, it would not be able to discriminate optimum
labeling sites. K99C was tested in addition to C102 because C102
is buried in a hydrophobic pocket, whereas K99 is exposed to the
solvent. Previous work has shown that flipping out C102 to form
disulfides in cyt c dimerization perturbs protein structure slightly
(10, 21).

Site-Specific NP Labeling of cyt c on Surface Cys. To check whether
the NP was site-specifically and covalently labeled and not
nonspecifically adsorbed onto the protein, we compared the
conjugation of NPs with yeast cyt c and horse cyt c. Horse cyt c
has similar sequence and structure but lacks the surface Cys. The
positively charged horse cyt c attaches to negatively charged NPs
by Coulombic interactions. We determined conditions under
which yeast cyt c form conjugates to the NPs with higher yields
than horse cyt c. Gel electrophoresis probed conjugation (Fig.
1B). Lane 1 contains free NPs that run to the anode. Lane 2 has
NP incubated with yeast cyt c and lane 3 with horse cyt c. Both
proteins attach to the NPs, as evidenced by lower mobility bands

in both lanes. NP–cyt c conjugates have reduced gel mobility
compared with free NPs because of larger size and lower net
charge. Blue staining confirms the presence of protein in lower-
mobility bands and shows that all cyt c are NP-labeled, because
no band runs to the anode (lanes 2� and 3�). In 1 M NaCl (Fig.
1B, lanes 4–6), the efficiency of horse cyt c labeling is reduced,
likely because of salt screening. This is illustrated by a higher
intensity of the NP band (lane 6 compared with lane 5), and a
protein band that runs to the cathode (lane 6�). The absorption
spectrum of this band has a Soret peak (410 nm), indicative of
unlabeled horse cyt c (Fig. 1C). In contrast, salt does not affect
the NP labeling efficiency of yeast cyt c, because no band due to
free protein appears in lane 5�. This supports that C102 forms a
covalent thiol–Au bond with the NP.

Structure of NP-Labeled Mutants Probed by CD. Far-UV CD spec-
troscopy confirmed that all unlabeled mutants were fully folded
(Fig. 2A) (20). CD spectra of each of the mutants and wild type
(WT) conjugated to NPs in 10 mM NaPi, pH 7.3, with (Fig. 2B)
and without (Fig. 2C) 0.1 M NaCl, are shown. Compared with
WT (solid line), NP conjugation results in structural disturbance
for all of the conjugates, because molar ellipticity at 222 nm, �222,
increases and �-helical content decreases (Table 2). The protein
is more disturbed when the NP is attached to the C-terminal
helix (K99C-NP and C102-NP). Without salt, D50C-NP retains
its �-helicity the most. With 0.1 M NaCl, folding improved in all
conjugates to different degrees. Improvement was minimal for
D50C, K99C, and C102, whereas H39C and E66C improved the
most (Table 2). Soret and Q-band peaks show retained redox
activity in several conjugates [supporting information (SI)
Fig. S1].

Molecular Dynamics Simulations. To provide atomistic insights into
the structure and stability of NP-cyt c conjugates, we performed

Fig. 1. NP–protein conjugates. (A) Labeling yeast cyt c (Right) with 1.5-nm Au
NP with BPS capping groups (Left). Sizes are to scale. Positions of labeled Cys
in mutants and WT are marked by arrows. (B) Agarose gel electrophoresis. NP
alone (lane 1), NP incubated with WT yeast cyt c (lane 2), or horse cyt c (lane
3) in 0.5� Tris-borate-EDTA buffer (TBE). Lanes 4–6: the same as lanes 1–3,
except with 1 M NaCl. Lanes 1�–6�: corresponding blue-stained gel. (C) Ab-
sorption spectra of samples extracted from lane 6� (marked by boxes). Ab-
sorption of NP–cyt c conjugates (red solid line) is the sum of a Soret peak at
�410 nm due to cyt c and a broad band due to NPs.

