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Although multidomain proteins predominate the proteome
of all organisms and are expected to display complex folding
behaviors and significantly greater structural dynamics as com-
pared with single-domain proteins, their conformational het-
erogeneity and its impact on their interaction with ligands are
poorly understood due to a lack of experimental techniques. The
multidomain calcium-binding 3y-crystallin proteins are partic-
ularly important because their deterioration and misfolding/ag-
gregation are associated with melanoma tumors and cataracts.
Here we investigate the mechanical stability and conforma-
tional dynamics of a model calcium-binding fy-crystallin pro-
tein, Protein S, and elaborate on its interactions with calcium.
We ask whether domain interactions and calcium binding affect
Protein S folding and potential structural heterogeneity. Our
results from single-molecule force spectroscopy show that the
N-terminal (but not the C-terminal) domain is in equilibrium
with an alternative conformation in the absence of Ca%?™, which
is mechanically stable in contrast to other proteins that were
observed to sample a molten globule under similar conditions.
Mutagenesis experiments and computer simulations reveal that
the alternative conformation of the N-terminal domain is
caused by structural instability produced by the high charge
density of a calcium binding site. We find that this alternative
conformation in the N-terminal domain is diminished in the
presence of calcium and can also be partially eliminated with a
hitherto unrecognized compensatory mechanism that uses the
interaction of the C-terminal domain to neutralize the electro-
negative site. We find that up to 1% of all identified multidomain
calcium-binding proteins contain a similarly highly charged site
and therefore may exploit a similar compensatory mechanism to
prevent structural instability in the absence of ligand.

Multidomain proteins are highly prevalent in the proteomes
of all organisms (1); however, there is still little known about
their folding pathways and interaction with ligands (2), as com-
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pared with small, single-domain proteins. This is because large,
multidomain proteins may exhibit significant structural
dynamics and transient interactions between the domains that
are rather difficult to capture and analyze. An important exam-
ple of this class of proteins are the calcium-binding proteins
that are effectors for stimulating cellular signals (3, 4) and buff-
ering calcium levels (5). Currently, of particular interest are the
calcium-binding By-crystallin proteins that are implicated in
several human diseases (6 — 8). The complexity of these proteins
may best be understood through single-molecule methods that
are able to deconvolve their conformational heterogeneity.
Although there have been exciting recent single-molecule stud-
ies of the multidomain calmodulin, including the impact of
domains’ interactions on calcium binding (9), and studies on
mechanical unfolding of Bry-crystallins that captured their
interesting domain swapping behavior (10), there has not yet
been any single-molecule study of the calcium dependence on
folding and mechanics for multidomain By-crystallins.

Here, we ask what is the mechanical stability of the domains
of Protein S in isolation and how it is altered by the domain-
domain interaction in wild type Protein S and upon binding
calcium. To investigate, we use single-molecule force spectros-
copy (SMFS)® using an atomic force microscope (reviewed in
Refs. 11-16). SMES has an unprecedented ability to distinguish
between populations from a mixture of conformations and
allows precise monitoring of changes in stability or structure
during unfolding and refolding. SMFS and computer simula-
tion is the method of choice for studying multidomain proteins
because it minimizes protein aggregation and allows the study
of the intrinsically asynchronous processes involved in folding
(9, 17-20).

We chose to study the model protein, Protein S (Fig. 1),
because it is the founding member of the By-crystallin super-
family (21, 22) and exhibits calcium-dependent folding (23).
The By-crystallin superfamily is defined by proteins that have
two domains, with each domain containing an eight-stranded
B-sandwich composed of two similar “Greek key” motifs (22,
24, 25). The Bry-crystallins are found in all kingdoms of life and
are commonly found at high protein concentrations and typi-
cally function to confer stress resistance (26). In humans, the
Bry-crystallin proteins include AIM1, a protein associated with

®> The abbreviations used are: SMFS, single-molecule force spectroscopy; PS,
Protein S; NTD-PS and CTD-PS, N- and C-terminal domain truncations of PS,
respectively; pN, piconewtons; AFM, atomic force microscopy.
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Alternative Conformations of Protein S

FIGURE 1.Schematic structure of Protein S colored from N terminus (blue)
to Cterminus (red) in schematic representation (top) and all-atom sphere
representation (bottom).

melanoma tumors (6), as well as many different eye lens pro-
teins (27) whose misfolding has been implicated in cortical cat-
aracts (7, 8). It is well known that the By-crystallins bind cal-
cium (28 -30), and without calcium, the Bry-crystallins are often
found to be less stable (31-34) or unstructured (35). However,
there is little known about conformational heterogeneity of the
By-crystallin proteins (36) and the role of calcium and multi-
domain interactions supporting their stability.

The previous ensemble studies on truncated domains of Pro-
tein S (23, 37-39) suggested that the domains are less stable in
the absence of calcium, but the mechanistic origin of this insta-
bility has remained poorly understood. We confirmed these
earlier observations using SMFS on isolated domains and then
performed a novel single-molecule study of the complete mul-
tidomain Protein S that identifies the origin of the domains’
instability and the resulting conformational heterogeneity in
the absence of calcium as due to electrical properties of the
structure surrounding the calcium binding site. We also iden-
tified a new “compensatory” mechanism that, in the absence of
the ligand, helps to stabilize the weakened domains through
specific interdomain interactions.

