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ABSTRACT Time-resolved small-angle x-ray scattering using the stopped-flow method has been applied successfully to
investigate the refolding of myoglobin. This is the only method to date that yields direct information on protein physical dimensions
during the folding process. It has the potential to detect and probe important processes, such as protein compaction and
association, on a millisecond time scale. Initial experiments were performed with horse myoglobin denatured in high concen-
trations of urea. The denatured protein was diluted rapidly into a buffer containing no urea or low concentrations of urea. The
time-course of the forward-scattered intensity shows a decrease in amplitude which is clearly not engendered by the compaction
of the protein, but does correspond well to a dimer dissociation process. Initial and final radii of gyration correspond well to a
dimer and a monomer, respectively. Kratky plots of the initial and final states also support the transient dimerization model. The
apparent dissociation rate constant was obtainable directly from the data. An association rate constant and an equilibrium
constant could be estimated. The dimerizing intermediate is speculated to be a globular non-native state with an exposed

hydrophobic surface.

INTRODUCTION

The search for intermediates on the protein folding pathway
has been advanced by techniques such as pulsed-labeling
NMR and time-resolved circular dichroism (CD) spectros-
copy (for example, see Refs. 1-3). Information relating to the
kinetics of secondary structure formation is obtainable now.
In order to understand the forces driving the formation of the
observed secondary structure and to understand its role in
subsequent folding steps, it would be helpful to know the size
of the protein at the times in question. However, a probe
capable of measuring protein spatial dimensions during fold-
ing has been lacking.

Time-resolved small-angle x-ray scattering (SAXS), when
combined with very high flux synchrotron sources, is capable
of providing such physical information. Initial applications
of this technique were performed using temperature as the
denaturing agent and accessed a time scale of seconds (4).
We describe herein a study using chemical denaturation and
stopped-flow methods to investigate the refolding pathway
of horse muscle myoglobin on a tens of milliseconds time
scale from a physical perspective.

MATERIALS AND METHODS

Horse skeletal muscle myoglobin was purchased from Sigma Chemical
Company, St. Louis, MO (crystallized and lyophilized, salt-free, 95-100%
pure) and stored frozen until use. The purchased protein was not purified
further. Protein samples of 60 mg/ml were prepared in 7 M urea, 50 mM
bis-tris-propane buffer at pH 9.1, with salt concentrations of 100 mM NaCl
and 40 mM NaCN. The presence of the cyanide was necessary to prevent
potential aggregation in solutions of unfolded protein (5; K. Chiba, manu-
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script in preparation). The samples were allowed to equilibrate for at least
1 h before use, and were always used within 24 h of preparation in order
to avoid urea decomposition. No aggregation was observed in any of the
protein samples, and upon spinning at 15000 rpm for up to 1 h, no precipitate
was observed. Protein-free dilution buffers were prepared at identical pH,
NaCl, NaCN, and buffer concentrations, with urea concentrations of 0, 1,
and 2 M; buffers were used within 24 h of preparation.

For equilibrium studies, 5 mg/ml protein samples were prepared at the
same pH and salt concentrations, and at urea concentrations varying from
0to 8 M in 1 M increments. Initially, because the need to go to subzero
temperatures was anticipated, these samples also contained 40% ethylene
glycol. Later, additional samples without ethylene glycol were prepared, but
time constraints allowed only for experiments at 0, 1, 2, 3, and 8 M urea
for these latter samples.

Measurements were made at the Photon Factory (National Laboratory for
High Energy Physics, Japan) small-angle scattering beam-line 15A, where
a bent-crystal horizontally focusing monochromator and a vertically fo-
cusing mirror provide a very intense beam of photons (6). The detector used
was a Rigaku (Tokyo, Japan) gas-filled linear position-sensitive propor-
tional counter. A 2.3-m sample-to-detector path length allowed collection of
data in the angular range of S = 0.002 to 0.025 A-! (where S = 2sin6/A,
26 is the scattering angle, and A is the x-ray wavelength). The x-ray stopped-
flow rapid-mixer, developed in collaboration with T. Nagamura and Unisoku
Inc. (Hirakata, Osaka, Japan) has been described in detail elsewhere (7), and
it has been employed successfully in time-resolved studies of quarternary
structural changes of proteins (for example, see Ref. 8). The machine is
capable of mixing small sample volumes (20-100 ul) at various mixing
ratios, at a controlled temperature (+0.1°C), and with a mixing dead-time
of 10 ms.! All time-resolved experiments were run at 8 or 15°C. Beam-line
data acquisition software allowed for the collection of data in a series of
discrete time-intervals or frames. Frame duration was chosen to be between
20 and 200 ms, depending on the rate of the observed process. In all cases,
a total of 94 frames were collected.

