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Fig. 1 Protein structure and sequence of PTHI:4. The prodcin
structure plot was prepared with VMDD Pheft shown in purple i
replaced By Trpoin PTBL: AW, Comparison of the "H/Y'N HSQC
NMR specirn (data mot shown) of the two proteins show local
chemical shaft changes, bul no msdkations of significunt siructural
chunges.

downhill folling seenaros, ¢ven withoul sequence re-cngineenng.
We suggest some re-enpinecring of its sequence that may
further speed up s folding.

Results and discussion

Protein sggregation

We found that PTB]:4W has a wery high propensity for
aggregation when heated, like downhill-folding mutants of
the lambda repressor and WW domain.'™" In the thermo-
dynamic measurements, the concentration of the protein was
kept at 2-3 pM 1o avord ageregation up to 98 °C. Circular
dichroizm (CD) spectra before and afler temperitture titraticmns
from 2 1o 98 “C were almost identical, indicating that the
measurement was reversible at low prolein concentration,

Probe-dependence of protein stability

Fig. 2 shows Auorescence and €D spectra spanning the main
thermal unfolding transition from 40 10 60 °C a1 pH 7. The
flusreseence spectrum in Fig. 2B red-shifts from 342 1o 352 am
upon heating, indicating solveni exposure of the tryptephan
residug, The magnitwde of the CD spectrum of PTBI W
coniains a significant contribution from the Trp 86 residue:
native PTHE:4W has a more negative signal than FTHI:4
wild type (dotted Hne in Fig. 2A). even though the 'H/'*N
HSQC spectra of the two proteins reveal no overall structural
rearrangement {data not shown), The CD signal magnitude of
PTEI:4W increases upon thermol denaturation between
40 and 60 “C. This incrense is due to & combination of
changing aromatic sde chain emvironment and residual
structure with extended side chains. (Such “extended structure”
involves short streiches of sheei-like backbone geometry with
extended sude chains, bul no long-range secondary or tertiary
contacts. ™)
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Flg. T (A) Circular dichrotsm spocira of PTEL:4W (5 pM, pH T
spanning the main thermal dematurntion trnsition between 4 and
&0 °C. The CD spectrum of the iryptophan-free PTBI: 4 (dotted line,
20 °Chis dilferent from PTHI : AW, (The 20 °C spectrum of FTHI : 4W
w8 20 smnller bt has the same shape a8 the 40 "C spectrum shown, )
(B) Flusrescence spectra of PTBI AW (2 uM, pH 7) spanning 1he
main thermal denaturation iranstizen botween 40 znd 60 °C

The normabized thermal denaturation curves montored by
CD {ae 222 nm), integrated fuorescence intensity {excited at
280 nm} and Auorescence peak shift are shown in Fig. 3. The
fluorescence intensity curve has o very large negative baseline
below 40 "C. Thus Trp 86 Auorescence depends strongly on
temperature in the native state. A smultancous fit of all three
experimental braces o o two-state model (dotted curves) with
arbitriry linear baselines for each trace does not fit the data
well, Instead we used & free energy function model 1o fit the
data (solid curves, see bebow)

On the other hand, Fig. 4 shows that the protein obeys
two-state behavior at high concentrations of the denaturant
guanidine hydrochloride (GuHCT), A simultancous two-stiate
moddel fits that data micely with a transition midpoint &t
14 M GuHCL

Protein folding kinetics

T-jump expcriments were carried oul at final temperatures
from 56 "C 10 63 °C, where the largest relaxation signals could
be observed. Relaxation kinetics are reported either as the
normalized change in tryptophan lifetime (¢, see Methods), or
as the change in integrated tryptophan flucrescence intensity.
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Fig. 3 Circulur dichrodsm (open squares, 3 ubd, pH Ti and fluorscence
imtensity {open triangles, 2 uM, pH 7) thermal titration curves of
PTHI:4W were measured simulinncomly and mormalized 10 the
010 | renge for comparivon., The fluorescence wavelength shif (open
circles) was measured separately on o fuonmeler. No satisfactory
global two-state it wos achieved {dashed lines). The SVSD model
produced o satisfactory i (solad lines).
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Fig. 4 Fluorescence inteasity (eircles) and wavelength shili {squares)
ugron guankdne hydrochlonde dennturation of PTR] ;4% This data
could be fitked by o global two-stale moded (dashed lenex).

