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ABSTRACT Proteins from organisms which have adapted to environmental extremes patiradgéve systems to explore and
determine the origins of protein stability. Improved hydrophobic core paekidglecreased loop-length flexibility can increase the
thermodynamic stabilitgpf proteins from hyperthermophilic organisms. Howeteejr impacton hyperthermophilic protein me-
chanical stability is not knowrHere, we use protein engineering, biophysical characterization, single molecule forcessppgtro
(SMFS) and molecular dynamics (MD) simulations to measure the effect of alteriraphgtlic core packing on the stability of
the cold shock proteiimCSP from the hyperthermophilic bacterium Thermotoga maritima. We makeattemte of TmCSP in
which a mutation is made to reduce the size of aliphatic groups from buriezphgbic side chains. In the first, a mutation is in-
troduced in a long loopT(mnCSP L40A); in the other, the mutation is introduced on the C-terfisitand TmMCSP V62A). We use
MD simulations to confirm that the mutammCSP L40A shows the most significant increase in loop flexibility, and mutant
TmCSP V62A shows greater disruption to the core packing. We measure the theamindgtability AGp.n) of the mutated pro-
teins ad show there i more significant reduction fofmCSP L40A AAG = 63%) tharTmCSP V62A AAG = 4P6) as might be
expected, based on the relative reduction in the size of the side Bhaiantrast SMFS measures the mechanical stabliB/)

and shows a greater reduction TonCSP V62A AAG* = 8.4%) thariTmCSP L40A AAG* = 2.5%). While the impact on mechan-
ical stability is subtle, the results demonstrate the power of tuning non-covaleattiotes to modulate both the thermodynamic
and mechanical stability of a protein. Such understanding and control providgsptivéunity to design proteins with optimized
thermodynamic and mechanical properties

INTRODUCTION 200 °C, and retain activity for periods of hours at these tem-
Proteins from organisms adapted to high-temperatures haveperature§] The discovery of thermophiles and hyperthermo-
evolved to retain their native, folded structure and function in philes has stimulated a wealth of fundamental and applied
the challenging environments in which the organisms gf@w. research into their proteins, particularly their enzyfidghis
These heat-adapted organisms are classified according to theesearch has included efforts to understand the molecular basis
optimal growth temperatur@opr, of the organism, with ther-  of protein thermostability at high temperatures and the poten-
mophiles having a gt between ~ 45 and 80 °C and hyper- tial applications of these prote@

thermophiles a drr above ~ 80C[? The most thermostable

proteins are found within these latter organisms, at or near thelike their mesophilic counterparts, proteins from thermophiles
upper temperature limits of I{f@Many of these proteins sio and hyperthermophiles are only marginally stable at the phys-
melting temperatures () in excess of 100C, and as high as iological temperature of the organisms in which they are
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found. There is little evidence that there is one single molecu-packing on the mechanical stability of mesophilic proteins
lar-level adaptation for increasing the stability of proteins including; the 127 domain ofé}i@TNf% from tenascin-
from thermophiles and hyperthermophiles compared with C®protein IZ7]and protein G These studies have shown
those from mesophiles (organisms with moderate optimal that hydrophobic core packingnodulated by changing the
growth temperatures, between 20 and 49%[djhe thermal length of amino acid side chajndays a potentially important
stabilization of a protein can be achieved in a number of waysrole in the mechanical unfolding of some proteins. SMFS is
including: increased numbers of ionic interactions and ionic therefore an attractive tool with which to measure the contri-
networkggincreased packing dendfljncreased hydro-  bution of hydrophobic interactions on the mechanical stability.
phobicit}/]“~“Jand a reduction in the length of flexible, loop
regions in the protefff][Z] However, there are examples of We elected to use the cold shock prot#mCSP as a model
particular strategies being found in structurally related pro- system. We made twdmCSP mutants in which side chain
teins. For example, a study of 373 protein families examined deletions allowed us to probe the effects of subtle changes in
the importance of differemoncovalent interactions through  hydrophobic core packing and loop flexibilitysing a combi-
comparisons between mesophilic and thermophilic homo- nation of SMFS, fluorescence spectroscopy and molecular
logue$Z] This study predicted that the optimization of the hy- dynamics (MD) simulations we examine and compare the two
drophobic core is the most significant contribution to the en- TNCSP mutants with benchmarkd@anCSHZ*’| We obtain
hanced stability of thermophilic proteinshere the ‘average information about their thermodynamic and mechanical stabil-
surrounling hydrophobicity’ of a protein was defined as the ity and identify, as well as quantify, the non-covalent interac-
sum of hydrophobic indices obtained from thermodynamic tions in the proteins using MD. Our experiments reveal insight
transfer experimentdJsing this criteria they found that 80% into the importance of hydrophobic interactions in determining
of the thermophilic proteins studied disptayhigher hydro- protein stability, and highlight the advantages of using pro-
phobicity than their mesophilic equivalenis another study, teins from extremophilic organisms as model systems.
a protein structure dataset was constructed from one specific
organism, the hyperthermophilic bacterium Thermotoga mari-
tima, and compared with those of close homologs from meso-
philic bacterif%| The study found that the proteins from Ther- MATERIALS AND METHODS
motoga maritima had an increased number of salt-bridges and
were more compact than the mesophilic proteins. Protein Engineering and Expression