Table 1. Sequences of WT cyt c and mutants

↑

↑
CE

C helix
EKDTKMINDLW

60s helix

H3
↑

DEGQASRHIHGGPKGHTVCL
N helix
AKK

C102SK99CK72AE66C
↑↑↑

ATYLKKRNDLIKKAFGGLPGPKKYEYLTENNMSNVANIKK

10196918681767166615651
D50C9C

YSYTGFGNLHKVGPEQCKTRGATLFGSTEFKA

464136312621161161-5

↑

↑
CE

C helix
EKDTKMINDLW

60s helix

H3
↑

DEGQASRHIHGGPKGHTVCL
N helix
AKK

C102SK99CK72AE66C
↑↑↑

ATYLKKRNDLIKKAFGGLPGPKKYEYLTENNMSNVANIKK

10196918681767166615651
D50C9C

YSYTGFGNLHKVGPEQCKTRGATLFGSTEFKA

464136312621161161-5

Cys mutations indicated by arrows. Residue numbers follow that of PDB ID
code 2BCN. Cyan, �-helices; pink, hydrogen bonded turn; yellow, �-bridge.

Fig. 2. Secondary structure of conjugates. CD spectra of unlabeled (A) and
NP-labeled proteins (B and C), with no salt (B), with 0.1 M NaCl (C).
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MD simulations. The NP was modeled as a 1.5-nm diameter
dummy atom with 21 BPS ligands distributed on its surface.
Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) measured an S molar concentration 2.2� lower than
Au, confirming a BPS coverage comparable to that reported for
triphenylphosphine on 1.5-nm Au NPs, 21 BPS/NP (22). We
postulated that the protein displaces one BPS when forming a
thiol bond with Au (16).

After building the NP–cyt c conjugates and performing initial
minimization, we calculated distances of charged residues from
the NP surface (Fig. 3 A and B). Compared with other conju-
gates, D50C-NP has significantly fewer charged residues near the
NP surface. Other conjugates have a similar distribution of
negatively charged residues. E66C-NP has slightly more positive
charges in the vicinity of BPS. During MD simulations at 300 K,
slight structural disturbance was observed. Because unfolding of
proteins on NPs can take up to hours (23), we raised the
temperature to 450 K to accelerate unfolding (24). We chose 450
K as unlabeled yeast cyt c remained folded over the course of the
simulation. Snapshots of protein conformations at the end of the
simulations at 300 K and 450 K (NP removed for clarity; Fig. 4)
show that side chains of positively charged residues interact with
BPS ligands (e.g., Fig. 5), and the secondary structures are
perturbed differently depending on NP attachment site (Fig. 4).

Structural disturbances observed in MD simulations agree
with secondary structure changes observed experimentally.
Root-mean-square deviation (rmsd) of C� atoms in the WT
conformation (Fig. 6) reveals that NP labeling of residue 66
perturbs the 60’s helix, whereas labeling residues 99 and 102
perturbs both the N- and C-terminal helices that are in contact.
Labeling residue 39 perturbs the �-bridge at positions 38–39 and
58–59 (Fig. 4). This shows that the NP generally disturbs the
structure to which it is attached. These results based on rmsd are
also supported by analysis of �-helicity of each of the mutant
conjugates and the WT (Figs. S2–S4).

To study the role of Coulombic interactions, the charge on
each BPS molecule was increased from �2e to �4e (e � 1.6 �
10�19 C). This had a pronounced effect on the C102-NP conju-

gate, causing the N helix to unfold at 300 K within the 8-ns
simulation time (Fig. 6).

Discussion
We find that the choice of labeling site for the NP can have a
profound influence on protein structure. This conclusion was
based on conformations of cyt c site-specifically labeled with NP
at various positions, which were probed by using CD spectros-
copy and further analyzed by MD simulations.

Electrostatic Effects. Confirming earlier observations (10), elec-
trostatic interactions between the protein and the NP ligand play
a prominent role in the protein stability. Addition of 0.1 M NaCl
results in an improvement of folding for all labeled mutants (Fig.
2C, Table 2). Thus, the degree of denaturation can be tuned by
salt, especially for H39C or E66C. Addition of 0.1 M NaCl
increases charge screening, and enables the protein to retain
structure. However, the amount of structural recovery for each
conjugate is different, with �� ranging from 1.3 to 13.0% (Table
2). The Debye length at 0.1 M NaCl is 0.96 nm. A large portion
of charged residues are screened at 0.1 M NaCl, because they are
located further than 0.96 nm from BPS O atoms (Fig. 3 A and
B). Results of MD simulations are consistent with the secondary
structural measurements from CD, and yield insight into mo-
lecular interactions involved. Interaction of the amino acid side
chains with BPS molecules is observed (Fig. 5), underscoring the
importance of modeling the NP ligand explicitly.