All time-resolved measurements were made using a 6:1 (dilution buffer:
protein solution) mixing ratio. This resulted in final urea concentrations of

! We note in particular that the ability of the machine to adequately mix
solutions of highly different viscosities is documented in Ref. 7 and that
other investigators have successfully used Unisoku rapid mixers in similar
CD experiments (3, 9).
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1.0, 1.9, and 2.7 M, and in a final protein concentration of 8.6 mg/ml.
Controls were performed by mixing together protein-free solutions and also
by mixing protein-containing solution with identical buffer solution, so that
no change in the protein environment occurred. No time-dependent signal
was observed in the control data. Background data were collected imme-
diately before or after protein data collection. Protein-free solution and di-
lution buffer, of the identical make-up as the following protein-containing
solution and dilution buffer, were mixed and static data were collected for
300 s. Time-resolved protein data were accumulated for five mixing events
at a time, and at least 10 separate accumulations were collected for each
condition, for a minimum of 50 mixing events. Immediately following the
time-resolved data collection, static data were measured from the mixed
sample to record the final condition.

Equilibrium data were collected at 15°C in a flat 20-pm quartz window
cell. The fragile windows and restricted access to the cell interior made it
difficult to wash the cell between samples and introduced a small uncertainty
in the urea concentrations of the samples. Exposure times were from 300
to 600 s.

ANALYSIS

Reproducibility of the time-resolved data was verified by
comparing different data sets collected under the same con-
ditions, and was excellent in all cases. Subsequently, data sets
were averaged and normalized by the average incident beam
intensity during the data collection. Background data were
then subtracted from the protein data. The resulting data were
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fit to a Gaussian shape (10) using a nonlinear least-squares
fitting routine in order to obtain the radius of gyration (Ry)
and forward-scattered intensity (/o) for each time-frame of
data and for the static data. The data also were fit using
conventional Guinier fits in the angular region of S =
0.0045-0.01 A, and the agreement between the different fit-
ting procedures was excellent. Examples of raw data frames
and Guinier fits can be seen in Fig. 1. Statistical errors in the
data were propagated correctly through the fitting procedure.
I, showed a strong time-dependent signal. Although inter-
particle interference effects (10) exist at the protein concen-
trations used, our experience has shown them to be only a few
percent in absolute magnitude, and the effects on the mag-
nitude of changes in R, or I, within the time-course of the
experiments are expected to be smaller still.

Although repeated accumulation improved the statistical
quality of the data, the final SAXS patterns from the 20—
200-ms duration time-frames were very noisy, and time-
courses of R, could not be used. Initial state R, values were
obtained by averaging the values from the first five frames
of each data set. Because the values from the different data
sets were equal within the margin of experimental error, they
were also averaged together. Final-state R, values were cal-
culated in a similar fashion, using the last 40 frames of data.
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Errors were propagated throughout the averaging and it was
verified that the individual values that were averaged to-
gether were contained reasonably in the calculated standard
deviations.

Kratky plots for the initial state were obtained by aver-
aging time-frames over one half-life of the observed time-
course in . In all cases, this average was found to overlay
well onto the Kratky plot for the first time-frame alone.
Kratky plots for the final state were obtained in a similar
fashion, using the 40 final frames, during which no time
dependence was observed.

