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1 Effect of an increase of the hydrodynamic radius on the theoretical and experi-
mentally determined translational diffusion coefficients

The translational diffusion coefficientdt becomes systematically lower than the value expected from the
theory of colloids. The effect can be probably attributed tothermal expansion, which is however difficult to
quantify. For example, as shown in Figure 1 by the gray dashedlines a linear increase of the hydrodynamic
radiusRH by 3% from 295 to 330 K lowers the theoretical translational diffusion coefficient, since the
protein volume fraction is increased (even though there is acompeting decrease of water density withT) and
the dilute limit translational diffusion coefficientd0(T) = kBT/(6π η(T)RH) is decreased (kB Boltzmann
constant,η(T) solvent viscosity) . The decrease of the rotational contribution to the experimental apparent
d yields slightly largerdt (gray symbols).

Figure 1 Translational diffusion coefficients of BSA solutions as a function of temperature at three protein concentrations (from top to bottom,
cp = 150,200 and 500mg/ml). The solid lines are the values expected for a colloidal suspension at fixedRH , while the gray symbols and
dashed lines are the experimental and theoretical coefficients assuming a thermal expansion ofRH by 3%.
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2 Alternative models for the analysis of the scattering function

In the following, we present the analysis of the data with a series of models for different physical pictures.
In Section 2.1 we show that the use of two components, one for the global and one for the internal dynamics,
results in an unusual non-monotonicity ofΓ as a function ofq2. In the following sections we show that the
models tested here yield unphysical or inconsistent results.

2.1 Single Lorentzian for the global protein motions and single Lorentzian with HWHM Γ for the
internal motions

The quasielastic scattering function can be modeled by1,2

S(q,ω) = R⊗
{

β (q)
[

A0(q)Lγ(ω)+(1−A0(q))Lγ+Γ(ω)
]

. . .

· · ·+βD2OLγD2O(ω)
}

(1)

whereR denotes the instrumental resolution function, modeled by acombination of gaussian functions,
β (q) is a scalar, andA0(q) represents the elastic incoherent structure factor (EISF). The two Lorentzians
Lγ(ω) andLγ+Γ(ω) account for two processes occurring at distinct time scales. The HWHMΓ accounts
for fast internal protein motions, whileγ describes the apparent diffusion of the entire protein in solution.
Finally, the fixed termβD2OγD2O models the solvent contribution as explained in Ref.3. Γ is plotted in
Figure 2 for three temperaturesT (symbols), as indicated in the legend. At rather low temperatures,Γ can
be well described by a jump-diffusion model as that by Singwiand Sjölander4 (dotted blue line). However,
at higherT, Γ has a peak atq2 ∼ 0.4Å, goes through a minimum and increases again at higherq2. This
non-monotonicity is inconsistent with a single processs, since it would imply that a particle explores a larger
area faster than a smaller. The jump-diffusion model mentioned above cannot describe such a behavior (cf.
Figure 2, green dot-dashed and red dashed lines), suggesting the presence of a multi-state diffusion.
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Figure 2 HWHM Γ of the Lorentzian function describing the internal motionsas a function ofq2 for the model in equation (1). Using only
one Lorentzian function for the fit of global diffusion and one for the internal motions results in a non-monotonicΓ at higher temperatures,
suggesting the presence of at least one additional diffusive process.
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2.2 Static distribution of two populations (clusters and monomers) - Homogeneous internal dynam-
ics

Physical picture. There are two species in solution: clusters and monomers. Their volume fractions areφc
andφm, respectively, withφm = 1− φc. Proteins are thus either in a monomeric form or in a cluster,and
do not exchange in the time-scale of the experiment. The overall internal dynamics can be described by a
single effective Lorentzian function and is the same for themonomers and for the proteins in a cluster. The
corresponding scattering function is:

S(q,ω) = β (q){
[

φcLγc(ω)+(1−φc)Lγm(ω)
]

⊗ [A0δ (ω)+(1−A0)LΓ(ω)]} (2)

With the assumption that at such short time-scales the global dynamics can be described by a Fickian law,
also at high temperatures,γ j = d j q2 (d is the diffusion coefficient,j = m,c) and a global fit over all the
spectra at differentq can be performed.
Parameters.Cluster fractionφc and cluster apparent diffusion coefficientdc and monomer apparent diffu-
sion coefficientdm are global parameters,β (q), A0 andΓ areq-dependent.
Expectations.φc should be∼ 0 at room temperature and up to the denaturation temperature; then, increase
with T and become the main component.dc should be considerably lower thandm. On the other hand,dm
should not be higher thand0q2, and, as long as the cluster fraction is low, be consistent with colloid theory.