Fig. 5 shows the observed relaxation al 60 “C contains o very
(a5t phase of 18 s, followed by a still fest phase of < S0 us. The
data in Fig. 5 are not compaiible with a two-state scenario
{single exponential reluxation), but could be ftted by & double-
exponential function. The observed slower rate coeflicient was
temperature-independent  within  measurement  URCeTLAInLY
over the temperature range we measured.

Stopped-flow  experiments were carrisd oul ol room
temperature {23 “C) 10 check whether intermediate states
accumulate during refolding when the protein is unfolded by
GuHCl Based on the GuHCl titration measurements (Fig, 41,
PTBI : 4% is completely denatured wt 1 M GuHCL Therefore

Tejurng from 50" C o &l C
— 5, = 1526 us 8 v, = 47THI3 s
— SVED modal

2000

T r T b T i
800 1200 1800
Time {jus)

T
400

Fig. & Folthrgs relaxation kimetics of PTHI :4W by & temperature
Jumap froms 50 °C to 6l °C dereoed by pormabized Duorescence Hictime
n.‘i'll-'l'lwt {see Methods), The solid Mack curve is the SVED model fi
from Smoduchowski dynamics. The top trace shows the residual of a
direct double-cxponential fit 1o g, = 18 ps and t; = 479

protein solution containing 3 M GuHCl was mived with o
buffer solution to several final denaturant concentralions
{Fig. 6). The observed relaxation times > 10 ms are conssderably
shower than the micresecond relaxation rate observed in
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Fig. & Siopped-flow experimonts ai low (.27 M) and high (1.5 M)
fimal guanidine hydrochloride concentration show dew single
ummml relolding kimetics {doshed lEnes) with mo barst phase
For reference, o 3 M 10 3 M jump bascline is shown
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Fig. 7 Summary of ihe kineiic dois. The sub-ms phase upon T-jump
is shown in open markers at the top with o iemperatare oxis, The ms
refolding kinetics from GuHCI stopped Bow are shown in black circles
at the bottem. The GuHCO! chevron is curved throughout, and the
23 °C stopped flow data do not extrapolate to the muoch faster T-jump
i at 35 "C higher temperatare

0 M GuHCI T-jump experiments (Fig. 55, As seen in Fig, 6, no
evidence of & bursi phase was found, nor of slower phases up
toe 20 seconds that exceed 10% of the resolved millisecond
phitse. The GuHC refolding transients could be fitted to a
two-state (single exponentiall model, just like the GuHCI
denaturation curves in Fig, 4,

Fig. 7 summanizes the T-jump and siopped flow relaxation
kinetics by plotting log k = =log r. Only the slower phase is
plotted for the T-jumps. The stopped flow rate at 23 "C does
not approach the slower T-jump rates at 0 M GuHCL, and the
stopped flow data do not resemble a lincar cheveen plot, Thus
the apparent two-state stopped Now kinetics are not supported
by a linear chevron plot,

Model free encrgy function

The multi-probe thermodynamics and T-jump kinetics in
Fig. 3 and 5 are not fitted well by o two-state model. Our goal
was to determine the simplest one-dimensional free energy
function and diffusion coefficient compatible with all the
thermul tiration and T-jump Kinetic data.