Results

Truncated N-terminal Domain of Protein S Is in Equilibrium
with an Alternative Conformation in the Absence of Ca®"—To
understand how the Protein S domains interact in the multido-
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main protein, we first studied the truncated N-terminal and
truncated C-terminal domains. The N-terminal domain trun-
cation (NTD-PS) was made, at the DNA level, by cloning the
Protein S N-terminal domain containing residues 1- 88 of Pro-
tein S into a construct such that it would be flanked on either
side by three 127 domains from titin (40, 41). The 127 domains
serve as a positive control of full unfolding of the NTD-PS mol-
ecule (as long as at least four 127 domains are unfolded in the
force-extension profile) and also allow unequivocal detection of
single-molecule events (if clear unfolding of 127 is seen, it is
probably a single-molecule event and not a multiple-molecule
recording).

The NTD-PS molecule was stretched along the N-C pulling
geometry through tethering from the surface to the cantilever
tip (Fig. 2). A representative force-extension profile of the
unfolding of NTD-PS is shown in Fig. 24 in red, and the subse-
quent unfolding of the 127 domains is in blue. It can be seen that
NTD-PS unfolding creates a single peak in the force-extension
spectrum. The unfolding of 127 can be discerned from the
unfolding of Protein S because the unfolding forces and con-
tour length increments do not overlap (Fig. 2B). The crystal
structure measurements indicate that the initial length of each
domain is 1.0 nm. Given that an extended polypeptide provides
0.365 nm of extension (42), the unfolding of the N-terminal
domain should theoretically provide a contour length incre-
ment of 0.365 nm/residue X 89 residues — 1.0 nm = 31.5 nm,
which agrees with the measured contour length increment of
31.9 £ 3.4 nm (mean * S.D.), also shown in Fig. 3B.

The unfolding forces of NTD-PS indicate that it is less stable
than 127 (and hence unfolds first) because the peak typically
unfolds between 40 and 120 pN, whereas 127 unfolds at 207 *
28 pN (at 4,500 pN/s). Interestingly, the null hypothesis that the
distribution of unfolding forces for the NTD-PS comes from a
normal distribution is rejected (p = 0.026, Kolmogorov-Smir-
nov test for normality). The histogram of rupture forces (n =
236 total recordings) of NTD-PS is bimodal and can be fit by
two normal distributions (Fig. 34) with mean = S.D. of 49 * 14
pN (55 = 6% of recordings) and 93 * 14 pN (45 * 6% of
recordings).

Why is the force distribution of NTD-PS bimodal? It is
possible that the two states could come from transitions
induced by the pulling experiment itself (43). To test this
hypothesis, we conducted experiments at a speed that was
15-fold faster than previous experiments under the assump-
tion that the faster speed would decrease any likelihood of
conformational changes during the pulling measurements.
These experiments show that the bimodality still exists and
that the proportions of states are not statistically significant
from the proportions at the slower speed (x* test, p > 0.05;
Fig. 4), indicating that the pulling experiment itself has no
effect on the proportions of the recordings with low or high
force peaks. Although it is possible that we may need to reach
higher pulling extremes to detect the pulling-induced tran-
sition, our interpretation is consistent with previous NMR
experiments that identified slow exchanging intermediates
in NTD-PS in equilibrium (39).

Because the bimodality is not an artifact of the pulling exper-
iment, we hypothesized that the lower unfolding force distribu-
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FIGURE 2. A, representative force-extension curves from the unfolding of 127-flanked NTD-PS, CTD-PS, and PS. B, probability density of peaks having a given
force and contour length increment for 127 (blue) and Protein S (red). Protein S peaks can be readily discerned from 127 peaks due to their non-overlapping
densities. C, schematic of the unfolding experiment of Protein S flanked by three 127 domains on either side.
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FIGURE 3. NTD-PS distributions for force and contour length incrementin
the absence of Ca®>* (A and B), in the presence of Ca®>* (C and D), and in
the absence of Ca>* at low pH (E and F).

tion comes from the unfolding of an alternative conformation
of NTD-PS that contains only a fraction of the contacts. This is
supported by the fact that whereas force-distribution is multi-
modal, the contour length increment distribution is not (Fig.
3B). When the measured contour length increments are filtered
based on the force, the mean =+ S.D. of the contour length incre-
ment of the low force distribution (<71 pN) is 31.6 = 2.7 nm,
and the high force distribution (=71 pN) is 31.8 * 2.6 nm,
which are not statistically significantly different (p = 0.4) and
also not statistically significantly different from what would be
expected for the full NTD-PS domain (p = 0.6). Because the
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FIGURE 4. NTD-PS distributions for force in the absence of Ca®* and in the
presence of Ca®* for pulling experiments done at a high loading rate
(216,000 pN/s). Approximately 46 + 8% of recordings exhibiting a mechan-
ically weaker unfolding event and 54 = 8% exhibiting a mechanically stron-
ger unfolding event. These proportions are slightly shifted from the experi-
ments with lower loading rates but not statistically significant (x* test, p >
0.05).

contour length increment is unchanged, the structural position
of the N-terminal and C-terminal residues of the NTD-PS
domain must be fixed. The fact that the mechanical stability is
decreased in the alternative conformation would imply that
contacts are missing in that state compared with the higher
force state because contact density highly correlates with
unfolding force (44, 45).

The By-crystallin proteins are often stabilized by Ca** (28 —
30), and it is known that Protein S can bind calcium (46),
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although the location of the binding sites has not reached a
consensus (37, 46). We hypothesized that the alternative con-
formation might be due to charge repulsion, which then could
be converted to a single native configuration by the addition of
Ca®" or lowering pH. Interestingly, the addition of Ca*>* pro-
duced an unfolding distribution for NTD-PS that was not
bimodal, which had a mean = S.D. of 90 = 23 pN (Fig. 3C). The
effect of Ca®>" on the unfolding modality was also speed-inde-
pendent (Fig. 4). Similarly, the presence of an acidic environ-
ment (pH 3.7-4.4) also has unfolding forces of NTD-PS in a
single distribution at 99 = 23 pN (Fig. 3D). In both of these
cases, the contour length increment matches the unfolding of
NTD-PS without CaCl, (Fig. 3, B, D, and F). Thus, the presence
of Ca®" or an acidic environment acts to convert the alternative
conformation to a single conformation. These observations
are also consistent with independent NMR experiments on the
NTD-PS, which show that an intermediate is undetectable in
conditions with CaCl, or an acidic pH (39).