D50C-NP has significantly fewer charges near BPS molecules
(Fig. 3 A and B). This conjugate is the most folded both
experimentally and in simulations, as evidenced by the least
�-helical disturbance (Figs. 4 and 6). The present analysis
confirms local electrostatic effects previously observed in NP
labeling of WT yeast cyt c at position 102 (10). It also suggests
that based on electrostatics alone, the labeling of sites with the
least number of charged residues in the vicinity results in the
least structural perturbation.

NP Destabilizes the Whole Protein when Attached on Structures
Essential for Folding. However, the different amounts of denatur-
ation and recovery on charge screening cannot be explained
solely by electrostatics. In both CD and MD, NP labeling of
K99C and C102 results in strong denaturation that is barely
improved by salt addition (�� � �1.3%). This contrasts with
E66C-NP, which also has the surface Cys on an �-helical motif
with a similar number of charged residues as K99C, but retains
significantly more of its structure in presence of salt (7.7% 3
20.7%). Thus, local electrostatics are not the only factor influ-
encing protein structure. When the NP is on positions 99 or 102
in the C-terminal �-helix, both the N- and C-terminal helices are
substantially distorted (Figs. 4 and 6). This indicates that the
mere presence of the NP is a large enough perturbation to the
folding of these helices. Folding studies of cyt c have shown that

Table 2. �-Helical content of NP-cyt c and change in �-helicity
in 0.1 M NaCl

Conjugate No salt, % 0.1 M NaCl, % ��-helicity, %

H39C-NP 7.3 15.6 8.3
D50C-NP 16.2 17.5 1.3
E66C-NP 7.7 20.7 13.0
K99C-NP 4.8 6.1 1.3
C102-NP 5.6 6.9* 1.3

CD spectra were deconvoluted by CDSSTR algorithm (37).
*�-helicity reported previously for same NPs is higher (10) because of different
labeling conditions (pH, the cyt c/NP labeling ratio, and DTT wash).

Fig. 3. Distribution of positive (A) and negative charges (B), and residues (C) part of the N-/C-terminal helices around the NP. Distances are between Au surface
and amino acid charged end groups (A and B) or C� atoms (C), before MD when the protein structure is folded. Dashed lines: Average distance of BPS O atoms
from NP surface (8 Å) and one Debye length (9.6 Å) away from BPS O at 0.1 M NaCl.
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these positions are on a motif critical for folding. Hydrogen
exchange experiments on cyt c have shown that the N- and
C-terminal helices, known as the N–C foldon, fold first (15) and
bind together by hydrophobic residues at the interface. Four
residues at the N–C interface, Gly-6, Phe-10, Leu-94, and Tyr-97,
are the only non-heme-binding residues conserved among
known cyt c sequences (25), underscoring the importance of this
interface. Once the N–C foldon is locked in place, it guides the
folding of the rest of the protein. Simulations also support this
sequential stepwise folding pathway (17, 18). The N–C foldon is
crucial for the stability of the whole protein and mutations in
either the N- or C-terminal helix significantly affects folding (26,
27). It thus acts as a ‘‘safety pin’’ for the entire structure, while
other motifs such as the 60’s helix, are less stable and thus can
denature more locally. We monitor N–C foldon conformation in
MD simulations via the solvent-accessible surface area (ASA) of
its hydrophobic cluster (28). Although no significant change is
observed for simulations with normal charges on BPS, ASA
increases for K99C-NP and C102-NP when charges on BPS are
enhanced (Fig. S5). Indeed, our contact analysis reveals that the
N–C helices form a ‘‘hub’’ that is linked to other multiple
domains that constitute additional foldons of cyt c (Fig. 7A) (29).
The level of denaturation can also be characterized by changes
in the contact map (Fig. 7 B and C and Fig. S6). Thus, the NP
prohibits not only formation of the C-terminal helix but also the
N–C helix contact, affecting the stability of the entire protein.