The singular value Smoluchowski dymamics (SVS0) model™
summarized in Fig. § uses & genetic algorithm 10 search
the space of folding free energy functions Gix. T), diffusion
coeflicients INx. T} and signal functions $4x) for the best fit to
the data. The functional forms fitted ane described in Methods,
Our reference coordinate x was the radius of gyration in
nanometers. This choice is arbitrary, but it provides & mapping
for the signal functions & onte a reaction coordinate in nm. 5o
one can compare the magnitude of D 1o known diffusion
cocfficients (stee Methods). SVSD cabeulates the time-cvolving
protemn population pixs) after o T-ump, and equilibrium
populations g, (5.7} at temperaiure T, without assigning ‘stutes’
and without making the transition state approXIMELQnN,

We carried out SVSD searches in spaces of 1 and 2 reaction
coordinates to globally fit the emperatuse-dependent data in
Fig. 3 amd 5. A 1-D surface was sufficient to fit the data. The best
1-I3 fits 1o the data are shown s sold lines in Fig. 3, 5 and 7.
Fig. 8 shows the corresponding free emergy function at three
different temperatures. Tt has three local mimma, which are
Inbelled M, U" and LI, The signal functions are also shown in
Fig. & The genctic algonthm docs not guarantee that these froe
encrgy and sagnal functions are unigque solutions, but they are
representative of the tvpe of Munctions required to explain the
experimental data. We fitted only the average diffusion coelficient
of B = 1.5% 107" nm’ ns ', independem of position. Different
fixed values of 2 did not produce goosd fits, but the experimental
data 1% pot guilficient o determine the poston dependence af
Gix) and £qx) independently. All Aiting parameters for the best
fit are listed in the Electronic Supplementary Information.

Discussion

PTBI1 :4W has some charactenistics of a twoestate folder: single
exponential relaxation in GuHC solution and coincident
GuHCl denaturation curves. (Mher characteristics are more
representative of a rough free energy surface: double-
exponential T-jump kinetics and mnon-coincident thermal
denaturation curves. This discrepancy can be explained if, in
the presence of denaturant. o single large barnier partitions the
reaction coordinate into a ‘folded’ and an ‘unfolded’ basin,
whercas in the absence of denaturant, no single barrier dom-
inmtes. The latter scenario matches the general situation the
SYSD model uncovered wig the genetic algorthm; without
denaturant, u folded state and two unfolded siates U and U”
with energies within a few RT compete with one another. The
barriers are not quite bow enough for downhill folding and not
quite high enough so that the local minimum U° can be
assigned 1o o separate folding imtermediate, Instead, the
observed thermodynamics and kinetics correspond o o hybrid
mechanism. This observation is in keeping with the observed
T-jump relaxation ume, which lies between the few millisecond
relaxation time of fast apparent two-state folders and the few
microsecond relaxation time of downhill folders.

GuHC] denaturation differs from thermal denaturation. As
suggesied by Tanford, proteins are more compictely unfolded
when they are denatured by GuHCI, while proteins under
thermal denaturation have some persistent structure that may
lower the folding barrier.™® As discussed by Naganathan
ar al," denaturant-induced unfolding of small fasi-folding
proteins at room lemperature entails kigher activation energies
than thermally induced unfolding. Our SYSD surface favors
the more structured state U' over U at high temperature
(Fig. §). We propose that addition of GuHCT favors the less
structured state U by raising the U'-L barrer and decreasing
the U free energy. Thermally, the protein denatures to U'
rapidly, while i denaturant, it forms U more slowly, We
recenily observed a candidate for residual structure in
U “extended structure” in several proteins at high temperature
has more ordered side chains than a randoem col, and shon
segments of beta strand-like peometry, ™

The switch between iwo-state kinetics and nearly dewnhill
dymamics is plausible according to the model of Wolynes and
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Flg. 8 (A) SVSD method. Lefi: the protesn population distribution o is caleulated at equilibrium or dunng kinctics on the free energy surfsce
Gilxk then Schpixh o integrated to viekd the signal S{77 or 5. Right: A genevic algorithm selects the best members rom o population of free
energy surfaces and generates the next gencration to culeulate signals for comparison with cxperiment, (B) SVSD free energy functions calealated
a1 50, 60 and 70 °C, Shown are the optimal fusctions fisted to the iemperatune jump and titration data in Fig. 4 and &, The normalized signal

fumctions are shown ut the top.

coworkers.'"” Maganathan ¢ o calculate a denuturant
sensitivity of the free energy such that even the slow rate of
12 7' we observed in the presence of 1.5 M GuHC! makes
PTBI: 4W a fast incipient downhill folder (barrier <387} in
the absence GuHCL. in accordance with the data in Fig. 7.