Truncated C-terminal Domain of Protein S Has Higher
Mechanical Stability as Compared with the Truncated N-ter-
minal Domain—The C-terminal domain of Protein S is highly
similar to the N-terminal domain with 55% sequence identity
and a root mean square deviation between matched Ca atoms
of 2.0 A. Because of the high similarity, we hypothesized that
the truncated C-terminal domain would also show bimodal dis-

(A) C—terminus, —CaCl, (B) C—terminus, —CaCl,
80
40 ™ 50 ™
E g
3 20 3 40
|—| 20
0 0
0 50 100 150 200 20 30 40
(C) C~terminus, +CaCl, (D) C—terminus, +CaCl,
15 30
€ € 20
g
O 5 O 10
0 0
0 50 100 150 200 20 30 40

Force [pN] Contour length increment [nm]

FIGURE 5. CTD-PS distributions for force and contour length incrementin
the absence of Ca®>* (A and B) and in the presence of Ca®* (Cand D).
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tributions of force rupture events due to the presence of an also
similar alternative conformation. An 127-flanked truncated
C-terminal domain (CTD-PS) was used for pulling, and a rep-
resentative force-extension curve of CTD-PS is shown in Fig.
2A.

Contrary to our hypothesis, the unfolding of CTD-PS in the
absence of Ca®" shows a force distribution that is unimodal and
not bimodal (Fig. 5). The CTD-PS force distribution can be fit
with a single normal distribution with mean and S.D. of 96 = 21
pN. This stability is very similar to the high force conformation
of the N-terminal domain of Protein S. The contour length
increment is 31.7 * 2.4, which is similar to the calculated con-
tour length increment of the C-terminal domain of Protein S,
indicating that the full protein unfolds. The C-terminal domain
of Protein S also binds Ca®>*, which could increase stabilization.
In the presence of Ca’>", the unfolding force of CTD-PS
increased to 115 = 17 pN. Although the C-terminal domain has
very high similarity to the N-terminal domain, it does not show
evidence of a stable alternative conformation at equilibrium,
with or without Ca*>". Instead, Ca®>" directly stabilizes the
native fold of the C-terminal domain. Interestingly, In some
proteins, proline isomerization may introduce alternative con-
formations (47). Indeed, Protein S has 12 prolines that could
assume isomerization states. However, because both domains
have the same number of prolines but only NTD-PS adopts the
alternative conformations, we hypothesize that this effect is not
the origin of the alternative conformation. This will be further
tested in future studies.

Protein S N-terminal Domain Adopts an Alternative Confor-
mation in the Absence of Ca®" —To study the extent to which
the truncated domains of Protein S contribute to the mechan-
ically stability of the full Protein S, we performed similar single-
molecule force spectroscopy experiments on the full Protein S
(PS) in the presence and absence of Ca®". Protein S was flanked
by I27 domains and unfolded along the N-C coordinate by pull-
ing at constant velocity. As can be seen from the representative
force-extension curve shown in Fig. 24, the unfolding occurs in
two steps, which are denoted Peak 1 and Peak 2. The force
distribution and contour length distributions for both peaks in
the absence of Ca®>* are shown in Fig. 6 (A-D).
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FIGURE 6. PS distributions of force and contour length increment for both Peak 1 and Peak 2 in the absence of Ca®* (A-D) and in the presence of Ca®*

(E-H).
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FIGURE 7. Each pair of force distributions are paired and tested using the
null hypothesis that the distributions come from the same continuous
distribution (Kolmogorov-Smirnov test). Pairs that reject the null hypoth-
esis are shown in gray, and pairs that cannot reject the null hypothesis are
shown in black. Pairs that do not have the CaCl, conditions are untested,
shown in white. Similar results were obtained using the more stringent Ander-
son-Darling test for comparison.

The contour length increments of Peak 1 and Peak 2 agree
with the theoretical extension of the N-terminal or C-terminal
domain; however, since the numbers of residues in each
domain are nearly the same, the contour length increment can-
not be used to accurately assign the unfolding of a particular
domain to a peak in the force-extension curve. To assign Peak 1
and Peak 2 to the unfolding of a particular domain, we tested
whether their mechanical stabilities matched that of the trun-
cated domains. We tested each pair of distributions against one
another (under the same condition of CaCl,) using the null
hypothesis that the distributions come from the same continu-
ous distribution (Fig. 7). The null hypothesis was rejected if the
p value was below a Bonferroni-corrected p value of 0.05. This
analysis shows that the only cases in which the null hypothesis
cannot be rejected are NTD-PS (+CaCl,) and PS-1 (+CaCl,),
NTD-PS (—CaCl,) and PS-1 (—CaCl,), CTD-PS (+CaCl,) and
PS-2 (+CaCl,), and finally CTD-PS (—CaCl,) and PS-2
(—CaCl,). This indicates that the stability of the truncated
CTD-PS domain corresponds to the mechanical stability of the
domain that gives rise to Peak 2 in Protein S, and the truncated
NTD-PS domain has mechanical stability similar to that of the
domain that gives rise to Peak 1 in Protein S. Thus, the mechan-
ical unfolding of Protein S begins with the unfolding of the
N-terminal domain and is followed by the unfolding of the
C-terminal domain.

