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Abstract. The applicability of dynamic light scattering to
studies of the kinetics of unfolding and refolding reac-
tions of proteins is discussed and demonstrated experi-
mentally. The experimental set-up and the data acquisi-
tion and data ecvaluation schemes that have been
optimized for kinetic experiments are described. The rela-
tionship of the signal-to-noise ratio to the minimum data
acquisition time that is needed to obtain results of suffi-
ciently high precision is discussed. It turns out that the
attainable time resolution is of the order of a few seconds
for proteins with molar masses of about 50,000 g - mol ™!
and concentrations of 1 g - 171, Thus, DLS is too slow to
follow conformational changes in the subsecond region,
but it is useful for studies of unfolding-refolding reactions
of proteins that proceed with time constants in the range
of seconds or minutes. This is demonstrated by investiga-
tions of the kinetics of the cold denaturation of 3-phos-
phoglycerate kinase from yeast.
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Introduction

Dynamic light scattering (DLS) has become a standard
technique for measurements of the translational diffusion
coefficient D; of macromolecules and other submicron
particles in solution. This allows a rapid and non-invasive
estimation of the molecular size by means of the Stokes’
radius R that can be calculated from D, via the Stokes-
Einstein equation Rg=kT/67ny Dy (k Boltzmann’s con-
stant, T' absolute temperature,  solvent viscosity). The
physical basis of the method and its application to
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Abbreviations: DLS: dynamic light scattering; PGK: 3-phospho-
glycerate kinase; EDTA: ethylenediamine tetraacetic acid; GuHCl:
guanidine hydrochloride; DTT: dithiothreitol

biomacromolecular systems are well documented (Cum-
mins and Pike 1974; Chu 1974; Pecora 1985; Schmitz
1990; Harding et al. 1992).

In particular, DLS has been successfully applied to
monitor changes in the molecular size of proteins upon
denaturation and renaturation (Nicoli and Benedek
1976; Gast et al. 1986; Damaschun et al. 1991). The un-
derstanding of the pathway of protein folding has re-
ceived much attention during the past decade. Today, the
mechanisms of in-vivo folding are only partly elucidated.
To understand at least some particular steps of the folding
path, in-vitro unfolding/refolding experiments are of con-
siderable importance (Jaenicke 1987, 1991). Kinetic ex-
periments play an essential role in these investigations,
especially in the detection of intermediate states. Until
now, kinetic data are mostly obtained by spectroscopic
methods. Therefore, one is very interested in a direct ac-
cess to geometrical data by measuring the radius of gyra-
tion by X-ray scattering or the Stokes’ radius by DLS.
However, the geometrical radius of gyration can only be
derived from the hydrodynamic Stokes’ radius if the ratio
¢ =R,/R;is known (Damaschun et al. 1991). The value of
¢ depends on the molecular conformation and varies be-
tween (3/5)*/? for spheres and 1.55 for Gaussian coils
(Tanford 1961; Damaschun et al. 1991).