Polyproteins were constructed using a method which makes
Homologous proteins from hyperthermophilic and mesophilic use of Gibson Assembly cloniffland purified using a method
organisms therefore offer important model systems with described previougRf]including an additional stage re-
which to investigate the importance of specific non-covalent move any bound nucleic afffThree (His)-tagged chimeric
interactions on protein stabil[>JWe recently took this ap-  polyprotein constructs, each containing four domains of 127
proach to examine the role of salt bridges in the stability of a interdigitated with three domains of a CSP were produced: (i)
honologous pair, the cold shock protein B{CSP) from the a polyprotein containing theild-type CSP from the hyper-
hyperthermophilic organism Thermotoga maritjratso used thermophilic organism Thermotoga maritimémCSP), (127-
in this study, and the cold shock proteBsCSP) from the TmCSP}-127 (ii) a polyprotein containing the L40A variant of
mesophilic organism Bacillus subtili$Ve determined that CSP which we refer to a3mCSP L40A, (127¥mCSP
TmCSP, which has many more salt bridges tBs@SP, is L40A)s-127 and (iii) a polyprotein containing the V62A vari-
thermodynamically more stable. Using single molecule force ant of the CSP which we refer to a8CSP V62A, (127-
spectroscopy (SMFS) we also showed thaiCSP has in- TmCSP V62A)-127. The (His) tag, inter-domain linker se-
creased mechanical softness quences, 127 domains and two cysteine residues at the C-

terminus are identical in all three polyprotein constructs.
Given the insight gained by this approach, we now use this
model system to examine the role of hydrophobicity and loop Protein Thermodynamic Stability
flexibility on the stability of the hyperthermophilic cold stock Chemicaly and thermdy induced unfolding transitions of the
protein TMCSP Improved hydrophobic packing and therefore cold shock proteinmCSP, TmCSP L40A andimCSP V62A
reduced solvent accessibility of hydrophobic residues will be were measured using a PTI fluorimeter (Photon Technology
entropically faorable. This is in part due to the lower degree International, UK) with a Peltier temperature controller and an
of ordering of water molecules that occurs when these hydro-LPS-100 lamp. Protein samples (0.1 mgtnm 63 mM sodi-
phobic side chains are removed from the solvent. An addition-um phosphate buffer pH 7.4 containing different concentra-
al contribution may come from enthalpicallyéxable interac- tions of GdnHCI) were equilibrated at°C (thermal unfold-
tions if there is a concomitant increase in the van der Waalsing) and 23°C (chemical denaturation) overnight before
contributions to the hydrophobicity. Previous studies have measurements were recorded. Fluorescence spectra were
demonstrated that an increase in the number of hydrophobioneasured in a 1 cm pathlength quartz cuvette using an excita-
interactions per amino acid residue can increase the thermotion wavelength of 280 nm and emission range of-380 nm
stability of a prote]f[Z]*Jand have successfully demonstrat- with a 1 nm step size. Unfolding transitions were followed by
ed the impact of increased hydrophobic core packing in en-a change in the barycentric median (BCM) as described previ-
hancing protein thermostabilf] Through their inherent flex-  ously. {Tych, 2016 #196The BCM ‘center of mass’ of each
ibility, loops are also considered to be potential initiation sites spectrum between 320 nm and 380 nm was calculated where
for thermal denaturati¢ff] A reduction in loop length or loop  I(%) is the fluorescence value at a respective wavelength.
flexibility may therefore contribute to enhancing protein kinet- The BCM value for each spectrum was plotted against tem-
ic stabilit®]In addition to thermodynamic stability, previous perature (T) or denaturant concentration ([GdnHCI]) and the
SMFS studies have examined the impact of hydrophobic core




unfolding transition followed by an increase in BCM due to a Kinetics of protein mechanical unfolding

shift to a higher wavelength of the unfolded peak. The ZhurkovBell model was used to model mechanical un-
Chemical equilibrium curves were fitted to a two-state unfold- folding, by assuming that each protein unfolds via a two-state
ing model as described previously {Tych, 2016 #196}. all-or-none process governed by a rate constantakd the

For the thermal denaturation curves, 0.1 mg priotein sam- distance from the native state to the transition state along the
ples were prepared in 63 mM sodium phosphate buffer pH 7.4measured reaction asdinate, Ax,[™]

at a range of GdnHCI concentrations below the mid-point of —(AG — FAxy)

protein unfolding. Samples were heated using a 3 °C stepped Eqn (3): ky(F) = AekaB—T

gradient with four minutes equilibration before each spectrum

was recorded, equating to an average temperature (T) increasghere k(F) is the force-dependent rate constant, F is the ap-
rate of 0.4 °C/min. Thermal unfolding curves were fitted to an plied force, Ais the attempt frequency, Axy is the distance
integrated an't Hoff equation (equation 1) where and & from the folded state to the transition statejskBoltzmann’s
represent the signal at the start and end of the run@addd  constant and The temperature. The value of Axy is the dis-

by represent the rate of change of signal with temperaturetance between the folded state and the transition barrier on the
([T]) in the pre-transitional and post-transitional basefil&.  unfolding pathway. AGy is the height of the activation energy

is the quantum yieldR is the ideal gas constamtH is the  parrier to unfolding and can be related to the unfolding rate at
change in enthalpy andyTs the temperature at which 50% of  zero force by

protein is folded.