The mechanical stability of the N-terminal domain of Pro-
tein S (Peak 1), like the NTD-PS, has a multimodal force distri-
bution for Peak 1 (p = 0.009, Kolmogorov-Smirnov test for
normality). The force distribution for Peak 1 can be fit by two
normal distributions with mean * S.D. of 53 = 8 pN and 82 *
19 pN (Fig. 64). The recordings with lower force were only a
minor fraction of the total recordings, accounting for 34% of all
of the recordings (n = 258). Also, similar to the NTD-PS, the
presence of a minor fraction in the force distribution is absent
when the experiments are done in a solution containing Ca**
ions (Fig. 6E). These results indicate that the full Protein S, in
the absence of Ca>", also contains an alternative conformation
in the N-terminal domain, that has mechanical stability similar
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FIGURE 8. In the absence of calcium, there is a cluster of four negatively
charged residues in the N-terminal domain of Protein S (Glu'®, Asp"’,
Glu”°, and Glu”"). The C-terminal domain provides a lysine (Lys'%% that may
interact with this cluster in order to provide further stabilization in the

absence of calcium.
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FIGURE 9. Charge distributions of the N-terminal domain (A) and C-termi-
nal domain (B) shown in all-atom representation (left) and zoomed in on

the residues in the structure (right). All structural representations are
aligned in the same orientation.

to that of the truncated N-terminal domain (Fig. 34). Whereas
the NTD-PS had 55% of recordings in the alternative confor-
mation, the N-terminal domain in the full PS has only 34% of
recordings in the alternative conformation, probably due to sta-
bilization provided from the C-terminal domain. Indeed, the
crystal structure shows that the C-terminal domain provides a
lysine that interacts closely with the N-terminal domain (Fig. 8),
which may act as a compensating mechanism for increasing
stability in the absence of calcium.

Charge-destabilized Conformation of N-terminal Domain
Confirmed by Molecular Dynamics Simulations and Mu-
tagenesis—Why do experiments show that the truncated N-ter-
minal domain of Protein S has a stable alternative conforma-
tion, whereas the highly homologous C-terminal domain does
not? Although the structures have high similarity, one major
difference between the domains is that the N-terminal domain
has a cluster of four negatively charged residues, which is absent
in the C-terminal domain (Fig. 9, A and B). Thus, we hypothe-
size that, in the absence of the C-terminal residues or in the
absence of Ca®" in the solution, these residues may repel and
destabilize the loop, resulting in an alternative conformation
where the N-terminal domain loops have a different configura-
tion. The destabilization of these loops could decrease the
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mechanical stability of the protein but would not affect the
contour length increment because these residues are not part of
the B strands that clinch the N-terminal and C-terminal resi-
dues of NTD-PS.

We used molecular dynamic simulations to investigate
whether the cluster of charge residues (Fig. 9) in the N-terminal
domain causes a destabilization of the loops in the truncated
domain, without Ca®>". We monitored the Glu'°~Glu” dis-
tance in simulations of the truncated N-terminal domain of
Protein S with and without Ca>" and the N-terminal domain
within the full Protein S without Ca®>*. To compare with the
C-terminal domain, we also conducted a simulation of the trun-
cated C-terminal domain and monitored the analogous loop
distances between GIn'°° and Pro'®®. Simulations revealed that
only the truncated N-terminal domain in the absence of the
C-terminal domain and in the absence of Ca®>" showed a signif-
icant deviation in the loop stability (Fig. 104).

In the simulation of the truncated N-terminal domain with-
out Ca®", the Glu'® loop had been completely repelled away
from the Glu” loop (Fig. 10B). However, for all other simula-
tions (truncated N-terminal domain with Ca®*, truncated

(A)

ProteinS N—terminal truncation +CaCl,,

ProteinS N—terminal truncation —CaCl,

ProteinS C—terminal truncation —CaCl,

ProteinS N—terminal domain

Distance between loops [A]

L T R ST
% 2 4 6 8 10

(B) Time [ns]

FIGURE 10. A, molecular dynamic time trace of the distance between two
loops in Protein S (distance between Glu'® and Glu”® in the N-terminal
domain and distance between GIn'® and Pro'*® in the C-terminal domain).
Without a C-terminal domain and without Ca®*, the N-terminal domain
(green) clearly has the two loops repelling from one another. B, snapshot of

the loop regions of the four constructs (same color code as in A).

C-terminal domain, or N-terminal domain in the full Protein
S), there was no major conformational change between the
loops. In each case, the loop was stabilized by an increased net
charge. For instance, in the case of the truncated N-terminal
domain with Ca®", we observed Ca®* transiently binding to the
charged residues, which prevented loop repulsion. Also, in the
case of the full Protein S, we observed a C-terminal domain
lysine (Lys'®?) interacting with the charged residues of the
N-terminal domain, again supporting the hypothesis that the
multiple domains work in unison as a compensatory mecha-
nism for promoting stability.

To experimentally verify the observation that the charged
loop region is responsible for the alternative conformation, we
generated a mutant Protein S with the negatively charged resi-
dues in the N-terminal domain converted to their C-terminal
domain counterparts, namely D11Q, E70P, and E71T (Fig. 11).
The mutations for disrupting the charge repulsion site where
determined through alignment between the N-terminal
domain of Protein S and the C-terminal domain of Protein S
shown in Fig. 12. The highly charged site of the N-terminal
domain (in blue) was then converted to the corresponding res-
idues in the C-terminal domain (in red) so that the final Protein
S mutant would have the D11Q, E70P, and E71T mutations.
The sequence homology after the mutation increased from 55%
to 59%.