DLS measurements of time-dependent processes have
been reported for various biomacromolecular systems.
Typical examples are the aggregation of insulin molecules
(Dathe et al. 1990; Sluzky et al. 1991), experiments moni-
toring the crystallization of lysozyme (Mikol et al. 1989;
Georgalis et al. 1992), antigen-antibody reactions (Dever-
ill and Lock 1983) and changes of the size distribution of
lipid vesicles (Gast et al. 1982). The time constants of
these processes were of the order of minutes, hours or
days. To the best of our knowledge, direct measurements
of time-dependent changes in the molecular size of
poteins via Ry during unfolding and refolding reactions
have not been reported up to now, According to spectro-
scopic investigations (Kuwajima et al. 1988), the time
constants of these reactions are in the range of subsecond
regions up to minutes or hours. Thus, the feasibility of
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time-resolved measurements of Rg by DLS and particu-
larly the limit of time resolution that can be reached have
to be considered. In general, for most physical methods,
such as spectroscopic methods (CD, fluorescence, EPR,
NMR), X-ray scattering and total intensity light scatter-
ing, the measurement time can be minimized by improv-
ing the experimental conditions. For example, the use of
synchrotron radiation in X-ray scattering has drastically
reduced the data acquisition time, thus allowing one to
follow structural changes in the millisecond time range
(Laggner et al. 1991). The situation is quite different in the
case of DLS. The statistical error in the measured time-
autocorrelation function is of the order of (z./T,)'/? under
optimum experimental conditions. This means that the
data acquisition time T, needed to obtain adequate data
for precise estimations of D, depends on the correlation
time 7,=1/(q* Dy) itself, where ¢ is the scattering vector.
In spite of this general limitation, the experimental proce-
dure has to be optimized with respect to efficient data
acquisition, transient storage and data evaluation to per-
form kinetic experiments with sufficient time resolution
and precision. We describe herein a DLS apparatus that
was designed mainly for this purpose. As an example of
application, we report on changes of the molecular size of
3-phosphoglycerate kinase (PGK) from yeast upon cold
denaturation. Cold denaturation of PGK has been
demonstrated by Privalov and co-workers using micro-
calorimetric and spectroscopic techniques (Griko et al.
1989; Privalov 1990). In addition to steady state measure-
ments of the Stokes’ radius in the temperature region of
cold denaturation, we have performed experiments on the
unfolding and refolding kinetics, following the time
course of the Stokes’ radius after a temperature jump. On
the basis of these investigations, we want to demonstrate
the usefulness of kinetic DLS measurements on the one
hand and the theoretical and practical limitations on the
other.

Experimental
Essential components of the DLS spectrometer

The optical part of the spectrometer consists of an argon-
laser ILA-120 (Carl-Zeiss Jena, FRG) operating at the
wavelength 4 =3514.5 nm, the thermostated cell holder
and the detection system. The latter two components are
mounted on a modified X-ray goniometer HZG 4 (Prae-
zisionsmechanik Freiberg GmbH, FRG). The homodyne
time-autocorrelation functions G (1,) are calculated for
L delay times 1, by a laboratory built multibit multiple-z
correlator (see below). The correlator is on-line coupled
with a PC/AT. The PC is equipped with a transputer-
board ALV-800 (ALV Laser Vertriebsgesellschaft mbH,
Langen, FRG) for fast data evaluation using the program
CONTIN (Provencher 1982 a, b). During a kinetic exper-
iment, N, correlation functions are calculated and stored
on the hard disk or a floppy disk. T, is the data acquisi-
tion time for each correlation function, and hence
T,=Np - T, is the total experiment time. To render possi-
ble short times T,, an efficient real-time correlation sys-

tem is required. Furthermore, to avoid large redundant
data sets and long data evaluation times, especially in
performing the inverse Laplace transformation by CON-
TIN, the number of data points L should be kept small.
This means that the L lag times 7, must be distributed on
an appropriate time grid to ensure an optimum informa-
tion content. Some details of a correlation system that
meets these requirements are described below.

Correlation technique

The photon correlator calculates the unnormalized corre-
lation function

GOr) = 3 n(t) nlt, + )N (1)

at L discrete lag times 7,. n(t;) is the number of photon
pulses counted within the sample time T at time ¢;. In
general, the lag time increment and the sample time are
identical. Normalization, leading to

9P () =GP (v,)/A?, 2

is performed by an on-line coupled computer. 1=
N

3 n(t;)/N is the average count rate and N the total num-

=1
ber of samples, Correlation techniques used in dynamic
light scattering are described by Schitzel (1987, 1992).
Using modern electronic circuits, nearly ideal multibit,
real-time correlators of moderate expense can be built up.
Such correlators are able to sample photon pulses in a
4 bit or 8 bit data format and to perform the multiplica-
tions and additions according to (1) in parallel for all /. To
cover a large range of delay times, it is convenient to use
a multiple-t spacing for t; by doubling the lag time incre-
ment after § or 16 subsequent channels. Working with a
fixed grid of delay times allows the construction of a very
compact correlator (Schétzel 1992; ALV-5000 manual,
ALV Laser Vertriebsgesellschaft mbH, Langen, FRG).
For our purpose, we have developed a multibit corre-
lator with a flexible lag time spacing. A schematic dia-
gram is shown in Fig. 1. It is built up of a data sampling
and control unit and a number of correlation units, each
consisting of 15 correlation channels with a constant lag
time increment 7; and one monitor channel. The T; are