The obtained parameters are plotted as a function ofT in Figure 3.

• φc indicates that, even at temperatures well below denaturation, the main population is composed by
clusters (Figure 3(c)), and is thus inconsistent with previous findings1.

• The faster diffusion coefficientdm associated with monomers, is much higher thand(cp= 500mg/ml),
while the slow componentdc which should account for clusters is closer to the value expected for
monomers (cf. Figures 3(a) and (b)).

• Having introduced the componentdcq2 removes the “unusual” non-monotonicity ofΓ discussed in
the previous section:Γ seems now rather consistent with a Singwi-Sjölander jump-diffusion model,
as shown in Figure 4,left.

2.3 Distribution of dynamical clusters and monomers: switching model for the global diffusion (2
alternating diffusive states) - Homogeneous internal dynamics

Physical picture. Proteins are alternating between a state diffusing with a cluster and a state diffusing as
monomers. Such exchange is visible on the time-scale of the experiment. The overall internal dynamics
can be described by a single effective Lorentzian function and is the same for the monomers and for the
proteins in a cluster. The corresponding scattering function is:

S(q,ω) = β{Ssw(q,ω))⊗ [A0δ (ω)+(1−A0)LΓ(ω)]} , (3)

whereSsw(q,ω) is the scattering function of the switching model (Equation(2) in the article). Assuming
that at such short time-scales the global diffusion of monomers and clusters follow a Fickian law,γ j = d j q2

(d is the diffusion coefficient,j = m,c) and a global fit over all the spectra at differentq can be done.
Parameters. The monomerdm and clusterdc apparent diffusion coefficients, and the residence timesτm
andτc in the two states are global parameters,β , A0 andΓ areq-dependent.
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(a) Apparent diffusion coefficientdm as a function of temperatureT re-
sulting from the models in equations (1)-(3), as reported inthe legend,
for cp = 500mg/ml. dm is associated with the diffusion of monomers,
since it is the faster global diffusive process in the respective models. In
all cases shown here, and especially for the last model,dm is significantly
higher than the theoretical diffusion coefficient atcp = 500mg/ml, being
thus inconsistent with the assumptions in the models.
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(b) Apparent diffusion coefficientdc as a function of temperatureT re-
sulting from the models in equations (1)-(3), as reported inthe legend,
for cp = 500mg/ml (symbols). The lines are guides to the eye.dc is asso-
ciated with the diffusion of clusters, since it is the slowerglobal diffusive
process in the respective models. In all cases shown here, the extraction
of the translational diffusion coefficient from the apparent coefficientdc

would be close to the theoretical translational diffusion coefficient of
monomers atcp = 500mg/ml. Together with the values ofdm in Fig-
ure 3(a), this suggests that our data are not consistent withthe presence
of monomersandclusters in solution.
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(c) Fractionφc of proteins in clusters calculated from model (2) as a
function of T. This result would suggest a high amount of clusters in
solution, even far away from denaturation, which seems highly unlikely,
also combined with the results in Figures 3(a) and (b).

T [K]

τ
[n
s]

280 300 320 340 360 380

100

101

102

103

 

 

τc Eq. (3)

τm Eq. (3)

τc Eq. (4)

τm Eq. (4)

(d) Residence timesτm andτc as a function ofT for cp = 500mg/ml,
calculated from the fits of the scattering data by equations (3) and (4), as
indicated in the legend. In general, their values are much higher than the
time-range accessible by the instrument, and are thus inconsistent with
the assumption made in the model that monomers bind and unbind from
clusters on the time-scale sampled by the instrument. Furthermore,τc is
always greater thanτm, meaning that clusters are the main component,
which is again inconsistent with expectations.