We performed force spectroscopy on this mutant and mea-
sured the distribution of unfolding forces (Fig. 12). We
observed that the mean unfolding force for Peak 2 was unaf-
fected by this mutation (Student’s ¢ test, p = 0.09 and p =
0.30 with and without added Ca>", respectively), which indi-
cates that Peak 2 probably corresponds to the unfolding of
the C-terminal domain, as in wild type, and that the muta-
tions on the N-terminal domain have no effect on the C-ter-
minal domain. Interestingly, the unfolding force distribution
for Peak 1 lost all bimodality without Ca®>*. This indicates
that the residues 10-11 and 70 —71 in the wild type Protein S
are probably the source of the instability that leads to an
alternative conformation. In future studies, we plan to also
graft residues in the opposite way, to the C-terminal domain
from the N-terminal domain, as well as testing mutated
truncated variants.

Speed of Protein S Refolding Is Calcium-dependent—We
examined the calcium dependence for refolding of the full Pro-
tein S using force spectroscopy cyclic pulse experiments (40,
48). Using a smaller extension, the molecule was stretched
enough to unfold only Protein S, and upon retraction, the tip
was moved 1020 nm away from the surface to prevent surface
interaction. Then subsequent extension/retraction cycles were
enacted with a specified time delay before each pulse, which
varied between 100 ms and 10 s (plus an additional 260 ms from

NTERM GTMANITVFYNEDFQGKQVDLPPGNYTRAQLAALGIENNTISSVKVPPGVKAILYQNDGF 60
CTERM - - -PRARFFYKEQFDGKEVDLPPGQYTQAELERYGIDNNTISSVK-PQGLAVVLFKNDNF 56
. .**:i:*:**:i*****:**:*:* **:******** * *: .:*::** *
NTERM AGDQIEVVANAEELGPLNNNVSSIRVISVPVQ 92
CTERM SGDTLPVNSDAPTLGAMNNNTSSIRISGSGSA 88
. kK . * ..

* *k  akk ok Kkk k.

FIGURE 11. Protein S domains sequence alignment. For mutagenesis experiments, the blue residues of the N-terminal domain were mutated to the red

residues of the C-terminal domain.
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FIGURE 12.Aand B, Protein SD11Q/E70P/E71T was pulled and the rupture force was measured, without calcium, for Peak 1 (A) and Peak 2 (B). Cand D, the same
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FIGURE 13. Force-extension curves obtained from refolding experiments
on Protein S. The force-extension curve in red shows the extension, and the
curve in blue shows the retraction for a particular molecule. Each column is a
single experiment starting with the first extension and retraction (bottom)
and then each subsequent extension and retraction after a designated
amount of time (0.1, 1, or 10 s). The number of domains that appear increases
with the time delay.

the dead time during relaxation). During this time delay, the
protein can spontaneously refold. Refolding is detected by a
subsequent unfolding pulse that will probe the conformation
reached in the time interval. As can be seen in Fig. 13, the lon-
gest refolding time (10.3 s) is most likely to show refolding as
judged by the force-extension curve resembling that of a
natively folded protein. The smallest time delay corresponds to
almost no fully folded proteins (no force peaks in the force-
extension curve).

The presence of an alternative configuration from the refold-
ing was quantified using the previously determined force distri-
butions (Fig. 6). Any force rupture event that was at least 2 S.D.
values from the mean of the previously determined force distri-
butions of Peak 1 and Peak 2 was selected as an event in which
the domain reached its native state. For Peak 1 without CaCl,,
the normal distribution with higher mean was used to deter-
mine the cutoff. The types of recovered events can then fall into
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one of the following six categories defined by the number of
peaks and the rupture force of each peak: 1) no unfolding
events; 2) one low force event (defined by the previously char-
acterized force distributions in Fig. 6); 3) one normal event; 4)
two low force events; 5) one low force + one normal event; 6)
two normal events. In this taxonomy, type 1 indicates “fully
unfolded,” whereas type 6 indicates “fully folded” and types 2—-5
indicate alternative conformations that we refer to as “partially
folded.”

Refolding experiments were performed in the presence of or
absence of CaCl, at five different total refolding times: 360 ms,
0.8's,1.3s, 3.3 s, and 10.3 s. A pie chart for the taxonomy of
recovered events is shown in Fig. 14. All six of the possible
events were detected as shown in Fig. 14 with overlapped exam-
ples of the extension recordings after refolding (red) shown
over examples of a normal Protein S unfolding without refold-
ing (blue). These results show that the presence of CaCl,
increases the rate of refolding because the number of fully
folded Protein S molecules is much higher at shorter delays
with the addition of CaCl,.

Interestingly, there is a small fraction of events in conditions
with and without Ca®" that show two small peaks (number 4 in
taxonomy, cyan in Fig. 14). This force-extension recording is
only possible if both the N-terminal domain and the C-terminal
domain adopt a less stable alternative conformation during the
unfolding. The alternative conformation is probably very simi-
lar in both cases because the contour length increment
obtained is the same as it is for the native protein. However, it is
clear from the previous measurements that at equilibrium, the
presence of the C-terminal domain alternative conformation is
never observed (Figs. 54 and 6 (C and G)). Thus, these refolding
experiments indicate that both the N-terminal domain and the
C-terminal domain may transiently sample the alternative con-
formation during refolding. These observations suggest that
the alternative conformations of the N- and C-terminal
domains may possibly be folding intermediates; however, this
warrants further investigation.

To better understand the effects of Ca®>" on kinetics, we
modeled the refolding as a three-state system, where the states
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2-5 in the taxonomy represent a partially folded ensemble of
conformations that may transit to the fully folded state (num-
ber 6 in taxonomy) or transition from the unfolded state (num-
ber 1 in taxonomy) we can describe the kinetics by the three-
state process (see “Experimental Procedures”). The refolding
experiments provide time points for 0.3-10.3 s, and the propor-
tion of recordings calculated to be in the folded state or partially
folded from unfolding at equilibrium can be considered to be at
a time point of c. These data can be fit by a model of kinetics
that uses three coupled ordinary differential equations (Fig. 15;
see “Experimental Procedures”).