serial input Ty T
delayed
signal
Sampling Correl. - Correl. [ —
and i1 it
control uni unit direct
unit T signal
48 bit parallel
in-/output to PC

Fig. 1. Schematic representation of the photon correlation system



multiples of 2 of the pre-selectable basic sample time T
(T:1077s...1073s) and can be programmed to form a
correlator with either a linear or a flexible multiple-t grid
(T;=T-2%,r;=0,1,2,...). In this way, the delay times 1,
can be positioned at time regions where most information
can be obtained.

The essential electronic component of each correlation
channel is a multiplier /accumulator circuit (MAC) ADSP
1010-B (Analog Devices, USA) that is able to form the
product of two 16 bit integer numbers and to add the
result to the content of an internal 35 bit register within
60 ns. Accordingly, the minimum sample time is 100 ns.
The direct and the delayed signal have a data format of
8 bit (255 levels), which provides sufficient resolution and
dynamic range. To link two correlation units, an accu-
mulator at the end of the internal delay register adds
r;+1/r; samples with T; to get a sample for times T,,,.The

content of each monitor channel #;= Zn {t;)/N is
used for adequate normalization i=

9? () =G (x,)/(7 - ;) &)

of the individual parts of the correlation function. This
scheme is called symmetric normalization (Schitzel et al.
1988). The physical layout of the correlator allows one to
calculate two correlation functions at 135 delay times
simultaneously. However, single autocorrelation func-
tions with 75 delay times are used for the present purpose.

Signal-to-noise considerations

The problem of noise in photon correlation has been
treated by several authors (Jakeman et al. 1971; Schatzel
1983, 1990; Kojro 1990). To follow relative changes of Ry
between 10% and 50%, mostly observed upon unfolding
or refolding of proteins, the error in the estimated Stokes’
radius should not exceed 1%. Therefore, we seek the data
acquisition time T,, which is necessary to obtain such a
precision for a given photon count rate and a correlation
time 7.. The photon count rate can be expressed either by
counts per sample time, 7, or by counts per correlation
time, r, where r =#a/y and y = T/z,. Following Jakeman
et al. (1971) the variance of the estimator of g‘? (t) can be
expressed for Gaussian-Lorentzian light and y €1 as

Var[g® (1)) = (N )~ " [(1/2) (1 + 8 exp (—x)
—exp(—2x)(5+2x))
+ 2/ (1 + exp(—x))? @)
+ (1 +exp (—x)/(r* )]

Our experimental situation is consistent with the particu-
lar model used by Jakeman et al. (1971), where g‘® (1)
adopts the from g®(r) =1+ exp(—x), with x=21/1,.
This means that the correlation function decays exponen-
tially with a dominant correlation time 7., which is deter-
mined by the translational diffusion of the protein
molecules in the present case. Frequently, the linewidth
parameter I'=1/t,=¢* D, is used (Jakeman et al. 1971).
The scattering vector g is given by g = (dnn/A) sin(0/2),
where n is the index of refraction of the solution, A the
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wavelength of laser light and 6 the scattering angle. N - T
is equal to the data acquisition time 7. According to (4)
the variance is proportional to the ratio t,/T,= (N y) "