Figure 3 Fit parametersdm, dc, φc, τm andτc from various models as discussed in the captions below the subfigures. These parameters are
essentially unphysical or inconsistent with the assumptions made in the respective models.

4



q2[Å−2]
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Figure 4 HWHM Γ of the Lorentzian function describing the internal motionsas a function ofq2 for the model in equation (2) (left) and that in
equation (3) (right). Adding a component for the protein global diffusion essentially removes the non-monotonicity ofΓ, although the diffusion
coefficients obtained for the global diffusion are not consistent with the physical picture (see text).

Expectations. dm anddc should be consistent with the theoretical diffusion coefficients of monomers and
clusters, respectively. Moreover, it is reasonable to expect that at low temperaturesτc is ∼ 0, meaning that
clusters are almost completely absent.

The obtained parameters are plotted as a function ofT in Figure 3 and are almost exactly the same as
for the previous model.

We observe that:

• dm seems too big, at least at lowT, anddm anddc are not consistent with a population of monomers
and clusters.

• Both τc and τm are of the order of several hundreds of nanoseconds, which isnot consistent with
the assumption that the proteins are switching from one to the other diffusive state on the time-scale
accessible by the instrument. Such result would rather point back to a static picture (if it wasn’t for the
first observation). Note thatτ(T) is plotted without the error bars, since these would be very large.

• As with the previous model, the addition of the Lorentzian with HWHM dcq2 removes the non-
monotonicity ofΓ, which is here consistent with jump-diffusion (see Figure 4right).

2.4 Distribution of dynamical clusters and monomers: switching model for the global diffusion (2
alternating diffusive states) - Heterogeneous internal dynamics modeled by 2 alternating diffu-
sive states

Physical picture. Proteins are alternating between a state diffusing with a cluster and a state diffusing as
monomers. Such exchange happens within the time-scale of the experiment. Also the internal dynamics is
modeled by two alternating diffusive states. The corresponding scattering function is:

S(q,ω) = β{Sg
sw(q,ω))⊗

[

A0δ (ω)+(1−A0)Si
sw(q,ω))

]

} , (4)
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whereSg
sw(q,ω) andSi

sw(q,ω) are the scattering functions of the switching models for theglobal and in-
ternal motions respectively. Assuming that at such short time-scales the global dynamics can be described
by a Fickian law,γ j = d j q2 (d is the diffusion coefficient,j = m,c) and a global fit over all the spectra at
differentq can be done.
Parameters.dm,dc, τm, τc, D1,D2, τ (int)

1 , τ (int)
2 are global parameters,β andA0 areq-dependent.

Expectations.dc anddm should be consistent with the diffusion of a cluster and a monomer. Moreover, it
is reasonable to expect that at low temperaturesτc≪ τm, meaning that clusters are almost completely absent.

The obtained parameters are plotted as a function ofT in Figure 3.

• dm is several hundreds̊A2 / ns . Not consistent with diffusion of monomers.

• Both τc andτm are of the order of some nanoseconds, which is not consistentwith the assumption
that the proteins are switching from one to the other diffusive state on the time-scale accessible by the
instrument.

3 Effect of the H/D-exchange between the native proteins andthe deuterated sol-
vent water

Labile H-atoms of the native proteins in solution may exchange with the deuterium from the solvent water.
This exchange increases the amplitude of the solvent water in the contribution to the total scattering signal.
In the following we estimate the maximum possible H/D-exchange and with the increased solvent amplitude
repeat the fits reported in the article to which the present document is the Supplementary Information. We
display the fit results assuming the H/D-exchange in the figures 5,6, and 7. Due to the remaining uncertainty
on the actual magnitude of the H/D-exchange and the water structure factor, we do not display these figures
in the article itself.