Under the simple complete three-state model (detailed
under “Experimental Procedures”), the fit kinetics for Protein S
without CaCl, are as follows.
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FIGURE 14. Statistics from the refolding experiments on Protein S. Six
types of events were observed (A) with examples in red overlaid with the
normal unfolding of Protein S (blue). The proportions of each type (B) are with
CaCl, (left) and without CaCl, (right). All proportions have 95% confidence
intervals between *=5% and = 10% of the stated value (binomial confidence
intervals).
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The fit kinetics for Protein S with CaCl, are as follows.

0.7 £ 0.04 0.1 = 0.02
U P F
8+6X103 6*+x4x103

0.1 £ 0.05

2+3X%x10°4
Reactions 3 and 4

As described previously, U is unfolded, P is partially folded, and
Fis fully folded (all rate constants are in units s '). The errors
shown are S.D. from iterations from a randomized seed of the
simplex algorithm fitting (see “Experimental Procedures”).

These kinetics indicate that the presence of Ca®" increases
the P — F transition rate and may decrease the F — U transition
rate, which implies that the native states may be stabilized with
Ca®", and the barrier to the folded state may be diminished (Fig.
15). However, we note that because our data include no infor-
mation about the interconversion between states 2—5, we can-
not rule out a higher order model incorporating more states.
Also, the unfolding rates determined here imply a waiting time
much longer than the time span of our experiment, so these
rates should be viewed as upper limits on the unfolding rate. We
are further investigating this kinetic scheme using stop-flow
measurements and force-clamp spectroscopy.

Configuration of Protein S Alternative Conformation—How
do we interpret the nature of the alternative conformations for
both the PS N-terminal and C-terminal domains? To obtain a
possible interpretation, we used coarse grain simulations,
which can simulate topological and energetic factors to com-
pute probable transition states of proteins (49, 50). The protein
was modeled as a Ca model (51) and denatured at a high tem-

Protein S Kinetics +CaCl,
1 i /

08

Unfolded
Partially folded
= Fully folded

06

04 r

02

0

1072 10° 10"

Time [seconds]

107

Equilibrium

FIGURE 15. A and B, complete three-state kinetic model fits for Protein S folding with (A) and without (B) CaCl,. Solid lines, model fit; dots, experimentally
measured proportions of molecules with S.D. Equilibrium measurements come from unfolding results (Fig. 6).
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FIGURE 16. Simulations indicate an interpretation of the alternative con-
formation. A, two examples of the transient partially folded state obtained
when the N-terminal domain folds (left) or when the C-terminal domain folds
(right) where there is a transient state at which 25 and 60% native contacts are
formed. The contact maps for the N-terminal intermediate (B) and the C-ter-
minal intermediate (C) are shown, colored by the relative frequency of inter-
action. The structures are colored to show the alternative conformations,
where colored residues represent secondary structure that is present at least
50% of the time.

perature. The temperature was then quenched to a folding tem-
perature (see “Experimental Procedures”), and the folding was
quantified by the percentage of native contacts. Refolding pro-
ceeds either from the N-terminal domain first or the C-termi-
nal domain first, but results for the transition states for both
were similar, as shown in Fig. 16.

The configurations between the unfolded and folded state
(percentage of native contacts between 25 and 60%) showed a
distinct configuration consisting of five of the core B-strands in
the B Greek key fold. The results were similar for the N-termi-
nal domain and C-terminal domain. In both cases, the 3 strands
on either end of a domain were in the native state, thus clinch-
ing the protein into a metastable fold. This structure, if mea-
sured using force spectroscopy, would reveal a contour length
increment of the entire protein (because the end -strands are
clinched) and would probably rupture at a force that is lower
than the normal rupture force of the domain due to the lack of
a fully native configuration.
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Although charge is not represented in the coarse grain
model, it can be seen that the charged residues of the N-termi-
nal domain (residues 10—11 and 70 -71) do not form during the
transition state (Fig. 16B). The fact that these residues only
form after the core of the protein folds may indicate why these
residues only have a minor influence on the N-terminal
domain, to decrease the mechanical stability slightly. Thus, the
interpretation of these simulations has qualitative agreement
with the force spectroscopy measurements of the alternative
conformation and also provides new evidence to support pre-
viously hypothesized folding routes of a single domain of Pro-
tein S (39).

Discussion

Here we study a calcium-dependent, multidomain protein
from the By-crystallin family, Protein S, to ascertain, for the
first time, the interaction between protein domains and cal-
cium dependence of their folding and unfolding pathways.
Using SMES, we found that Protein S exists in two stable con-
formations in the absence of Ca®>*: a mechanically strong native
conformation and a mechanically weaker alternative confor-
mation. Through mutagenesis experiments and computer sim-
ulation, we determined that the alternative conformation
resides in the N-terminal domain and is caused by structural
instability due to intradomain charge repulsion in a high den-
sity cluster of negatively charged residues. The alternative con-
formation becomes undetectable in the presence of Ca*" or
acidic pH, because the cluster of negatively charged residues
becomes partially or completely neutralized. Interestingly, the
equilibrium between the conformations shifts from the alterna-
tive conformation to the native conformation when the C-ter-
minal domain is present, because a C-terminal lysine partially
neutralizes the negative charge in the N-terminal domain, in
the absence of calcium (Fig. 8). These data offer three signifi-
cant observations and conclusions.