any case. Two limiting situations should be conSIdered In
the ideal case of a high photon flux (r > 1), the variance is
independent of r because the first term in (4) dominates.
In the “shot noise limit” (r <1), the last term in (4) is
dominant. The variance is then proportional to r~2. This
means that the acquisition time to obtain a certain statis-
tical error is prolonged approximately by a factor 1/r. In
addition to analytic expressions for the normalized stan-
dard deviation of the linewidth parameter (Var I'/T'%)'/2
for special cases, Jakeman et al. (1971) have given results
of numerical computations in a graphical form. These
results can be used for estimations of the acquisition time
T,, which is necessary to obtain a certain standard devi-
ation in I' (or Dy =TI/q%), e.g. 1% in our case. For a
protein with a molar mass of 50000 g - mol™ ', a protein
concentration of 1 g - 17! and a laser power of 0.4 W one
can expect 7,=4-10"°s and a photon count rate of
10% s~ 1. With these data and a sample time T=2-107°
we get y=0.05,7=0.2, r =4. Using the results of the
computations of Jakeman etal. (1971), we find N=
8 - 10° or T,=1.6s. This tells us that the time resolution
of DLS experiments of this kind is of the order of a few
seconds. (VarI'/T%)'? becomes independent of r for
r >10. With our experimental value r =4 we cannot ex-
pect a remarkable increase in the signal-to-noise ratio or
shorter measurement times by increasing the laser power
or the protein concentration. The shortest experimental
data acquisition time used by us was T,=4.2s.

Sample preparation

Yeast 3-phosphoglycerate kinase (EC 2.7.2.3) was pur-
chased from Sigma Chemical Co., USA. The ammonium
sulphate precipitated protein was dissolved in 20 mm
sodium phosphate, pH 6.5, 10 mM ethylenediamine te-
traacetic acid (EDTA), 0.7 M guanidine hydrochloride
(GuHCI), 1 mm dithiothreitol (DTT) and then dialyzed
exhaustively against the same buffer at room tempera-
ture. The sample was then applied to a FPLC-Superose
12 column (Pharmacia, Sweden). Only peak fractions
were taken for the DLS measurements. PGK concentra-
tions were determined photometrically using A1% = 4.95
at 280 nm (Adams et al. 1985). The molecular homogene-
ity of the protein was tested before and after the DLS
measurements in 15% sodium dodecyl sulphate poly-
acrylamid gels according to (Laemmli 1970). Lysozyme
(Sigma Chemical Co., USA) was prepared in the same
manner in 0.3 M glycine-HCI buffer, pH 2.2 containing
0.15M NacCl.

All DLS measurements were made at a scattering an-
gle of 90 deg. using fluorescence micro flow-through cells
with a sample volume of 100 pl (Hellma, FRG). The sol-
vent and the protein solutions were filtered either through
20 nm pore-size filters (Biotage Europe, U.K.) or 100 nm
pore-size filters (Sartorius GmbH, FRG) directly into the
scattering cells.
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Table 1. Stokes’ radii of yeast PGK under different conditions. Na-
tive conditions refer to 20 mM sodium phosphate, pH 6.5, 10 mm
EDTA, 1 mM DTT. The buffer under conditions b) and c) differs only
by the addition of GuHCI

Condition Rg [nm]

a) native, 20°C 2.97+0.04
b) 0.7 M GuHC(], 30°C 3.01+£0.04
¢) 0.7M GuHC], 5°C 5.03+0.07

Results and discussion
Steady state unfolding-refolding experiments

Yeast PGK consists of 415 amino acids. The molar mass
calculated from the amino acid composition is M =
44574 g - mol~'. According to X-ray crystallographic
studies (Watson et al. 1982), the protein consists of two
domains of similar size. In order to detect any changes in
the molecular dimensions connected with destabilizing or
denaturing conditions, we have first measured D, and Ry
in the absence of GuHCI at 20°C. We obtained the trans-
lational diffusion coefficient extrapolated to zero concen-
tration and corrected to standard conditions DY, =
(7.214+0.1) - 10" 7cm?-s™1. The corresponding Stokes’
radius is Rg = (2.97 +0.04) nm. The concentration depen-
dence of D, in 20 mm sodium phosphate, pH 6.5, 10 mm
EDTA was found to be very weak (k, ~0.8 cm® - g™1).