Lo R ) —(AGy)
(ap + beT) (e M T+ (ay + byT) Eqn (4): ky = Aexp
Eqn (D: f(T) = “AH, 1 1 . . kesT
1+ (%)e—x v Monte Carlo MC) simulations were completed to produce

unfolding forces at each pulling velocity. These were used to
create simulated unfolding force which were then compared
. . ; to those generated experimentally straight line was fitted to
from each unfolding experiment. The pairs of values for AH the simulated &-In(pulling speed) dependence to compare

and T of the unfolding transitiqn for egch co_ncentration of with the experimentally determined line of best fit. The pair of
GdnHCI were plotted and a weighted linear fit to these datakU and Axy values that provided the best global fit to the ex-

used to determine the change in specific heat capacity betweeRq imental data over all pulling velocities was obtained. The

folded and Iunfolded stateaC,. The v;lueshofACpland the range of k and Axy values that provided a fit to the data with-
average values ofH and W across three thermal denatura- j, yhe experimental uncertainty was used to calculate the

tions in the absence of GdnHCI were inserted into the Gibobs standard deviation for each parameter. In the simulations, due
Helmholtz equation (equation 2) using values of T in 3 °C , e similarity in slope of the Fpulling speed dependence

The equation yields values forsTand AH of the transition

intervals, to produce a thermal stability cf/E™] for both 127 and the CSP for each of the three different con-
T T structs, it was assumed that the Axy for the proteins were un-
Eqn (2): AG = AH (1 — _> — AC,[(Ty — T) + Tin <_)] changed. These values were set to Axy = 0.70 nm for the
Ty Tu CSPs and Axy = 0.32 nm for 127 based on a recent sttidly.

Force Spectroscopy
SMFS experiments were completed using an Asylum MFP-3D pmD simulations

AFM (Asylum Research, Santa Barbara, CA, USA). Silicon The pehavior offmCSP, TMCSP L40A andTmCSP V62A
nitride cantilevers (MLCT) were obtained from Bruker (Biller- \yas simulated using the CHARMM param36 force field and
ica, MA, USA). Before each experimnets the spring constant eyplicit solvent. Initial structures from which to start simula-
of the cantilever was calibrated in buffer, using the equiparti- tions of TMCSP used the PDB structure 1G6P (model #1).
tion theorem methdff]and was found to be within the range TmCSP L40A and TMCSP V62A starting structures were
of 38 (+ 3) pNnm™. Lyophilized protein (0.1 mg) was recon-  created by manual deletion of side chain atoms from residues
stituted to a concentration of 0.2 mg-irih sterile sodium | 40 or V62, respectively, from the 1G6P structure, followed
phosphate buffer (63 mM, pH 7.4) and incubated on a gold by incorporation of the missing hydrogen atom using
substrate for 10 min. Mechanical unfolding experiments were CHARMM.[®] A steepest descent minimization (1000 steps)
completed at constant at pulling velocities of 100, 200, 600 yas then performed for each of the three proteins. Proteins
and 2000 nm-$at room temperature (23 °C) over a distance yere solvated in a water box containing a 1.2 nm surround of
of 400 nm. At each pulling velocity three different datasets, \yater molecules (~4400) and NaCl ions were added at a con-
each using a different calibrated cantilever and sample, werecentration of ~50 mM using VMBNAMO®]was then used
obtained. Each dataset contained more than 34 total unfoldingg run simulations: a short heating protocot300 K) fol-
events. For the subsequent data analysis traces were only iNpwed by 0.2 ns of equilibration preceded a 400 ns simulation
cluded which contained one polyprotein chain unfolding for each protein at 300 K. For analysis, the coordinates of all
characterized by there being seven or fewer unfolding events. atoms were recorded every 1 ps. The simulatiofng@SP is

Of these, only traces with a minimum of two 127 unfolding an extension of the explicit solvent simulation previously pub-
events, without non-specific unbinding events at high force, or jished py ug®

other sources of noise were used. Given the interdigitated na-

ture of the polyprotein, the presence of two 127 unfolding constant velocity protein unfolding simulations that mimic

events ensured that force would be applied to at least one CSRFM experiments were performed using an implicit solvent

domaifZ]¥| The force-extension data were subsequently ana-model (FACTS) and the united-atom force field

lyzed using in-house software written for Igor Pro. CHARMM19.[®] This simplified model was used to ensure
that solvent relaxation was not a dominating factor during the
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kinetically controlled extension of the protein. The constant residues in the sequence. Side chain positions were described
velocity protein unfolding simulations were run using using the centeof-mass of all side chain atoms plus the C
CHARMM, applying Langevin dynamics at a temperature of atom. A cut-off value of 0.56m gave a good range of values
300 K[®|The friciion coefficient was 3 ps-1. The surface ten- for fraction of time in contact across the peptide serving to
sion-like parameter was 0.025 kcal mol-1 A-2 (the recom- highlight important residues.
mended value for modeling globular proteins with FAEY.S
In these simulations an external force is applied between the
N-terminal N atom and C-terminal C atom. The attached can-RESULTS
tilever is moved away at constant velocity (v = 108 ni).s
To mirror the AFM experiments, the cantilever spring con- Design of TmCSP variants to probe the effect of hydro-
stant, kc, was set to 30 pN rinfor all three proteins, 50 [bu phobic core packing and loop flexibility on the ther mody-
ing simulations were run, each starting from a different initial namic and mechanical stability of TmCSP. The TmCSP
structure extracted from a short equilibrium simulation (with protein (Fig. 1(a)) is composed of fige-strands organised in
no applied load). For analysis, the coordinates of all atomsan anti-parallel manner, forming two-sheets connected by a
were recorded every 1 ps. loop region. The amino acid sequence offBICSP is shown
in Fig. 1(b). We elected to make conservative mutations such
that; the mutation would be unlikely to change the protein
Wordom was used to analyze the trajectfREDSSPcont’ structure, would conserve the chemical nature of the residue
assignmerEg|were used to calculate secondary structure con-and not introduce any new interactions. This involved the re-
tent on a per residue basidviD was used to locate and quan- duction in the size of aliphatic groups from residues which
tify hydrogen bonds betsen the different parts of the protein, contained buried hydrophobic side chains. For this type of
using the criteria: N-O distance < 4 A, and N-H-O angle mutation, any change in energy of the transition statelst-
>150°. Salt bridges were also located and quantified usinged to the degree of native structure formation close to the mu-
VMD, [7]using the criterion of whether the distance between tated residue. We chose two positi@isvhich to make con-
the centelf-mass of side chain N or O atoms was <0.7 nm servative side chain deletions (Fig. 1(a, b)). At both positions
apart, allowing for salt bridges to be separated by a gap thehe two residue side-chains are buried in the PDB structures of