We obtain the number 776 of labile, i.e. exchangeable H-atoms per BSA protein from the protein data
base (PDB) file5, using VMD to determine the surface amino acids and a MATLAB script to count the
number of exchangeable H-atoms according to Ref.6. Subsequently, we assume that all labile H-atoms
actually exchange. The number density of exchangeable H-atoms then readsnH = 776nBSAwherenBSA=
cBSA/MBSA/(cBSAϑBSA+1ml) is the number density of protein at the nominal concentration cBSA(mg/ml).
ϑBSA= 0.74 ml/g is the specific volume andMBSA= 66500 g/mol is the molecular weight of BSA. The
number density of D-atoms from the water solvent is given bynD = 2 ·55.5M[1−cBSAϑBSA/(cBSAϑBSA+
1ml)]. The contamination fraction of H-atomsα in the solvent is then simply calculated viarH = nH/(nH +
nD). Using this estimation, we obtainα ≈ 1%, 2%, and 5% H-contamination of the solvent water by
atom number density, respectivly, for the protein concentrations 100mg/ml, 200mg/ml, and 500mg/ml,
respectively.

Assuming a similar dynamics of all atomic components in the water, the total scattering cross section

σ (X)
tot of the H/D-mixtureX = αH +(1−α)D can then simply be calculated from the tabulated values for

the total scattering cross sections of H, D, and O:

σ (X)
tot = 2ασ (H)

tot +2(1−α)σ (D)
tot +σ (O)

tot (5)

With this expression, we obtain the following factors for the increase of the total scattering of the H-
contaminated D2O-solvent with respect to pure D2O: 1.08 for 1% contamination corresponding to 100mg/ml
BSA, 1.16 for 2% contamination (200mg/ml), 1.38 for 5% contamination (500mg/ml).
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Figure 5 Apparent self-diffusion coefficientd as a function ofT for cp = 150, 200 and 500mg/ml (symbols) and fits with the two-state
switching diffusion model (see article, lines), assuming an H/D-exchange between the proteins and the solvent water asoutlined in section 3.

We have performed the analysis with these assumptions for the H/D-exchange, and the results are de-
picted in the Figures 5, 6 and 7. We observe that the fit resultsare overall very similar to those obtained
when not taking into account the H/D-exchange.
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Figure 6 Fit results for the two-state switching difusion model assuming an H/D-exchange between the proteins and the solvent water as
outlined in section 3: (a)D1 as a function ofT (symbols). The lines are guides to the eye. (b) Arrhenius plot of the residence timeτ1 between
two jumps of the side-chains versusT for threecp (symbols). The data above denaturation were fitted with an Arrhenius equation (line), while
at low temperatures the line is a guide to the eye. (c)D2 as a function ofT for the concentrations reported in the legend (symbols). The
lines are guides to the eye. The illustrations depict solvent-inaccessible side-chains in the folded protein (left) becoming solvent-exposed in
the unfolded protein (right). (f) Arrhenius plot of the residence timeτ2 as a function ofT (symbols). The data above denaturation were fitted
with an Arrhenius equation (line). The red open triangles in(a), (c)-(f) refer to the sample at 500 mg/ml cooled back to room temperature after
denaturation.
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−1
]

E
IS

F

 

 

0 1 2
0

0.2

0.4

0.6

0.8

1

cp = 200mg/ml

(a) 295 K
320 K
330 K
345 K
370 K

T [K]

a
[Å
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Figure 7 Fit results for the EISF associated with the two-state switching difusion model assuming an H/D-exchange between the proteins and
the solvent water as outlined in section 3: (a) and (b): EISF as a function ofq at the temperatures given in the legend forcp = 200 and 500mg/ml,
respectively, (symbols) and fits as described in the article(solid lines). (c) radiusa as a function ofT for cp = 500mg/ml (symbols) and fit
(blue solid line).a is associated with the effective sphere accessible by backbone atoms. (d) RadiusR as a function ofT (symbols). The lines
are guides to the eye. This radius defines the sphere accessible by side-chain motions. (e) Fraction of immobile atomsp as a function ofT
(symbols). The lines are guides to the eye. (f)s as a function ofT (symbols) defining the ratio of side-chains describable with a diffusion in
a sphere model to the total amount of mobile side-chains. Theline is a guide to the eye. The parameters in Figures 3(c)-(f)are obtained from
the fit of the EISF, and the open symbols in Figures 3(b)-(f) refer to the sample atcp = 500mg/ml cooled down to room temperature after
irreversible denaturation.
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