First, unlike in other multidomain proteins, the alternative
conformation of Protein S is not a molten globule; rather, it is a
highly structured, mechanically stable state. In protein evolu-
tion, and in protein design, a cluster of negatively charged res-
idues can coordinate metals, which, generally, will promote sta-
bility, by creating new strong ionic bonds between distant
residues. However, many proteins that have a cluster of nega-
tively charged residues are found to be unstable in the absence
of ametal (31-34, 52—55), probably due to the charge repulsion.
Similar to Protein S, this charge-induced instability often can
manifest itself in a lower mechanical stability (56). This insta-
bility can be alleviated by mutating the electronegative residues
to neutral residues, which consequently increases the protein
stability in the absence of calcium, such as what we observed in
Protein S and what has been observed elsewhere (52). However,
the most frequent observation from studies on calcium-binding
proteins is that the absence of metal produces a “molten glob-
ule” (35, 54, 55, 57). Our data show that, instead of a molten
globule, the alternative conformation is defined by a consistent
mechanical stability, and the contour length increment follow-
ing its mechanical denaturation remains the same as for the
native ensemble (Fig. 3). It is tempting to speculate that the
molten globule structures observed in bulk measurements, in
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FIGURE 17. The charge density of each binding site and flanking residues
of all known calcium-binding proteins is plotted (for more details, see
“Experimental Procedures”). The charge density of the binding site in the
N-terminal domain of Protein S (—0.66) is higher than in 99% of all known
proteins. In contrast, the charge density of the C-terminal domain is neutral.

the absence of metal ligand, may actually preserve some resid-
ual structures that could be identified through SMFS
measurements.

Second, we discovered a compensatory mechanism in Pro-
tein S that provides stability in the absence of calcium. This
compensatory mechanism seems to be only available to mul-
tidomain or multimeric proteins; the C-terminal domain of
Protein S has a lysine that binds to the charged pocket of the
N-terminal domain (Fig. 8). Simulations showed that this
lysine prevents destabilization of the N-terminal loop (Fig.
10), whereas experiments show that the C-terminal domain
helps to shift the ensemble from 55% in the alternative con-
formation (Fig. 3) to only 34% in the alternative conforma-
tion (Fig. 6) in the absence of calcium. This mechanism is a
novel property that multidomain proteins may have evolved
to provide another level of stability control, especially in the
absence of calcium.

Third, there are many multidomain proteins that have
exceptionally electronegative binding sites, similar to Protein S.
These binding sites are designed to allow proteins to buffer
calcium levels (5) or for producing conformational changes that
can stimulate cellular signaling (3). An analysis of all known
calcium-binding proteins (see “Experimental Procedures”)
shows that only 1% of all known calcium-binding proteins have
sites with charge density similar to or higher than the site on the
N-terminal domain of Protein S (Fig. 17; a full list is included in
supplemental Table 1). These proteins with highly charged
binding sites share common biological functions for conforma-
tional switching or calcium titration; for example, calsequestrin
(58), human Hsp70 (59), and an Na*/Ca** exchanger binding
domain (60) have a similarly high charge density binding pocket
as Protein S. Many of these proteins with exceptionally electro-
negative binding sites have already been reported to harbor
great structural instability in the absence of calcium (54, 55,
57-62) or have increases in folding speed due to calcium (63).
Because many of these proteins are also multidomain, our
results on Protein S may apply to many of the proteins with high
charge density sites. Calcium binding is one of the most impor-
tant and ubiquitous mechanisms for signaling, which is main-
tained through a variety of proteins, especially multidomain
proteins.
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Through Protein S we have shown that there exists a multi-
tude of ways to modulate domain stability through highly
charged calcium-binding sites and domain interactions.
Because the majority of proteins are multidomain, we speculate
that these mechanisms of interaction may be highly prevalent
and help to avoid aggregation-prone molten globules and
instead allow well defined conformational ensembles in the
unbound state.

Experimental Procedures

Protein Engineering—All proteins for force spectroscopy
experiments (Protein S, Protein S D11Q, E70P, and E71T, trun-
cated N-terminal domain, truncated C-terminal domain) were
designed to have 127 flanking the protein of interest. The addi-
tion of flanking 127 domains serves to facilitate the pickup of the
molecule and also serves as a positive control and fingerprint of
a single-molecule event (64). All Protein S sequences were syn-
thesized (GenScript USA Inc., Piscataway, NJ) and placed into
the third module of the poly(I27) pRSETa vector, a kind gift
from Jane Clarke (65). The eighth module was replaced with a
Strep-Tag. All engineered plasmids were transformed into
Escherichia coli C41(DE3)pLysS cells (Lucigen Corp., Middle-
ton, WI), and expression was induced using isopropyl 1-thio-
B-p-galactopyranoside. Proteins were purified by running
cell lysate through a Strep-Tag-Strep-Tactin column (IBA,
Olivette, MO). Protein was then run through size exclusion
columns and resuspended in Tris-HCI, pH 7.2, and stored at
4 °C for subsequent use. Fresh protein was prepared every 2
weeks for experiments.

AFM Spectroscopy—All AFM measurements were obtained
using a custom-built AFM instrument (66). Automation rou-
tines to control the AFM (67) were implemented in Labview
version 7.0 (National Instruments, Austin, TX). Cantilever
spring constants were calibrated in the buffer solution using the
energy equipartition theorem (68). Purified protein was dia-
lyzed and concentrated in Tris-HCI, pH 7.2, with 1 mm EGTA
for experiments without Ca®>* or dialyzed into Tris-HCl, pH
7.2, with 4 mm CaCl, for experiments with Ca®>". Measure-
ments were done in either Tris-HCI, pH 7.2, with 1 mm EDTA;
Tris-HCI, pH 7.2, with 2 mm CaCl,; or citrate buffer, pH 3.7—
4.5 (when specified). In all experiments, the purified protein
was diluted to 50-150 pg/ml.