The equilibrium data were processed as above using
Guinier fits to extract R, and I, (Fig. 2). The R, values at 0,
1,2, 3, and 8 M urea were the same in the presence or absence
of ethylene glycol, within the margin of experimental error.
Unfortunately, only data from ethylene glycol-containing
samples is available presently at the intermediate urea con-
centrations. The observed unfolding transaction appears to
be shifted to a somewhat higher urea concentration when
compared with CD data collected under identical conditions
in the absence of ethylene glycol (CD data were collected on
an Aviv 60DS spectropolarimeter using a 1-mm pathlength
and at a 25 uM myoglobin concentration).

Despite the cursory nature of the equilibrium study, the
quality of the data is sufficient to verify that much like other
probes, SAXS is sensitive to unfolding transitions in pro-
teins. This fact has also been demonstrated more thoroughly
by other investigators (11). In addition, this data show that
there is no apparent sample aggregation at intermediate urea
concentrations.

Neglecting interparticle interference effects, the value of
I, from SAXS data is proportional to c(ps — py)*V? (Where
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FIGURE 2 (a) Equilibrium melting curve of myoglobin monitored by the
radius of gyration (R,) and by the CD signal at 222 nm. The CD data have
been visually scaled to the R, data along the ordinate. (b) The forward
scattered intensity (Io) as a function of urea concentration. Note that the
quadratic curve best fitting the data is slightly concave, as expected from
the (ps - pv)? dependence of .
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c is the concentration of the scattering molecule, V its vol-
ume, p; its electron density, and p, is the background solvent
electron density) (10). A calculation of the variation of (ps —
py)? with urea concentration, using 0.45, 0.33, and 0.363
e /A? for the electron densities of myoglobin, water, and 8
M urea in water, respectively (11, 12), shows that I, should
decrease by about 50% while going from 0 to 8 M urea. This
agrees reasonably well with the observed decrease of I in the
equilibrium data (Fig. 2 b). The decrease, then, is caused
mostly or entirely by the change in solvent density. This
result implies that if the background solvent remains the
same during the unfolding or refolding of myoglobin, as is
the case after initial mixing in our time-resolved experi-
ments, no change of I, should be observed as a result of the
conformational change alone. We note additionally that we
have observed I to remain constant during the thermal de-
naturation of other proteins, where no change in background
solvent takes place (unpublished results).

RESULTS

SAXS is sensitive to changes in the size, shape, and density
of the scattering molecule. The time-dependent signal ob-
served in our data must be caused by either a change in the
conformation of myoglobin (refolding) or by an association
or dissociation of myoglobin. In order to determine which
process is responsible, we examined the R, values, Kratky
plots, and I, time-courses obtained from the data.

The R, obtained from the initial time-frames (32 *+ 3 A)
is consistent with that of either a small oligomer or an un-
folded state, but not with that of the native state (18 + 1 A).
The R, from the final time-frames (20 *+ 2 A) is in good
agreement with the native state value. Thus the observed
change in R, can not be used to distinguish between a
monomer-refolding process and a dimer or multimer-
dissociation process.

Recently, it has been shown that Kratky plots can be used
to distinguish between coil-like and globular scatterers (13,
14). Kratky plots of static data from unfolded myoglobin
have a shape characteristic of coil-like scatterers and differ-
ent from the shape of Kratky plots of data from native myo-
globin or other globular scatterers (Fig. 3). Initial time-frame
Kratky plots do not show the coil-like characteristic shape of
unfolded myoglobin (Fig. 4). Instead, they show a shape
characteristic of a globular scatterer. This directly implies
that, immediately after the mixing of the solutions, the pro-
tein is no longer an unfolded monomer. This result, together
with the high initial R, value, leads us to conclude, instead,
that the sample contains small globular protein oligomers.
Under the initial conditions (before mixing) and under the
final conditions (after equilibrium has been reached), no ag-
gregation is detected in the samples. Therefore, the oligomers
detected in the initial frames of the experiment indicate the
presence of an associative intermediate state.