size of one water molecU] TmCSP (see Supplementary text) but were hypothesized
(based on our previous stuff@sto be disrupted at different
The program ‘NACCESS' was used to ascertain which resi- points in the mechanical unfolding pathway. Both mutations

dues make up the hydrophobic core of the prfiy] The are located in different regions ®mMCSP and were selected
solvent accessibility (probe sifel4 nm) of side-chain atoms  in order to determine their impact on the thermodynamic and
within each residue from 4000 snapshots in each simulationmechanical unfolding ofTmCSP. In the protein variant
was calculated and averaged. Using the default seffing, TmCSP L40A, the leucine at position 40, (located in a lpigp)
atoms were included as part of the side cHaumglycine resi- mutated to an alanindhis results in a reduction in the side-
dues were excluded from analysis. The contact order and rela-chain length, replacing -CH(G}4 with -H. In the second var-
tive contact order were calculated using a script kindly provid- iant TmMCSP V62A the valineat position 62 (located in the

ed by Dmitry Ivankoff¥|Contacts made by core residue side- fifth p-strand) is mutated to an alanine (Fig. 1(a, b)). This re-
chains were analyzed by outputting the distance between thesults in a less dramatic reduction in side-chain length, replac-
side-chain of each core residue with the side-chain of all othering two -CH; groups with two hydrogens
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Figure 1. (a) Primary amino acid sequencdmCSP highlighting the positions of the two mutations, L40A (dark turquoisk) an
V62A (light turquoise). (b) The two variant of the cold shock protefroB the hyperthermophilic bacterium Thermotoga mariti-
ma (TmMCSP, PDB code 1G6P) and the positions of the mutations L40A (dark turquaiséd2aa (light turquoise). A side and top
view are shownThe closed structure of the C8Rbarrel is formed when the twh-sheets twist around one another with contacts
made betweef-strand 1 ang-strand 4 through hydrogen bonding. For information, thection of the applied force in single
molecule force spectroscopy experiments is shown as black arrows (c) In the M0t leucine in position 40 is mutated to an
alanine and in V62A a valine in position 60 is mutated to an alanine.

Molecular dynamics simulations measure hydrophobic pared to the wild-type protein. An analysis was made of num-
core packing and loop flexibility. Native state equilibrium bers of hydrogen bonds (HBs) between the different regions of
simulations show that all three proteins remain stable duringthe protein (i.e. the B-strands and the long loop that incorpo-
the lifetime of the simulations. Thstrand structure remains  rates the small helix, see Fig. 2b). For the three proteins, the
largely unaffected upon mutation while V62A shows loss in numbers of HBs between B-strands were largely the same
the small helix that fédbws B-strand 3 inTmCSP (Fig.S1 and within error. However, L40A showed noticeably fewer HBs
S2 and Table S1)The residues that make up the hydrophobic on average betweefrstrands 12 than in TMCSP. TmCSP
core of the protein were monitored throughout the simulation also showed more HBs on average (3 HBs) between the long
by analyzing the solvent exposure of the side-chain atoms.loop and B5 than in either of the two mutants (2 HBs). The

The results of this analysis are shown in Fig. 2(a). For clarity, pattern of salt bridges within the proteins was very similar,
the residues are separated into three groups: the ‘hard-core’ of albeit the partially occupied salt bridge E33-K63TimCSP,

the protein, those residues with very limited solvent accessibil-also between the long loop afifl, was disrupted in both mu-
ity (<1%); the ‘soft-core’, those residues with a 1-10% acces- tants (Fig. S3).

sible side-chain; and more exposed residues, those having a

>10% accessible side-chain. The number of hard and soft-core

residues for each protein iBmCSP- 8 hard-core, 3 soft-core,  Using the radius of gyration R as a measure of protein
TmCSP L40A- 6 hard-core, 4 soft-core andnCSP V62A- packing (Table S1), the simulations indicate that whit€€SP

5 hard-core, 5 soft-core. The change in the number of hard-and TmCSP L40A have similar valueImCSP V62A is less
and soft-core residues in each mutant relative to the wild-typetightly packed. Looking at contact order values (Table, S1)
protein resulted directly from the mutation performed (see TmCSP andTmCSP L40A again have similar values, while
Supporting Information for full details). Overall, the simula- TmCSP V62A shows a reduction in contact order. To compare
tions indicate that reducing the size of the hydrophobic residueflexibility within the proteins we measured the root mean
(V62A or L40A) destabilizes its position within the core mak- squarefluctuations (RMSF) of Ca atoms from each residue in

ing it more accessible to solvent during the simulations com- the three cold-shock proteins (Figc). Here, a large RMSF
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value indicates a more flexible structure. All three proteins
show regions of the sequence with comparatively high RMSF,
which relate to the loop regions between succegsiteands.
Both mutants show greater flexibility, compared TimCSR,

with the most enhanced flexibility seen in the long loop region
(and also in the short loop between strands 4 and B)@SP
L40A. V62A shows slightly higher RMSF values across the
N-terminal half of the protein. In line with the hydrogen
bond/salt bridge data this feature suggests tham@SP the
long loop is better constrained than in either mutant.
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Figure 2. Results from MD simulations. (a) Topology diagram
of the three cold shock protein domaifiCSP (top)TmCSP
L40A (middle) andTmCSP V62A (bottom) highlighting the -
strands (labelled 1-5) and the solvent accessibility of each
residue with a probability of <1% (yellow)-10% (orange),

and >10% (red) averaged over the simulatidfige, p-strand

3 is repeated to show the connectivity in the protein (b) The
mean number of hydrogen bonds * the standard deviation
(SD, shown as error bars) during the simulation between se-
lected regions iTMCSP (red)TmCSP V62A (light turquoise)
andTmCSP L40A (dark turquoise). (c) Comparison of the root
mean square fluctuations (RMSF) of Ca atoms from each res-

idue in simulations ofMCSP and the two hydrophobic core
mutants (L40A and V62A). ditions of the B-strands are indi-
cated.