In downhill folding. the fastest phase (r; = 15 ps in Fig. 5)is
wsually labelled “r," for “molecular phase.” indicating that it
corresponds to the barrier-free (AGT = RT) diffusion time
across the reaction coordinate. Experiments show that .,
depends on the topology and the size of the protein. Small
downhill folders have 1, in the range of 0.1 10 2 ps near the
thermal densturation transition,'™™™* " and perhaps on
arder of magnitude slower at room temperature.”” One would

expect that downhill folders with more complicated topolagy
have slightly longer t,. The 415 residue protein phospho-
glycerate kinase has 1, = 10 ps under denaturing condition, ™
It is possible that the 91-residue protein PTBI: 4W with its
a + B topology has a similarly slow molecular time scale,
More likely, and supported by the $WSD fit in Fig. 8, very
small residual barriers remain.

SVSD does not allow the arbitrary basclines frequently wsed
for “two-state’ ftting: rather, signal changes arise because the
protein distribution shifts aleng the reaction coordinate,
sampling different signaks S(x). The large fluorescence intensity
haseline below the main unfolding transition ( Fig. 3) is caused
by o switch of the SVSD signal Msnction. Again, we have

3546 | Phys. Chem, Chem. Phys, 2010, 12, 3542-3540

184




observed a candidate for such intensity changes: iryprophan
sidechain fluctuations in the native state that loosen upon
increasing temperature can chunge the fiuorescence quanium
vield. M *“Two-state’ fits that require large baselines should be
suspect, as these baselines could signal low barriers or large
shifts in free emergy minima, and hence a breakdown of the
Iwo=stale Approximation,

The actual diffusion cocfficient of the PTBI 4W folding
reaction should be coordinate-dependent,™ ™ but even 10, the
average value 1.5 x 107" nm® ns ™" we fitted is at the low end of
values expected for a polypeptide chain. A larger value could
not fit the expenmental data with a 1-D free energy function.
The small diffusion cocfficient can be explamned in two ways, It
could model additional small traps on the free energy land-
scape, indicating that the true free encrgy surface of PTBI - 4W
is rougher than the 3 well model shown in Fig. 8. Aliernatively,
the collective nature of our single reaction coordinate, which
reflects diffusion im a multidimensional coordinate space of
protein backbone and sidechains, may result in the smaller
effective diffusion coeflicient in one dimension.™ A similar
result was abio reporied for folding of the lambda repressor
fragment, where a 1-D free encrgy model required a diffusion
coefficient much smaller than the free chain diffusion value
of =0.05 nm* ns ">

The minimal folding barriers in absence of denaturant make
PTBI:4W an ideal candidate for prodein engincering to
produce a downhill folder. We make some suppestions of
how such a redesign could be achieved. To mcrease the
magnitude of the luorescence change For kinetic studies and
to increase native bias, mutations L6BY or L7IY are good
candidates based on the PDE structure Igm®."" In the lambda
repressor fragment, an analogous Q33Y mutation places a
tyrosine in contact with the Auorescent iryptophan probe,
producing o great signal enhancement and stabilizing the
nittive state vig aromatic stacking interactions, "™ To stabilize
the secondary structufe, the helix propensity of helix | can be
increased from 4.98% 1o 21.03% as predicied by AGADIR™
by replacing Val32 and Ser35 with Ala; turn formation is
promoted by shortening the long loops such as the %-residue
loop 5 or the &-residue loop | by inserting four-residue turn
maotifs.