After initial mixing, the background solvent remains the
same throughout the ensuing measurements. As discussed
above, under identical solvent conditions, I, of unfolded
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FIGURE 3 Kratky plots from urea-unfolded and native myoglobin. The
broad peak in the native data indicates that the scattering molecule is com-
pact. The persistent linear rise of the unfolded data is characteristic of a
random coil molecule.
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FIGURE 4 Kratky plots averaged over the first 0.8 and the last 4.4 s after
mixing. The plot for the last 4.4 s has been shifted arbitrarily along the
ordinate for clarity of presentation. The sample conditions were 7.0 M initial
and 1.0 M final urea concentration, 0.49 mM final protein concentration and
8°C. The total exposure time was 6.9 s. The determined reaction rate con-
stant was 0.83 s~! (half-life 0.84 s). The averaged plots overlaid quite well
onto the unaveraged plots of the first time-frame and last time-frame, re-
spectively. The lack of the characteristic persistent linear rise in the initial
time-frame plot indicates that the protein loses its random coil character
within the mixing dead-time. The same result was observed under all other
conditions.

myoglobin does not differ significantly from /; of the native
state. Therefore, the decrease in I observed in these time-
resolved studies (Fig. 5) is not caused by changes in the
conformation or density of protein monomers during refold-
ing. It is most likely, then, that the decrease in I, is caused
by a decrease in the mass of the scatterer. While solvent
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FIGURE 5 A representative plot of the forward-scattered intensity (/o)
versus time after mixing. The final urea concentration was 1.9 M and the
temperature was 15°C. All other sample conditions were as in Fig. 4. The
data were fit by a single exponential, giving a value of 2.09 for the ratio of
the initial to the final Iy, and a decay rate constant of 1.24 s~

binding effects are well known to cause apparent mass
changes in SAXS data, the change in I, we observe is too
large to be accounted for by such effects. We conclude, in
agreement with the Kratky plot analysis, that dissociation of
protein oligomers is responsible for the observed decrease in
Io.

A transition from oligomer to monomer does not involve
a change in electron density and, hence, the ratio of I, for an
oligomer of n monomers to I for n individual monomers is
(nV)?*/nV? which is just n. Our results show that, within the
rather large error margin, I, is always observed to decrease
by a factor of about 2 (see Table 1). This leads us to hy-
pothesize that the signal we observe in I is engendered by
the dissociation of the entire intermediate population from
dimers to monomers. If this were the case, the concentration
of dimer in the sample at any time, normalized by the initial
protein concentration, would be

TABLE 1 Parameters from the time-course of the forward
scattering from myoglobin during refolding
Temperature Final [Urea] kapp

°C M s-1 IO(ti)/IO(tf)
15*0.1 1.0 1.91 * 46 2.05+0.23
15+0.1 1.9 124+ 25 2.09+0.16
15+0.1 2.7 0.37 £ .04 1.85 +0.09
8+0.1 1.0 0.83 .11 222 %0.16

For all samples the myoglobin concentration was 3.42 mM before mixing
and 0.49 mM after mixing. The initial urea concentration in all samples was
7 M. The apparent dissociation rate constant, k,p, and the ratio of the for-
ward scattering at the initial and final time-frames, lo(#;) and lo(t;), were
determined from single exponential fits to the data. Fits and errors were
calculated using the program Igor (WaveMetrics, Lake Oswego, OR). Errors
were correctly propagated where necessary. The ratio lo(t;)/lo(¢s) should be
two if the protein is completely dimerized within the mixing dead-time. The
decrease of k,,, with increasing final denaturant concentration has been
observed in other cases as well (3, 16).
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where [D] represents the dimer concentration and [M](0) the
initial (before mixing) monomer concentration. Additional
support for this hypothesis is provided by the fact that the
time-course of I, for all samples, although noisy, is well fit
by a single exponential (defining the determined rate con-
stant to be the first order apparent dissociation rate constant,
kapp)- It is necessary to emphasize, however, that the quality
of the data is not sufficient to exclude the possibility of
smaller amounts of trimers and higher order oligomers,
and/or of a second or higher order dissociation process.
Far from being unprecedented, our results add to the grow-
ing body of evidence that transient association may be a
commonly occurring process on protein folding pathways
(15-17). Most notably, bovine carbonic anhydrase B recently
was shown, using high-performance liquid chromatography,
to undergo a dimerization process during refolding (15).