We determined the contacts made by residues 40 and 62 with
other residues during the simulations of all three proteins (Fig.
S4 and S5). ITMCSP, the side chain of residue L40, which is

in the long loop, acts to link together the edge of the long loop
with strand 1. This pattern is also seen in the mutai@SP
V62A. In the TMCSP L40A mutant, however, the contacts
made by A40 are reduced leaving only the (sequence-wise)
neighboring residue T39 as a significant contactTrhCSP,

the side chain of residue V62, which isfstrand 5, provides
links to strand 4 and the loop, and also weakly to strand 3. In
the TMCSP L40A mutant, these contacts remain largely un-
changed. Surprisingly, in thEmCSP V62A mutant the much
smaller alanine side chain is still able to maintain a very simi-
lar range of contacts. This feature suggests that the structure
adapts to maintain contacts with residues across the sequence
despite the loss in atoms. On visual inspection of the simula-
tion trajectory, and in accord with the helicity results, the con-
tacts (particularly between A62 and 132) are maintained by
loss in the helicity of residues 231.

Thermodynamic stability curves of TmCSP, TmCSP L40A

and TmCSP V62A. To determine the impact of side-chain
reduction on the thermodynamic stability BhCSP we com-
pleted thermal unfolding titrations in the presence 8 M
guanidine hydrochloride. We obtained the temperature de-
pendence of the thermodynamic stabiliyGo.n) for TMCSP
(red), TMCSP L40A (dark turquoise) arinCSP V62A (light
turquoise) (Fig. 3). Inspection of the results shows that the
side-chain reduction in the variaffimiCSP L40A andimCSP
V62A both result in a lower melting temperaturey, &nd a
lower owrall thermodynamic stability (AGp.n) over all tem-
peratures. Thew decreased from 81.9 °C fdmCSP to 60.9

°C for TMCSP V62A and to 53.8 °C famCSP L40A (Figure

3, circles) While both of the CSP variants are maximally sta-
ble just below room temperature, similar to the hyperthermo-
philic TmCSP, their maximal stabilities are considerably
smaller than that oTmCSP. At 23 °C, the changés AGp.n

on mutation are 16 and 11 kJ mdor TMCSP L40A and
TmCSP V62A, respectively (Table S2)



specific heat capacity and melting temperature for each pro-
tein. The dashed vertical lines highlight the melting tempera-
ture, T, of each protein

35 . T y T v T v T

301 =—TmCsP The measured enthalpy, AH, of the proteins decreased from

270.62 + 3.7 kJ mdlin TmMCSP to 196.7 + 4.0 kJ mblin
TmCSP V62A and even lower to 168.3 + 5.8 kJ tédr
TmCSP L40A. This reduction in AH is likely to be a measure
of the impact of side-chain reduction on the native-state inter-
4 actions. WhileTmCSP has a section of the loop region with
reduced solvent accessibility that is part buried within the hy-
drophobic core, this contribution to the hydrophobic interac-
4 tion is no longer present in the variamhCSP L40A. This is
consistent with the hydrogen bonding patterns and positional
fluctuations observed in the simulations (Fig 2). In addition,
. the contribution to the hydrophobic interaction is also reduced
for V62A (i.e residue 62 is shifted from being in the ‘hard
core’ 0—1% solvent accessibility to being in the ‘soft core’ 1—
T 10% solvent accessibility, Fig. 2a). The reduction of hydro-
phobic interactions in the native state BhCSP L40A and
TmCSP V62A is concomitant with a significant reduction in
0- T T T the thermodynamic stability (Fig. 3). This points to a relation
200 225 250 275 300 325 350 375 400 between hydrophobic interactions and thermodynamic stabil-
Temperature (K) ity in this hyperthermophilic protein, in agreement with previ-
ous studies. The measured change in heat capacity at constant
Figure 3. Protein stability curves faimCSP (top) TmCSP pressure, AC,, is similar for all three proteins: & + 0.10 kJ
L40A (middle) andTmCSP V62A, showing the change in mol*K™in TmCSP, 3.89 £ 0.17 kJ méK™ in TMCSP V62A,
Gibbs free energy for protein unfolding (AGp.n) as a function and 381+ 026 kJ mol*K™* in TmCSP L40A (Fig. S6)These
of temperature (T)AGon (T) was calculated as described experiments all three proteins are stable and folded at room
(Materials and Methods). The errorsAiip.y were calculated ~ temperature. Next we measured their mechanical properties by
using the experimental errors in the enthalpy, difference in SMFS.
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Figure 4. SMFS mechanically unfolds a mutated cold shock protein héadchematic shows an AFM cantilever picking up a pol-
yprotein immobilized on a gold substrate in solution. (T2TESP L40A)-127) contains four 127 domains (yellow) and three
TmCSP L40A domains (dark turquoise). (b) Example force-extensionsiaias the mechanical unfolding of the polyprotein at a
constant velocity of 200 nm!sIn both examples, three CSP proteins unfold first (turquoise squaliesjed by the subsequent
unfolding of four 127 proteins (yellow circles) for ti@nCSP L40A (upper trace) andnCSP V62A (lower trace). (c) The CSP-
and 127-specific unfolding forces and inter-peak distances are displayedttt@s plots for the ((I2TmCSP L40A)-127) polypro-
tein (upper scatter plot) and ((IZMCSP V62A)-127) polyprotein (lower scatter plot) both at a constant velocity 00200 st.
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50 TmCSP L40A unfolding events (dark turquoise squares) and 54 12Idurg events (yellow circles), and 38nCSP V62A
unfolding events (light turquoise squares) and 51 127 unfoldingieygellow circles) (d) The measured unfolding forces are dis-