In summary, PTBI: 4W is a natural ‘missing link" beiween
downhill and activated folding, even withoui extensive
sequence engineering, 118 free energy landscape i likely 1o be
rougher (contain more local minima) than the minimal ftting
model in Fig. §; otherwise the fitted diffusion coeflicient would
have been larger. We suggest mutations that coubd reduce
the =400 ps ‘stow’ phase towards the expected molecular
time 1, = |10 ps. which the faster phase in Fig. 5 already
approaches. Addition of GuHCl considerably reduces the bias
towards the native state and increases the folding barner.

Methods
Proiein samphe

The RRM4 domain of human FTBI protein was subcloned by
pelvmerase chain resction from the human PTBI gene into the
pET28A plasmid (obtained from Professor Doug Black.

UCLA)L The RRM4 gene fragment with an added Neol
FESLACLION eneyme culling site at the N-terminus and s Hindl11
cutting site at the C-terminus was cloned into an lsopropyl-f-
o=l -thiogalactopyranoside-inducible  (IPTG-nducible)  pac
plasmid. The RRM4 gene fragment begins with the Met-Gly
at position 440 of full length PTBI protein, and exiends
through the natural terminus (isolewcine 531). REMAW was
generated by mutation of Phe32é to Trp using the Quick-
Change site-directed mutagensss kit (Siratagene). Both DNA
constructs were sequenced for verification.

Protein was expressed in £, roli BL-21 DE3 gold cells grown
at 37 “C. AL 0Dy = 0.9, | mM IPTG was used Lo induce
protein overexpression. Cells were harvested afier 4 hours,
pelleted by centrifugution al 6500 fpm, washed with bufler A
(20 mM tris buffer, pH 7.5, 20 mM NaCl, and 2 mM EDTA),
repelleted, and stored at —80 "C overnight Cells were
resuspended in buffer B (20 mM sodium acetate, pH 5.3,
50 mM MaCl, 2 mM EDTA) with 20 pg mL ™" of the serine
protease inhibitor phenyvlimethylulphonyl Aueride (PMSF),
50 units g™° of DMase I and proicase inhibitor cockiail
(Sigma), and lysed using a French press. The lysate was spun
clown an 15000 rpm and diakvzed agminst L of buffer B a4 °C
for 3 hours, The dialvss product was cleared vio centrifugation
and loaded onto a CM-sepharose column equilibeated in buffer
C (50 mM Tns, pH 7.5 at room temperature, 10 mM NaCl) at
room temperature. Afler flow-through was discarded. the
proteins were eluted with the 10-100 mM NaCl gradient of
buffer . Fractions from the column were combined and
concentrated using Vivaspin centrifugal concentrators, and then
exchanged into buffer. Freshly prepared 2 mM protein samples
in 50 mM sodium phosphate and |50 mM NaCl buffer at pH 7
were stored at 4 "C for further messurements because (recring
and thawing protein samples can cause protein aggregation
Protein purity was verified by sodium dodecyl sulfme poly-
acrylamide gel electrophoresis (SDS/PAGE).

Thermodynamic measurements

Temperature-dependent fluorescence spectra were collected on
a Vanan Cary Eclipse fluonmeter, Circular dichroism (CD)
spectra and thermal titrations were acquired on a JASCO
=715 spectropolanmeter equipped with a PMT for Aluorescence
measurements and a Peltier temperature controller, The stored
protein sample was diluted with 50 mM sodium phosphate and
150 mM MNaCl buffer at pH 7 to redwce 515 concentration Lo
about 3 pM. The sample was contained In @ square quartz
cuvette with 1 ¢m pathlength and covered with mineral oil to
prevent evaporation at the higher ttration temperatures. The
thermal ttration was measured from 2 "C 10 98 "C in 2 °C
sieps. Integruted fluorescence data exclied at 280 nm was
collectod simultangously with the CD signal at 222 nm.
Fluorescence peak wavelength was measured on a fluorimeter.
The signals 54T were fitted to o global two-state model with
fimgar haselines:

Spail T ) + mpl T_— Tl

.‘F-lTI - T 4 ¢Mon DIRT

(1

o 50T} + mop (T — T, ) Jettin KT
1 + Ao BT

Phys, Chem, Chem. Phys. 2010, 12, 3542-3549 | 3547

185




where the free energy difference between the native stiate
(M) and the denatured state (D) was fitted by a quadratic
polynomial

Alnp = Gy — Gp = AGUL(T - Tm)
+ AGEHT = T ¥ 2

and Ty is the meling iemperature. The two state model was
insuficient 1o fit the three traces in Fig. 3 simultancously.