More moderate unfolding is observed when the NP is attached
further from the N–C foldon (Figs. 2 and 3C). MD simulations
of H39C-NP and E66C-NP show that the N-terminal amino
group and Lys-2 (compare Table 1) are close enough to the BPS
molecules in these conjugates to form salt bridges, which even-
tually lead to the disruption of the N helix (Fig. 5). In these
conjugates, most of the N–C foldon is away from NP negative
charges by more than the Debye length at 0.1 M NaCl (Fig. 3C),

which explains the considerable improvement in folding by salt.
In contrast, NP labeling at position 50 does not affect the folding
of the rest of the protein as dramatically, consistent with CD
results. The N–C foldon is still maintained in this conjugate and
contacts are more stable (Figs. 4, 6, and 7). Thus, induced
disorder is more localized in D50C-NP.

To verify our simulations performed in an implicit solvent
environment (Materials and Methods), for D50C-NP and K99C-
NP, we performed explicit water MD simulations, where each
production run lasted 4.5 ns at 450 K. A stronger structural
disturbance in K99C-NP was again observed from the beginning
of the simulation, albeit deformation occurred more slowly
because of solvent viscosity (Figs. S7–S10).

Ramifications for NP-Labeling Strategies. The result here indicates
that choice of labeling site is crucial for protein structure. It has
been suggested that the network of contacts among amino acids
in protein structures exhibits the ‘‘small-world’’ feature, in which
there are a few key residues that play the role of hubs in the
network, stabilizing the structure (30). Labeling motifs that
contain these key residues result in the greatest amount of
protein denaturation. A very large family of proteins has the N-
and C-terminal motifs in contact, which has been suggested to
control initial folding, native state stability, and turnover (29).
Incidentally, protein termini are the most common NP labeling
sites. His tags are predominantly put at N or C termini because
of convenience in cloning, labeling chemistry, and conjugate
purification. However, if the protein is part of the large family
that possesses the N–C contact (29), it could potentially be the
worst site for labeling, resulting in denaturation that cannot be
rescued by salt screening, and ultimately loss of biological
function. For these systems, labeling of low-stability motifs

Fig. 4. Snapshots of protein structure at the end of 8-ns MD simulations at 300 K and 450 K. Green/blue: N-/C-terminal helices; red, loss of �50% �-helicity from
WT structure (compare Fig. S2); purple sphere, NP attachment site. The program VMD was used for visualization (44).

Fig. 5. Interaction of positive charges of K-2 and the N terminus with BPS.
The snapshot (in ‘‘perspective’’ view) is from MD simulation of E66C-NP at
450 K.

Fig. 6. rmsd of C� atoms from the WT conformation averaged over the last
500 ps of MD. Error bar: standard deviation over the time period. Fig. S4 shows
rmsd trajectories.
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would be optimal. In addition to choosing the ‘‘least stable’’
motifs for labeling, sites should also have minimally charged
residues in the vicinity to reduce electrostatic interactions. We
find that the level of denaturation correlates with the number of
charged amino acids in the local vicinity of the NP labeling site.

Furthermore, by inducing localized perturbations with a care-
ful choice of labeling sites, there is potential for exploiting NP
labeling as a tool for studying protein structure and folding
dynamics. Obviously this effect strongly depends on NP size,
because the amount of interaction with the NP ligand will vary
with NP curvature (31, 32); 1.5-nm NPs are small enough to
introduce local denaturation effects, because only residues close
to the attachment site will interact with the NP and ligands. For
larger NPs, disorder in the protein might not be so localized.
Dependence on NP size and the effect on redox potential are the
subject of future studies, in addition to application to other
proteins.