played as histograms at pulling speeds of 100, 200, 600 andh

206D for the ((1I27TMCSP V62A)-127) polyprotein (left) and

((127-TmCSP L40A)-127) polyprotein (right). At each pulling velocity three different hisémgs are shown, obtained from the
triplicate experiments. The histograms of unfolding forces for I27tE@dmCSP variants are distinct, with 127 always displaying
greater unfolding forces than tHenCSP variants. Gaussian fits to histograms for each data set are used ta oleasure of the

unfolding forces.

Effect of side-chain reduction on the mechanical stability

of TMCSP. We used SMFS experiments to unfold the chimer-
ic polyproteins (I27FmCSP L40A)-127 and (I127TmCSP
V62A)s-127 to measure their mechanical unfolding forces
(Fig. 4(a)). Stretching the chimeric polyproteins resulted in
force-extension (FX) data, allowing measurement of the me-
chanical unfolding forces needed to unfold each protein. Ex-
ample FX traces for (I2TmCSP L40A}-127 and (127TmCSP
V62A)s-127 are shown in Fig. 4(b), where each individual
unfolding peak corresponds to the mechanical unfolding of
individual CSP variants or 127 domains. The previously stud-
ied 127 protein acts as an internal mechanical marker in iden-
tifying the single domains being unfolded in FX trdc@she

FX data contain two distinct sets of peaks, which differ in
both their unfolding forces (f} and the distances between
them (%29 (Fig. 4(b) and (c)). For the variammCSP L40A

the force-distance scattergram (Fidc)) shows two distribu-
tions centered around distances of 18.6 nm and 23.5 nm an
forces around 80.0 pN and 201.9 pN. For the varantSP
V62A the distance-frequency histogram (F¢d)) shows two
distributions centered around 18.6 nm and 22.9 nm and the
force-frequency histogram shows two distributions around
70.0 pN and 199.4 pN. Both values of.xfor both chimeric
polyproteins are close to the previously publishegd values

for TMCSP and 127 (19.0 and 23.7, respect@®lyThe FX
data were fitted with the WLC model (dashed lines in Fig.
4(b)) to obtain the increase in contour length of the polypro-
tein with each unfolding event, ALc. At 2000 nm &, an un-
folding peak with a ALc~ 28.0 nm and a §-of ~ 195 pN (3

pN, standard deviation between the median values of the trip-
licate datasetsis the mechanical fingerprint for the 127 pro-
teins in the chimeric polyprotein. In the FX data, initig-
folding peaks are observed with ALc and Fy values of ~23.5

nm and 83 pN (3 pN) fofrmCSP L40A and ~23.5 nm and 73
pN (x4 pN) forTmCSP V62A, respectively. These correspond
to the unfolding of the smaller (and weak@mCSP L40A

and TmCSP V62A. While the ALc is the same as that meas-
ured forTmCSP, the & is 6% lower forTmCSP L40A and
17% lowerTmCSP V62A. This reduction in the average un-
folding force (Fig.4(d)), despite a similar AL, suggests that

pathway that was accompanied by a sudden increase in length
of the protein and a loss in the number of hydrogen bonds
between a pair of B-strands (Fig. S8). The mean forces meas-
ured, including standard deviation (SD), were 1@3:$N for
TmCSPR, 99 £ 21 pN for TMCSP L40A and 9% 19 pN for
TmCSP V62A which is 3.9% and 11.7% lower than for
TmCsp, respectively The endto-end distances at the peak
position were the same for the three proteins: 1.54 + 0.14 nm
(TmCSP), 1.53 + 0.13 nMTCSP L40A) and 55+ 0.18 nm
(TmCSP V62A). The MD simulations therefore show the same
mechanical hierarchy as that measured in the experiments,
with the TmCSP displaying the highest rupture force, followed
by TmCSP L40A and theMmCSP V62A. The simulations
also show that théocalized region of the protein that resists
unfolding (the mechanical clamp) in the two variants is in the
same position as that TmCSP

IOO T T T T T T T T T
| B  TmCsp
B TmCsp (L40A)

904 B TmCsp (V62A) 5
__ 80- L
z
£
o 704 L
b
[e]
[

504 L

40 T T T T T

60 65 70 75 80

In pulling speed

Figure 5. Impact of hydrophobic side-chain reduction on the
free energy landscape dmCSP. The mechanical unfolding
force is shown for the cold shock proteins for the TweCSP
variants, (127¥mCSP L40A})-127) (dark turquoise squares)
and ((I279mCSP V62A)-127) (light turquoise squares) as a
function of the logarithm of the pulling velociyd compared

the reduction in side-chain length has an impact on the me-with TmCSP in the chimeric polyprotein (IZIFCSP-127)

chanical stability. Inspection of the unfolding force distribu-
tions for TMCSP L40A andTmCSP V62A (Fig. 4(d)) and
comparing with those ofmCSE¥] show that while & de-
creases for the variants, the width of the distributions is rela-
tively unchanged. The width of the; Eistributions is related

to the distance to the unfolding transition state AXyin the
Zhurkov-Bell mode[®] This suggests that the position of the
mechanical unfolding transitions state for the variants is not
shifted along the unfolding reaction coordinate with respect to
TmCSP.