Kinetic measirements

Stopped flow experiments were performed with an Applied
Photophysics SXC18 MY system with 1:1 or 10; ] mixing at
23 "C. The protein concentration was | pM before mixing and
the two buffers used were 8 3 M GuHCl/50 mM phosphate/
150 mM MaCl solution and 2 0 M GuHCI/S0 mM phosphate/
150 mM NaCl solution. Tryptophan was excited at 280 nm
and the imegrated fuorescence wis collected with a 320 nm
cutaff filter (WG 3200 before the PMT. The time resolution of
the collection was | ms and the data were acquired with linear
time base or logarithm time base for | 5 o 20 s,

Temperature jump-induced rebuxation kinetics were measured
on our home-buill nancsecond  laser induced T-jump
apparatus.”’ Protein samples were prepared in a 50 mM
phosphate and 150 mM NaCl buffer containing 20% D20 at
pH 7.0 (without isotope effect corrections). The concentration
of the protein was kept below 21 pM, and the final temperature
wis kept below 63 °C to avoid aggregation. Full reversibility
was confirmesd by checking that the steadve-state fluorescence
lifetimes ai 25 "C before and after the T-jump experiment were
wdentical,

The output from o Nd: YAG laser was Baman shifted by
360 psi Hy gas 1o produce 1.9 pm wavelength, 10 as duration
T-jump pump pulses. The pump pulse collimated 10 2 mm
dismeter generated an 8-12 °C T-jump in the protein solution
within several nunoseconds. The probe beam was a train of
2E0 nm sub-ps laser pulses 14 ns apart, generated by tripling
the output from a mode-locked Ti-sapphire liser. Trypiophan
Auorescence wis collected with a photomultiplier tube through
i Hoya BT filter to filter out the scaitered incident light. In
each measurement, a series of tryptophan Auorescence decays
digitized with 500 ps time resolution and spaced by 14 ns was
collected for a total of 500 ps (limited by the memory of the
digitizer used), Folding kinetics longer than 500 ps were
ohtained by delaying the tigger position for data and obmining
seversl overlapped traces. Data were binned imto several-
microsecond intervals (o schieve better signal to noise ratio.

When proteins relax towards o larger unfolded populstion
after the T-jump, the Auoreicence decay profile evolves in
time. The folding kinetics traces were extructed by npplying
cither y-analysis or plotting the integrated fluorescence
intensity traces. 'Y y.Analysis fits the change in Ruorescence
lifetime to a linear combination of two Nuorescence decay
basis functions, one right after the T-jump, and the other at
the end of the data collection window. Al the raw dats traces
obtained by cither method (Fig. 4A) coukd be fitted 1o
exponential decay lunctions

Signul(f) = yo + A~ 4 Az~ i3)

The Marquard-Levenberg algorithm used for fitting yickded
one ssandard deviation uncertainties for the relaxation times. "
A nonzero amplitude for more than & single exponential
violates the two-state assumption.

SYSD method

In protein folding kinetics, multi-state masier equations are
usually the fitting model of choice. States are separated by
large barriers so protein population can be assigned uniquely
to o state for the purposes of thermodynamic Atting: dwell
time in such states is long compared to barrier crossing lime,
500 transition slate theory can be used. In contrasi, downhill
folding involves pepulations that cannot be assigned uniguely
1o states, and Langevin dynamics™ or other physics-based™
mogdels must be used.