)

DISCUSSION

We propose two possible folding pathways to explain our
experimental results. In the first pathway, the protein un-
dergoes a conformational change while in the dimerized state
and then proceeds to dissociate and continue refolding. This
pathway is represented as
k; k,
U™1—>N
Wl 1k @

D—D*
ks

where U and N represent the unfolded and native state re-
spectively, I represents the intermediate whose existence we
have inferred, D represents the dimer of this intermediate,
and D* represents D after a further conformational change.

We follow the analysis in (15) and make the reasonable
assumption that k; 3> k,, k,,. Under this assumption the initial
concentration of I equals the initial protein concentration.
Because dimerization is observed to be rapid and complete,
we also assume that k, >> k,,. If the above assumptions hold,
then either k,« or k; are rate determining in this pathway, and
kapp> the rate constant measured for the decay of Iy, is likely
to equal the lesser of these. If k; 3> ky», then k,y, represents
the rate of conversion from D to D*. If k;« > k, then kapp
represents the rate of dissociation of D*.

A second proposed pathway is simpler and more closely
follows that presented in Ref. 15. Here, no conformational
change takes place in the dimerized state.

Kk
U—-T—->N
Wl K 3)
D

We make the same assumptions about k; and &, as above.
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Then, if k;; > k,, D and I are in rapid equilibrium, and the
transition from I to N is the rate determining step for dimer
dissociation.

If, instead, k, > k, then the dimerization of the inter-
mediate effectively increases its lifetime, the transition from
D to I will be the rate-determining step for the dimer dis-
sociation, and k,p, equals k.

Unfortunately, further information is required to discrim-
inate between the above pathways and interpretations. We
note also that other possible intermediates on the above path-
ways are included implicitly in U and N, because our probe
is not able to distinguish among them. They are either too
short-lived or they do not significantly differ in size or shape
from U or N.

Because the dimerizing species is not long-lived under our
conditions, we do not know its association equilibrium con-
stant. We note, however, that this intermediate is possibly the
same one detected by Phillips in a thermal denaturation study
of myoglobin (4), and that therefore it may be possible to
study its properties in equilibrium under those conditions,
where a much longer lifetime was observed. In the mean-
while, we note that the dimerization of the protein appears
to be completed within the dead-time of the rapid mixer,
which is 10 ms. We use this observation to set a lower limit
of about 1 ms™ mM~! or 106 s~! M~! for the dimerization
rate constant, k. If we assume that the measured apparent
rate constant K, is actually & in the second pathway above,
then the equilibrium association constant K = k,/k; is in the
vicinity of 106 M~ under our various conditions. These val-
ues of k; and K are similar in magnitude to values reported
in the literature for similar processes in carbonic anhydrase
B, bovine growth hormone, and lactate dehydrogenase
(15, 16, 18). Although this similarity is encouraging, we em-
phasize that the numeric K value we obtained is only a rough
estimate, because the presence of even a small amount of
higher order oligomers or aggregates may have a significant
effect on the magnitude of k,p.

CONCLUSION

We propose that our dimerized intermediate is globular and
that much of the native myoglobin helical structure has
formed. Globularity is supported by the Kratky plot analysis,
and the fast formation of secondary structure has been ob-
served in CD studies (unpublished data). We further spec-
ulate that the helices have not yet arranged themselves cor-
rectly. Because the helices are highly amphipathic, this could
leave the extremely hydrophobic interior regions of the he-
lices exposed, and interprotein helix interactions could lead
to association and an accompanying stabilization of the in-
termediate state. A reorganization of the helices might be
responsible for the ensuing dissociation. While there are
many other possibilities, we find this explanation appealing
because compact globular intermediates with fluctuating ter-
tiary structure (sometimes referred to as molten-globule
states) are suspected to be a common motif in protein folding
pathways (19).
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We believe that the demonstrated ability of time-resolved
stopped-flow SAXS to measure protein size as a function of
time makes it uniquely applicable to studying the processes
of compaction and association during protein refolding. Al-
though under our experimental conditions compaction prob-
ably occurred too fast to be observed, it is a necessary event
in the folding pathway of every protein, and it is becoming
evident that association is at least a potential event in folding
pathways as well. Further applications of the method to a
wider range of proteins should elucidate previously unde-
tectable steps in their folding pathways, and provide critical
constraints for future models of general protein folding path-
ways.
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