In addition to SMFS experiments, we complesitiulations

of constant velocity protein unfolding usiipD. A total of50
simulations were performed for each protdimCSP,TmCSP
L40A and TmCSP V62A. In the force extension trajectories
the initial rupture force was measured at the first peak in the

(red squares). For each pulling speed, the data points show the
median value of the unfolding force for the CSPs from three
different experiments. The error bars for each data point show
the standard deviation between the three different experi-
ments at each pulling velocityhe line of best fit to the data
(solid line) and the Monte Carlo fits to the experimental data
(dashed line) are also shown.

Pulling speed dependence of unfolding force for TmCSP

L40A and TmCSP V62A. To uncover details about the un-
folding energy landscape of the two CSP variants we complet-
ed experiments at pulling speeds of 100, 200, 600 and 2000
nm s to obtain the pulling speed dependence @fTable S3

and S4). We measured the for each unfolding peak in the

FX data, and made separate histograms for each triplicate ex-
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periment at each pulling velocity (Figure 4(d)). The histo- with similar domain numbers and scaffold defit]f]>1>" It
grams were fitted with Gaussian distributions and the medianis clear from Fig. 5 that the pulling speed dependence of the
values of kg for 127 and bothTmCSP L40A andTmCSP two variants displays a clear shift with respect to that of
V62A from each of the three replicate experiments were TmCSP. At all pulling speeds, the side-chain reduction in each
found. The natural logarithm of the pulling speed against the variant results in a decrease in the mechanical stability of the
mean kg (calculated from the medians of the triplicate exper- TmCSP, with the varianTmCSP V62A displaying a greater
iments) for the two populations observed in thehistograms reduction in k at all pulling speeds. While the, ks reduced
was plotted, allowing examination of the pulling speed de- for each variant, we measure a similar slope as compared with
pendence of §for each protein.Fig. 5 shows, For TMCSP, TmCSP. These experimental results suggest that the reduced
TmCSP L40A andTmCSP V62A, and Fig. S9 shows; For mechanical stability ofmCSP L40A andTmCSP V62A is

127 from data on unfolding (I2TmCSP}-127, (127-TmCSP due to a decrease of the activation energy barrier height (AG"),
L40A)s-127 and (I27TmCSP V62A)-127. These data were  while the distance to the unfolding transition state (AXy) ap-
compared with those obtained previously TanCSP under pears unchanged.

the same experimental conditifffThe values of & for 127

are in good agreement with previous studies of this 127 variant

Monte Carld
Protein Mutation location AAGp.n, kd/mof Axy, nm ku, st AAG*, kJ/mol du
(xSD)
TmCSP 0.70 0.00095 (+0.00018)
L40A Loop 16 0.70 0.00160 (+0.00015) 1.29 0.08
V62A B-strand 5 11 0.70 0.00550 (+0.00046) 4.35 0.39

Table 1. Summary of mechanical free energy parameteriGSP, TMCSP L40A, TmMCSP V62A and 127where AAGp.n = AGp.
n(TMCSP)- AGp.n(mutant), AAGy* = AGu*(TMCSP)- AGy*(mutant) andp, = AAGy*/ AAGp.n. " The Monte Carlo fit ussa fixed
value for x of 0.70 nm for the 6Psand fixed value forxof 0.32 nm and kof 0.00L50 s* for 127 1**{AGp.n was obtained from
chemical denaturation experiments at 23°C (see Fig. S7 and Table S2).

From the information in Fig. 5 we can access the unfolding the change in the thermodynamic stability of the protein
rate, k and the distance from the native state to the unfolding AAGp v, du = AAGU*/ AAGp \[F The value ofAAG* (Table
transition stateAxy using a Monte Carlo simulation procedure 1) is measured from the mechanical unfolding kinetics, where
described previougR/] Given that the slope of the pulling AAGy* = -RTIn(ky(TMCSP)/k(mutant)). The value afAGp
speed dependence is similar for all three proteins (Fig. 5) we(Table 1) is measured from the difference in the thermody-

assume the distance to the unfolding transition state (Axy) is namic stability at room temperature (Fig. 3). This method pro-
unchanged. This allows us to extract information abgurk vides a measure of structure disruption in the transition state
calculate mechanicaj,-values, as described belowxy for on a scale from 0 to 1, where 0 indicates that the mutated site

TmCSP was recently determined to be 0.70 Hfntherefore remains fully structured and 1 indicates the site is completely
Axy was fixed to this value for all three proteins. The values of disrupted, relative to the native state. Using the measured me-
Axy andky are shown in Table 1In the analysis of the best fit  chanical unfolding ratesyk(Table 1) and the thermodynamic
parameters, the slopes of the lines of best fit to the experi-stability AGpn (Fig. 3) we calculated the mechanidalval-
mental data were also assumed to be fixed (6.3 + 0.7 pN forues for the twoTmCSP variants. FOFmCSP L40A where a
Csp¥These results show that the two variaftsCSP L40A mutation has been made to a residue in the loop region of the
and TmCSP V62A have a highery Khan TmCSP Constant protein, thed, value is close to zero (0.08). This suggests that
velocity protein unfolding simulations using MD show the there is little disruption of the native interactions of L40 in the
same mechanical hierarchy as that measured in the experitransition state For TMCSP V62A, where a mutation was
ments, with theTmCSP displaying the highest rupture force, made in the fifth3-strand,alarger mechanicaj, value 0f0.39
followed by TmCSP L40A and thefmCSP V62A. The simu-  was measured. An intermediaigvalue such as this can indi-
lations show that the mechanical clamp in the two variants iscate either thathe residue forms a fraction of its native con-

in the same position as thatTmCSP. In all three cases rup- tacts in the transition state, or that there are alternative transi-

ture of strand pairs p1-p4 or p4—p5 or the near simultaneous tion states in which the native contacts are either formed or
rupture of both pairs occurs in synchrony with the initial peak unformed. The latter of these two scenarios is very much in
in force and subsequent extension of the protein. accord with our simulation results