Here we presemt a model that does not assign protein
populations to fived sates separated by large barriers, SVSD
achieves this by solving the Smoluchowski equation 1o
determine the protein population probability distribution,
The ingredients of SVSD are: a free energy surface Gix,T)
which depends on reaction coordinates x and & perturbation
{e.g. temperature T), signal functions S(x) that correspond Lo
spectroscopic probes, and a diffusion cocfficient Mx) that may
be coordinate dependent. For fitting, we assumed 2 1o be
constant; the free energy is modelied by a sum of Gauwssian
“dimples’, and the signal functions are modelled by sigmoids,
as described im detail in the Electronic Supplementary
Information,t For x, we picked the radius of gyraion R,
Ry 15 1.5 nm for ihe native state based on the 1QM9 structure
in the protein data bank,* analyzed with VMD.* For the
unfolded state, we used the consensus value £ nm) = 0,21
from ref. 47, which yielded 3.1 nm. The choice of x is arbitrary
in the sense that the experimental reaction coordinates are
fluorescence and circular dichroism valwes. which could be
mapped onto any reference coordinate. 'We chose R, so the
order of magnitude of the diffuston coefficient can be com-
pared with literature values,

We have implemented the SVSD method by combining an
eflicient singular value integrator for the multi-dimensional
Smoluchowski equation with & genclic algorithm scarch
through G, 5 and D to identily free energy surfaces, diffusion
coeffbcients. and signal functions compatible with the data, ™

SVSD involves five steps. (1) A family of solutions |G, 5, [
is generated, subject to physically motivated consiraints, (2)
Equilibrium populations are evaluated al temperatures T

Pog (%, T) ~ &~ GnT)/buT (4
fior thermodynamic titrations. Time-dependent populations
dre evaluated after a jump from T-AT to T by solving the
Smoluchowsk: equation

Bp & -G Tkl & G T T
E—E{ﬂf:}r . el Al gl
#(1=0) = (T - AT) ()

Pl = o) = p [T}

for modelling fast relaxation measurements. {3) Signal functions
Six) are integrated over equilibrium populations g, (.7} 0
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yiehd thermodynumic signals S{TY and over kinctic populaitons
prx.y to vield kinetic signals S}, (4) A least squares “fitness’
criterion ranks all family members. (5} The fittest family
members (G, 5. D) are *mated” by the genetic algorithm
to produce diverse offspring, which replace less fit family
members in the next ieration. The result 15 a diverse family
of free energy surfaces. signal functions and diffusion
coctficients comparible with the daia. from which the opiimizad
solution can be packed.

The optimal parnmeters and range of purameter values are
listed in a table in Electroni Supplementary Information.t
These valuees can be used 1o reproduce the plots in Fig 8,
except thatl we have shified the minimum free energy of the
native state 1o A = 0 Fig. 8 since only the relative free
energy of slales malters,
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Chapter 8

Dynamic coupling of PTB RRM3 and RRM4

One of the more interesting implications of the interaction between PTB RRM3
and RRM4 is the possibility of allosteric connection of the binding sites in PTB1:34. We
already know that the interaction changes both the motional properties of the protein and
its ability to bind RNA. However, the root of these changes remains to be determined.
The fact that RRM4 is folded and quite stable as an individual domain, yet only
participates in the RNA binding event when coupled to RRM3 in the context of PTB1:34
suggests some form of communication between the binding sites of RRM3 and RRM4
(Maynard and Hall, 2009). Since no large scale structural rearrangements occur as a
result of the interaction, the means of communication must be more subtle, possibly

involving dynamic, small scale structural changes.