PGK is somewhat destabilized in the presence of
0.7 M GuHC], thus shifting the low temperature unfold-
ing transition to easily attainable temperatures. Accord-
ing to calorimetric investigations (Griko et al. 1989), the
temperature of maximum stability is near 30°C under
these conditions. The temperature dependence of the
Stokes’ radius was measured between 30°C and 2.5°C.
The Stokes’ radius at 30°C, R =(3.01 +0.04) nm, is al-
most the same as under native conditions. A remarkable
change in the molecular size was observed at tempera-
tures below 20°C, reflecting the cold denaturation of the
protein. The midpoint of this temperature transition T}, is
at 10.5°C. The unfolding of the protein is nearly complete
at 2.5°C. The Stokes’ radius at 2.5°C is (5.13+0.10) nm.
Therefore, the relative increase in Ry at 2.5°C is about
70% compared to the most compact state at 30°C. The
process of unfolding and subsequent refolding was found
to be essentially reversible, as can be concluded from the
value of the Stokes’ radius of (3.06+0.04) nm at 30°C
after such an experiment. It would be interesting to com-
pare the increase in the molecular size observed during
cold denaturation with that observed during heat denatu-
ration at temperatures of about 40°C. Unfortunately,
such attempts have been unsuccessful up to now because
heat denaturation was accompanied by a remarkable,
mostly irreversible aggregation of protein molecules.
Protein aggregation was sensitively indicated by an in-
crease in the total scattered intensity. Some relevant data
concerning the change in the molecular size are summa-
rized in Table 1.

Kinetics of the unfolding-refolding reactions

At the beginning of a kinetic experiment, a T-jump from
the initial temperature T; to the final temperature T, was
applied. This T-jump was performed in the following way.
The sample cell was carefully flushed with filtered solvent
and then mounted in the thermostated cell holder with-
out removing the filter. The sample cell was held at the
final temperature 7;. About 0.5 ml of the protein solution
was incubated in a syringe at the initial temperature T,. At
the beginning of the experiment, the protein solution was
rapidly injected through the filter into the scattering cell.
Because of the small cell volume (100 pul), the injected
solution should rapidly adopt the temperature 7T,. The
time constant of this process was estimated by monitor-
ing the translational diffusion coefficient of lysozyme. The
Stokes’ radius of lysozyme does not change in the temper-
ature range between 5 °C and 30 °C. Therefore, the appar-
ent diffusion coefficient D, , immediately displays any
changes in T (and # (T)) according to the Stokes-Einstein
equation. A solution of lysozyme was divided into two
parts. The cell was filled with one part of the solution and
D,,, was continuously monitored at 5°C with a data ac-
quisition time of 4.2 s. The second part of the solution,
which was stored at 30°C, was injected at a certain time.
The recovery of D, to its value before the injection dis-
plays the change in temperature. This is shown in Fig. 2.
The time constant is about 20 s. Accordingly, the dead
time of this rather simple technique is somewhat larger
than the attainable data acquisition time, but it is short
enough for the experiments reported below.

Data acquisition and storage during a kinetic experi-
ment is under control of a program written in Turbo
Pascal. This program controls the correlator, performs
the normalization of the correlation functions, stores the
correlation functions on a disk, and displays the time
course of an estimate of D and the scattered intensity on
the monitor screen. Primary data of kinetic experiments
are shown in Fig. 3 and Fig. 4. The values of D, displayed
during an experiment, are calculated by a cumulant fit
(Koppel 1972). This rough estimate is sufficient to decide
whether D; is still changing or not. An experiment is
stopped either automatically after a pre-selected number
of data acquisitions or by hand if D, reaches a steady
state value. For the investigations which are presented
here, data acquisition times between 4.2 s and 34 s were
chosen. The maximum number of correlation functions
registered in one experiment did not exceed 250, This
corresponds to data sets of about 400 kByte. Final data
evaluation was done after the experiment using the pro-
gram CONTIN (Provencher 1982 a, b). To run one data
set on the transputer takes about 45 s. This computation
time is still too long for an on-line calculation of D; or Ry
during a running experiment.