Protein attachment to the substrate and cantilever was
achieved using nonspecific absorption, without any tip func-
tionalization. Slides for AFM spectroscopy were prepared by
first incubating 100 ul of diluted protein onto a gold slide, for
1 h. Gold slides were prepared by cleaning glass with Piranha
solution and then evaporating 80 nm of chromium and 250 nm
of gold onto the surface. Gold slides were stored in argon to
prevent oxidation until use. Protein on the gold surface stuck
nonspecifically through absorption. To remove unadsorbed
protein, we carefully drew off 60 ul from the deposited protein
on the slide before measurements.

Measurements were performed using MLCT cantilevers
(Bruker, Camarillo, CA), which have a spring constant of 51 *
10 pN/nm. Each force-extension profile was generated by a
constant velocity extension and retraction at a speed of 300
nm/s. Protein was adsorbed to the cantilever nonspecifically, by
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bringing the cantilever in contact with the surface with a force
of ~200 pN. If a protein molecule adsorbed to the cantilever tip
and also to the surface, the retraction of the cantilever would
unravel the protein through the tension applied during the
measurement. A single-molecule recording was determined
through the presence of at least four 127 domains, which would
guarantee that the middle domain has been unfolded. A worm-
like chain model (24) with persistence length of 0.4 nm was fit to
each peak in order to measure contour length increments in the
force-extension data (69).

Coarse Grain Simulation—Structure-based models were
generated using the SMOG Web server version 1.2.2 (51)
from Protein Data Bank entry 1PRS (70). In this coarse grain
model, each residue is modeled as a single sphere, and forces
are determined by a coarse grain potential. This potential
contains terms for bonds, angles, and improper angles,
which have equilibrium values based on the initial structure.
All residues identified as a contact have an attractive 12-6
potential, and residues identified as non-contacts have a
repulsive 12 potential. For more information about parame-
ter values, see Clementi et al. (49). The temperature used for
all calculations was the folding temperature at which the
folded state and the unfolded state are equally populated.
The folding temperature was found by determining where
the specific heat is maximal. Simulations were conducted
using GROMACS version 4.5.5 (71).

All-atom Molecular Dynamics Simulation—All-atom mod-
els for explicit solvent molecular dynamics were generated
from Protein Data Bank entry 1PRS (70). The truncated N-ter-
minal domain was generated by deleting the last 83 residues,
and the truncated C-terminal domain was generated by delet-
ing the first 89 residues. Hydrogen atoms were added using
VMD Automatic PSF Builder (72). A water box was created
around each model to encompass the structure and allow a
2.8-nm water margin from each side. The salt was added to
replace water molecules until the concentration reached 150
mM, and the charge was neutralized. For simulations with
CaCl,, the bound Ca?* in the 1PRS structure was not removed,
and additional Ca®>* and Cl~ ions were added to a concentra-
tion of 1 mm. Structures were then minimized and equilibrated
at constant pressure for 1 ns using NAMD2 version 2.10b1 (73).
Production simulations were then done for 10 ns at constant
volume.

Modeling Refolding Kinetics—Kinetics were modeled using
the complete three-state folding model of a protein,

ki ks
U=P=F
ky ke

Reaction 5

and
ks
U=F

ks

Reaction 6
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which is described by the three ordinary differential equations,

du(t)
“ar =~ U+ kU + kP(O) + KeF (D) (Eq. 1)
dP(t)
g = kU® = kP(O) = ksP(t) + k(1) (Eq.2)
dF(t)
“qr = kU + kPO = (ke + ko) F(D) (Eq.-3)

where U(t), P(t), and F(t) are the normalized probability of
detecting the unfolded, partially folded, or fully folded state at
time ¢, respectively. The initial conditions were such that
(UL,P,F) = (1,0,0) at ¢ = 0. The final conditions come from
unfolding, where (U,P,F) reflects the proportion of unfolded,
partially folded, or fully folded molecules determined from fully
unfolding molecules. Partially folded events were classified by
having an unfolding force less than two S.D. values from the
mean of the unfolding distribution (or the higher mean of the
two unfolding distributions in the case of multimodal distribu-
tions). The data for the intermediate time points come from
refolding experiments using the same classification criterion.
The 95% confidence intervals for these proportions were deter-
mined using binomial proportion confidence intervals. The
three-state folding model equations are solved numerically
using a simplex solver that minimizes the difference between
the experimentally measured and calculated U(¢), P(¢), and F(¢).
The simplex solver was run for 500 iterations, although it con-
verged after 200 iterations. The errors estimated for the rates
are from 20 iterations from the simplex solver starting from
randomized initial conditions.

Analysis of Known Protein Charge Densities—We analyzed
the charge density by computing the total charge of a binding
site and dividing by the number of residues in the binding site.
A binding site was defined to include all of the known binding
residues and the immediate flanking residues. Protein
sequence and feature information was downloaded from the
NCBI Protein database using the query “het[Feature key] OR
Het[Feature key] OR HET[Feature key] OR Ca2[Title] OR Cal-
cium[Title] OR ca2[Title] OR calcium[Title]”. The resulting
79,297 data files were parsed for heterogens of the type “CA”
and their binding sites were located. The data were analyzed
using custom Python scripts utilizing Biopython (74) to parse
GenPept data. Data deduplication was performed by merging
entries that contained the same amino acid sequence and the
same binding sites. Entries that had only one amino acid in the
binding were not used for analysis; this procedure resulted in
7,830 entries (for the list, see supplemental Table 1). Each of
these entries had the total charge determined using the
sequence and the binding site information, computing —1 for D
and E, +1 for R and K, and 0 otherwise. The results for the
charge density of each binding site in each protein are plotted in
Fig. 17.
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