Minor rearrangements of secondary structure usually occur on a microsecond
timescale. This leads to the hypothesis that the communication between PTB RRM3 and
RRM4 binding sites may occur via a network of non-covalent contacts that are ushered
through the protein by small scale rearrangements of secondary structure. This idea is
consistent with the increased motions and decreased secondary structure observed upon
interaction of these RRMs. Guided by a recently developed method to identify pathways
of non-covalent contacts (Bradley et al., 2008), we have produced a mutant protein that is
likely to decouple the RNA binding sites without physically separating the domains. This
mutant protein will allow us to probe further into the importance of communication

between the RRMs, particularly in regard to RNA binding and protein dynamics.
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Identification of communication pathways

Possible paths between the binding sites of RRM3 and RRM4 were determined
using the method described in Bradley et al., 2008. Binding sites were defined as the set
of residues involved in RNA binding of each domain in PTB1:34 for both RNA tetramer
binding studies (Oberstrass et al, 2005) and the binding studies involving a longer RNA
described in Chapter two. Using numbering from PDB ID:2EVZ (Oberstrass et al., 2005),
these residues include: G12, V15, V16, N22, Y38, V41, Q42, R43, 183, K105, 1126,
H134, L135, K169, L199, V201, S202, F203, S204, K205 and 1208. It is important to
point out that the method for determining non-covalent contacts does not account for
hydrophobic contacts. Since the interaction between the RRMs is primarily hydrophobic
(Vitali et al., 2006), a good deal of the possible pathways may be missed. However, any
pathways that do emerge from this analysis will be likely to include residues that can be

mutated with less chance of protein destabilization.

The above analysis yielded a single residue, arginine 114 (numbering from PDB
ID: 2EVZ), that was present in 80% of all possible paths between binding sites. Likely
there exist many more paths that were missed due to incomplete binding site definitions
(as discussed in chapter 2), as well as the fact that the analysis does not account for
hydrophobic interactions. Nonetheless, the goal was to identify a single residue for

mutation, so a mutant with R114 changed to an alanine was prepared (Figure 1).

The PTB1:34R114A mutant

The DNA for the PTB1:34R114A mutant was generated using a Stratagene site

189



directed mutagenesis kit. PTB1:34 DNA was used as a template, and the primers were
5’-CTCACCCCTGCACGCCTTCAAGAAGCCG-3’ (top) and 5°-
CGGCTTCTTGAACGGGTGCAGGGGTGA-3’ (bottom). Mutated DNA was
transformed into E. coli BL-21 DE3-gold competent cells, and protein production and

purification ensued exactly as for PTB1:34 (chapter 2).

Initial characterization began by comparison of secondary structure using CD, and
shows that the spectra of PTB1:34 and PTB1:34R114A are nearly indistinguishable, as
expected (Figure 2). GndHCI denaturation revealed that the proteins have similar
stability, but slightly difference profiles. In particular, the initial increase in ellipticity
observed at low concentrations of denaturant in PTB1:34, that was tentatively attributed
to domain separation, is missing in the denaturation profile of the mutant (Figure 2).

This result is encouraging as it shows that the thermodynamic properties of the mutant
are indeed different from the wild type protein, however, more work needs to be done to
ascertain whether or not the domains are uncoupled but not physically separated. Simple
RNA binding studies are also necessary to determine the functional consequences of the

mutation.

Initial attempts to prepare a "°N labeled sample for NMR backbone comparisons
were not successful. While the protein expresses well in LB media, the expression is
poor in M9 minimal media, even though cell growth does not seem to be compromised.
However, after only two attempts, there is no reason to think that this obstacle is

insurmountable. In the meantime, many RNA binding studies could be done that would
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be very informative.
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Figure 1: Arginine 114 may be important for communication between PTB RRM3
and RRM4. The three-dimensional structure of PTB1:34 is shown (PDB ID:2EVZ) with
the B-sheet surfaces in magenta (the putative RNA binding surfaces) and R114 in orange
licorice. R114 was mutated to an alanine in an attempt to decouple the domains without

physical separation.
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Finally, the nature of the interaction between PTB RRM3 and RRM4 implies
allostery. We have designed a protein mutant intended to disrupt the communication
between the two RRMs without physically separating them. This protein expresses well
and is stable, facilitating future structure and dynamics studies that may be of great

interest.

Hopefully, the work presented herein not only enhances our understanding of

protein systems but opens the door for future studies as well.
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