Materials and Methods
Gold Nanoparticle Synthesis. The 1.5-nm diameter Au NPs were synthesized in
toluene with triphenylphosphine ligands (22). Negatively charged BPS (Strem
Chemicals) was used to passivate NPs to permit water solubility. Two-phase
ligand exchange was used. NPs were drawn into aqueous phase in the pres-
ence of BPS. BPS-NPs were purified from excess BPS by size-exclusion HPLC
(Varian ProStar) with TSK-gel G4000PW column (TOSOH Bioscience). TEM
showed a d � 1.5 	 0.2 nm (n � 298). Optical absorption showed no plasmon
peak, confirming a d 
2 nm and no aggregation. NP concentrations were
determined by using �420 � 110.0 mM�1 cm�1 (33). BPS and NP molar ratios
were measured by ICP-OES (SPECTRO model Ciros-Vision) assuming 100
atoms/NP.

Expression of Cyt c Mutants. WT cyt c from S. cerevisiae was purchased (Sigma).
Mutant plasmids were obtained from the groups of Harry Gray and Jay
Winkler (19) (Table 1, sequences with mutations in bold). C102S mutation is for
removal of the WT Cys. Because S. cerevisiae cyt c expressed in Escherichia coli
lacks the trimethylation at Lys-72 found in the native protein, a K72A mutation
was necessary for preventing the heme from binding to Lys-72 (34). Pletneva
et al. (20) determined that the mutations (H39C/K72A/C102S, D50C/K72A/
C102S, E66C/K72A/C102S and K72A/K99C/C102S) do not significantly perturb
folding.

Plasmids were sequenced (MIT Biopolymers Facility) to verify mutations,
and cloned into E. coli BL21DE3 Star cells (Invitrogen). To increase yield, cyt c
maturation gene cassette pEC86 with Chloramphenicol (Chl) resistance (35)
and cyt c plasmid with Ampicillin (Amp) resistance were cotransformed.
Colonies from LB agar plates with 100 �g/mL Amp and 34 �g/mL Chl were
screened for best cyt c expression in 5 mL of TB medium containing 100 �g/mL
Amp and 34 �g/mL Chl grown for 24 h shaking at 37 °C. When possible,
colonies were selected by the pink color of the cell pellet (due to presence of
cyt c) and saved for frozen stocks.

Cells from frozen stocks were used to inoculate 10 mL of TB medium
containing 100 �g/mL Amp and 34 �g/mL of Chl. After overnight growth, large
TB cultures (�5–10 L) containing 100 �g/mL Amp and 34 �g/mL of Chl were
inoculated. Cells were grown for 36 h at 37 °C, harvested by centrifugation,
and resuspended in 10 mM NaPi buffer (pH 7.0).

To isolate the protein, cells were lysed by French Press at 28 PSI (Constant

Systems Basic Z Model). 20 nM DNase, 1 mM phenylmethanesulfonylfluoride
(PMSF) ,and 1 mM DTT were added and the suspension was centrifuged at
6000 rpm for 30 min and the supernatant was collected. To purify the protein,
the solution was loaded onto a Fast Flow CM Sepharose Econo-column equil-
ibrated with 20 mM NaPi buffer with 1 mM DTT and 1 mM PMSF (pH 7.0). Cyt
c was eluted with a stepwise salt gradient (0–0.5 M NaCl). Protein was further
purified by ion-exchange chromatography with a Mono S Sepharose column
by using a FPLC system with the same buffer, and then by size exclusion
chromatography with TSK-gel G4000PW column on a HPLC system (Varian-
ProStar). Protein purity was confirmed by SDS/PAGE. Cyt c concentrations were
determined by using �410 � 106.1 mM�1 cm�1.

Conjugation of Cyt c with NPs. Cyt c were washed from excess DTT with 5-kDa
centrifugal filters at 4 °C and resuspended in 10 mM NaPi buffer at pH 7.3 with
or without 0.1 M NaCl. NPs were attached to cyt c by incubation overnight in
the same buffer at 4 °C and then studied by CD and absorption spectroscopy.
Cyt c/NP incubation ratio was 1:1.5 to ensure that there is at most 1 protein per
NP so as to remove effects of protein–protein interactions on the NP surface
that may influence structure (12). To show site-specific labeling, WT yeast cyt
c and horse cyt c (Sigma) were incubated with NPs in 0.5� TBE with and
without 1 M NaCl for 1 h and loaded in a 1% agarose gel for electrophoresis
in 0.5� TBE with a field strength of 10 V/cm. Gels were blue stained for protein
(SimplyBlue SafeStain, Invitrogen). Samples were extracted from an identical
gel for absorption spectroscopy with 0.2-�m centrifugal filters (Nanosep, Pall)
at 104 � g.