To measure the time constants of the unfolding and
refolding processes of PGK, we have performed T-jump
experiments between 30 °C, the temperature of maximum
stability, and 5°C, where the protein molecules are pre-
dominantly unfolded. The time courses of D, and of the
total scattered intensity I for the unfolding at T,=35°C
(T;=30°C) and refolding at T, =30°C (T;=35°C) are
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Fig. 5. Logarithmic plot of ARg(f) =Rg{(o0)~Rg(t) versus time ¢
after a Tjump from 30°C to 5°C. A linear least-squares fit of the
data yields the time constant of unfolding of 19 min

shown in Fig. 3 and Fig. 4, respectively. The experiments
were performed with a time resolution of 34 s for the
unfolding reaction and 17 s for the refolding reaction.
Plotting either AR, (t) = Rs(t) — Rg(o0) (for refolding) or
AR (t) = Rg(o0) — Ry (t) (for unfolding) on a logarithmic
scale versus time after the T-jump, a nearly linear depen-
dence was observed in both cases. This is shown in Fig. 5
for the unfolding at 5°C. Rg(o0) are the steady state val-
ues, reached after sufficiently long times ¢. The time con-
stants for unfolding (7,,,,) and refolding (T,,;) have been
estimated by a forced least-squares fit of In (AR () to a
straight line. We have made this restriction to a first-order
process because AR (t) deviates only slightly from a sin-
gle exponential within the experimental error. Fitting the
data by a multimodal model may yield unreliable results
in such a case. According to 7., (30°C) = 4.3 minand T,
(5°C) =19 min, refolding at 30°C appears to be consider-
ably faster then unfolding at 5°C. As can be seen in Fig. 3,
only a slight increase in the scattered intensity was ob-
served during unfolding. Possible reasons for this increase
could be: the change in the light-scattering constant K,
the preferential binding of GuHCI or the formation of
trace amounts of protein associates. A more complex time

-course of the scattered intensity was observed during re-

folding. Immediately after the T-jump, the scattered in-
tensity increased very fast to a value somewhat higher
than in the unfolded state and then decreased slowly with
a time constant comparable to T, to a value essentially
equal to that before unfolding (Fig. 3). This transient in-
crease in the scattered intensity was a common feature of
all our refolding experiments. It was more or less pro-
nounced but apparently independent of protein concen-
tration within the investigated concentration range be-
tween 0.8 g/1 and 2.0 g/1.

Furthermore, we could not detect any concentration
dependence of the measured time constants. At times
t > T, both the Stokes’ radius and the scattered intensity
approach the corresponding values before unfolding and
subsequent refolding. This gives evidence for the absence
of protein associates at the end of the unfolding-refolding
reaction. The transient increase in the scattered intensity
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is most probably caused by a reversible association of
protein molecules during refolding. This working hypo-
thesis is based on the assumption that the unfolded
protein chain has an enhanced tendency to associate
when it is brought into conditions where the folded native
structure is most stable.

The time constant for refolding is of the same order of
magnitude as the half-time of refolding of about 2 min for
GuHCI denatured yeast PGK at 20°C measured by fluo-
rescence and absorption difference spectroscopy (Se-
misotnov et al. 1991). Similar long relaxation times have
also been found in unfolding-refolding reactions of a mu-
tant of phage T4 lysozyme at low temperatures (Chen
et al. 1989).

Conclusions

The results of our investigations demonstrate that DLS
can be successfully applied to the study of unfolding-re-
folding reactions of protein molecules. The time resolu-
tion is in the range of a few seconds according to theoret-
ical estimations assuming typical experimental condi-
tions. This has been verified also by the reported experi-
ments. DLS is particularly useful for investigations of the
low-temperature unfolding and refolding of proteins. The
time constants of these processes are in the range of sec-
onds or minutes. A more detailed discussion of the inves-
tigations on yeast PGK, also including the results of other
methods, will be presented in a subsequent paper.
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