Calculation of mechanical ¢ values. Using a method applied
previo%@we calculated the mechaniaglvalue for the two
varian to probe thi role in the unfolding transition state

of TMCSP. The mechanical value for unfolding(¢.) is de-

fined as the ratio of the loss of stability of the transition state
and native state on mutation, using the native state as a refer-
ence. Thep, value is given by the ratio of the change in the
height of the mechanical activation energy barrier AAGy* to



2b), and they may represent the ‘mechanical clamp’ of the

L40A V62A TmCSP protein. This structural element provides mechanical
£ E'i £ ‘5'52 stability andis the rate-limiting step for the unfolding of the
g’%”’ %’-‘é’w} protein. While the mechanical clamp motif of the protein is
z38° z3 . ] important for mechanical stability, other non-covalent interac-
T T i 'TZ"O WT O veA tions play a role in conferring stabilitiFor example, previous

et ' studies have shown that protein mechanical stability depends
s ] on the interactions which occur between the surfaces which
SR are sheared apart upon forced unfolif{&§] Here, we have
T Tk WT T VeA shown that by reducing the hydrophobic core and increasing
iy ; the loop flexibility in TMCSP we can significantly modulate
Oﬂ'm 220 protein stability without changing the mechanical unfolding
" . —\ pathway (Fig. 6). We show that reduced loop flexibility con-
o= wT L40A o fers
» ‘ AT thermodynamic stability inTmCSP and may play a role in
B> 0% minimizing potential initiation sites for thermal denaturgfgn.
Js . . . ’ J We show that the hydrophobic coreTwhCSP is important for
o NI - o . conferring mechanical stability, particularly when it involves

residues central to the mechanical clamp region (Fig. 6). The
Figure 6 Differential effects of hydrophobic side-chain reduc- MuantTmCSP V62A involves a reduction in the side chain of
tion on the flexibility and stability ofmCSP. Mutations in @ residudn p-strand 5, which is part of the structural motif of
positions 40 and 62 GFMCSP result in distinct effects on the theé mechanical clamp of tHEmCSP protein. Our SMFS re-
stability of the protein. The bar charts show the number of Sults show that a reduction in the hydrophobic core packing
atoms in the hydrophobic core residue which is mutated, theuPon mutation (Fig. 2) results in a decrease in the mechanical
radius of gyration B, the thermodynamic stabilityGp.n and stability of theTmCSP V62A (Fig. 5), providing evidence that

mechanical stabilityAGu* for TmCSP and the two mutants interactions mediated by this hydrophobic residue at the inter-
L40A (left) and V62A (right). face of two shearing motifs (B-strands 4-5) plays an important

role in determining the mechanical stability TohCSP. Single

molecule force spectroscopy measures the mechanical stability
CONCLUSIONS (AG*) and shows a greater reduction TonCSP V62A AAG*

= 9.2%) tharifTmCSP L40A AAG* = 2.6%). We use mechani-

The TmCSP protein forms a B-barrel structure comprising five ~ cal ¢u value analysis to reveal details of the mechanical un-
B-strands and a loop region (Fig. 6). To determine the impactf°|d_'n9 pathway qf _the protein, reveahng the important role of
of side-chain reduction of buried hydrophobic residues on the€gions in the vicinity of the mechanical clamp motif.
thermodynamic stability offmCSP we completed thermal N ) )

unfolding titrations in the presence of a chemical denaturant. The ability to make conservative mutants which do not alter
The results showed that the side-chain reduction in the vari-the structure of the protein or the mechanical unfolding path-
ants TMCSP L40A andTmCSP V62A both result in a lower  Way provides' a unigque platfqrm with \{vhich to quantitatively
melting temperature, T and a lower overall thermodynamic measure the impact of _specmq interactions on protein mechan-
stability (AGp.y) over all temperatures (Fig. 6). While both of ical and thermodynamic stability. Such insight provides op-
the CSP variants are maximally stable just below room tem-Portunities to rationally design proteins with specific and op-
perature, like the hyperthermophilEmCSP, their maximal tlm!zed stabilities for exploitation in bionanotechnology appli-
stabilities are considerably smaller than thaTwiCSP. At 23 cations.

°C, the changes in AGp.y On mutation are 16 and 11 kJ mol

for TMCSP L40A andTmCSP V62A, respectively (Table.1) ASSOCIATED CONTENT

A search of single point mutations (T =20 °C, pH 78) in Supporting Information. Further information and results on the

proteins_ on the Pro'FIjerm mut_ant dat@imiicates_that _L to thermodynamics stability measurements and MD sinauatcalcula-
A mutations destabilize proteins by 10.2 + 5.5 kJ-iehilst tions, and statistics and force histograms of singblecule protein

V to A mutations destabilize prOtEinS by 8.9 + 5.8 kJ ol unfolding experiments can be found online.

The loss of a greater number of atoms in the L to A mutants

causes, on average, a larger destabilization of the protein t(AUTHOR INFORMATION

denaturation. Our measured values agree well with these val-Corresponding Author
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