Spectroscopic Analysis. Absorption spectra were obtained (Varian Cary 50
Spectrophotometer) at room temperature with a 1-cm pathlength cuvette.
Scan rate was 5 nm/s. Far-UV CD spectra of proteins, NPs, and conjugates were
obtained (Aviv model 202) at 25 °C in a 1-mm-pathlength cuvette. NP contri-
bution to CD signal was subtracted. An isodichroic point at �206 was found for
heat-induced cyt c denaturation, as reported for glycerol-induced denatur-
ation (36). Because cyt c concentration in NP:cyt c solutions could not be
computed with high precision from absorption spectra because of NP absor-
bance in the Soret region, CD spectra of NP-cyt c conjugates were normalized
to �206 � �9.5 � 103 deg cm2 dmol�1. We used the CDSSTR algorithm (37) to
deconvolve the spectra into % �-helicity.

Molecular Dynamics Simulations. MD simulations were performed by using
CHARMM version 32 (38), with the generalized Born with simple switching
(GBSW) implicit solvent (39). Although we did not retain 4 internal water
molecules in the crystal, WT remained folded at 300K in simulations with
GBSW. A 20-Å cutoff was applied for nonbonded interactions with a switch
function between 16 Å and 20 Å. To verify results from simulations by using
GBSW, explicit water simulations were performed for D50C-NP and K99C-NP
(see SI Text and Figs. S7–S10). The param22 all-atom force field (40) was used
and modified to include NP parameters. The NP core was modeled as one
dummy atom with Lennard–Jones parameters (� � 0.02 and rmin/2 � 14 Å).
Each BPS ligand was modeled explicitly with partial charges estimated from
known parameters for the benzene ring and methyl sulfate. The BPS molecule
was constructed from coordinates of a triphenylphosphine molecule linked to
an Au atom (41). Twenty-one BPS molecules were uniformly distributed on the
NP surface. Cyt c were constructed from Protein Data Bank (PDB) ID code 2BCN
(42) and mutated accordingly. The heme was covalently linked to Cys 14 and
17. Covalent bonds were maintained between the heme iron and Met-80 and
His-18, which are assumed to remain formed during the timescale of our
simulations (17). Cyt c was linked to the NP surface by replacing one BPS ligand

Fig. 7. Contact map of cyt c. (A) WT contact network. Centers of mass of 2 domains are connected by a red cylinder if there are residues with C� atoms closer
than 8.5 Å. Domains connected to the N–C foldon are known to fold before the network on the right (�-bridge and 50’s helix) (45). Contact maps of D50C-NP
(B) and K99C-NP (C), averaged over the last 500 ps of MD at 450 K (blue) on top of the WT contact map (red). Scale corresponds to distances between C� atoms
(Å). Wider red area in C indicates more denaturation. (See also Fig. S6.)
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by the labeled Cys. To prevent formation of close contacts, this was done by
approaching the protein sequentially in steps of 1 Å, and performing an
energy minimization between each step until the S of the thiol reached the
target coordinate. During energy minimization and dynamics, the position of
the S of the labeled Cys and the P atoms of BPS ligands were fixed at 10 Å from
the NP center, based on reported P–Au and S–Au bond lengths (41, 43).

For MD, the leap-frog method was used with a 2-fs time step and the SHAKE
algorithm to constrain bonds involving hydrogen atoms. The system was
heated and equilibrated from 48 K to 300 K for 20 ps followed by a production
run at 300 K for 8 ns, or from 48 K to 450 K for 40 ps and maintained at 450 K
for 8 ns. During production runs, temperature fluctuated by 1.3%, and no

energy or temperature drift was observed. rmsd of C� atoms from energy-
minimized WT configuration were calculated for the N, C, and 60’s helices.
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