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ABSTRACT We demonstrate that the sub-millisecond protein folding process referred to as ‘‘collapse’’ actually consists of at
least two separate processes. We observe the UV fluorescence spectrum from naturally occurring tryptophans in three well-
studied proteins, cytochrome c, apomyoglobin, and lysozyme, as a function of time in a microfluidic mixer with a dead time of
;20 ms. Single value decomposition of the time-dependent spectra reveal two separate processes: 1), a spectral shift which
occurs within the mixing time; and 2), a fluorescence decay occurring between ;100 and 300 ms. We attribute the first process
to hydrophobic collapse and the second process to the formation of the first native tertiary contacts.

INTRODUCTION

It has been postulated that hydrophobic collapse, the global

contraction of a polypeptide due to mutual attraction of

hydrophobic residues, is the first step in folding a protein froma

highly denatured state to its native conformation. However,

experimental studies in the past have usually been able to only

infer collapse from measurements of the burst phase, the

unresolved signal change within the dead time of the instru-

ment. The few available time-resolved measurements have

reported a wide range of times for collapse. For example,

studies on the protein cytochrome c have measured an initial

folding step occurring within 100ms that has been attributed to
collapse (1,2), but kinetic measurements of intramolecular

contact formation have shown that a simple loop can form in

100 ns to 1 ms, 100–1000 times faster (3,4). Secondary struc-

ture may also form on this same timescale, as shown by fast

kinetic studies on isolated a-helices and b-hairpins (5), and
studies on the unfolded state indicate that fluctuating elements

of secondary structure persist evenunder denaturing conditions

(6,7). These observations lead to a chicken-and-egg question of

whether the formationof long-rangenative contacts necessarily

requires a commensurate reduction in the overall size of the

protein, or does hydrophobic collapse precede the formation of

native structure? Our new method to observe folding on faster

timescales begins to answer this question by resolving separate

steps in the first millisecond of folding.

The current optical techniques used to measure sub-

microsecond steps in protein folding, namely laser T-jump,

triplet-state quenching, andphotophysical dissociation, although

great technological advances (8), have all been unable to study

collapse of a wide range of proteins because they cannot prompt

folding from the fullydenatured state.Conversely, stopped-flow

mixing, which prompts protein folding from the fully dena-

tured state by the dilution of denaturants, is limited to time

resolutions longer than 0.5–1 ms due to turbulence during

mixing. Thus, for most proteins, there is a gap in the

observable time domain on the microsecond timescale, a

crucial time-range for understanding the nature of collapse. In

this work, we report the measurement of folding prompted by

mixing in a laminar flow microfluidic device that dilutes

denaturant in ,20 ms and allows observation of intrinsic

tryptophan fluorescence, the most common method for

observing folding, for as long as 1 ms. Using this technique

we have observed three well-studied, unmodified proteins,

apomyoglobin, cytochrome c, and lysozyme.We show that for

all three proteins there are two separate steps in the first 1 ms.

Hydrophobic burial of the tryptophans occurs within the

mixing time of 20 ms followed by what we interpret as the

formation of native tertiary contacts within;100 and 300 ms.
These steps have never been resolved separately before.While

the slower process might be considered collapse because the

formation of first native contacts requires large conformation

changes, we believe that the faster process of nonspecific

hydrophobic burial, which requires a large decrease in the

radius of gyration, is a better definition of the term.

The proteins used in these studies were chosen because

their long-time folding trajectories are very well character-

ized in measurements with longer mixing times yet these

measurements cannot completely resolve the change in the

fluorescence signal. Cytochrome c, in particular, has become

a benchmark for development of fast folding techniques. The

first folding study to employ a microfluidic mixer studied

cytochrome c with small angle x-ray scattering (SAXS) and

observed a substantial change in the radius of gyration within

the first 150–500 ms (9). Akiyama et al. (10) used a similar

mixer to measure folding after 300 ms monitored with SAXS

and circular dichroism and developed a three-phase model of

the folding trajectory:
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1. An initial phase of collapse and secondary structure for-

mation that occurs within their mixing time.

2. The formation of a molten globule-like second interme-

diate after 3 ms.

3. The formation of the native state after 100 ms.

The early phase has been explored by three more rapid

measurements: Shastry and Roder (2), using a fast capillary

mixer with a dead time of 50 ms, and Hagen and Eaton (1) and
Qui et al. (11), each using a 10 ns T-jump. These three mea-

surements observed the initial decrease in fluorescence to occur

with decay times of;50,;90, and;16 ms, respectively.
Apomyoglobin also proceeds via a stepwise folding path

of chain compaction and helix formation (12), while

lysozyme has an off-pathway intermediate (13,14). Never-

theless, both of these proteins, like cytochrome c, have been
observed to have a burst phase or unresolved change of

signal within the conventional mixing times. During this

burst phase, the radius of gyration decreases and the sec-

ondary structure content increases. Our major result is that

this burst phase appears to actually consist of two processes

with rates separated by at least an order of magnitude.

METHODS

Mixer

The basic design of this mixer was first described by Knight et al. (15), and

was optimized by Hertzog et al. (16). This design takes advantage of small

channel dimensions to keep the dynamics in the laminar flow regime, even

for very high velocities, resulting in mixing times of as low as 8 ms. (While

the device is capable of mixing times as low as 8 ms, most data was collected

with lower flow rates and longer mixing times to achieve a longer obser-

vation time. Thus the fastest mixing time observed while also observing

folding was 20 ms.) The exit channel is 10-mmwide and 200-mm long. Two-

hundred microns below the mixing region the channel widens exponentially

allowing for long observation times at high flow rates without substantial

diffusion of the protein jet. The fluid dynamics in the chip are simulated with

Comsol Multiphysics (Comsol, Stockholm, Sweden). The channels were

etched in 500-mm-thick fused silica wafers using reactive ion etching with

metal or polysilicon as a mask (see Fig. 1 a). Inlet and outlet holes were

microblasted. The channels were then first prebonded to a 170-mm-thick

fused silica wafer after a reverse RCA cleaning, and then fused together

at 1100�C. The mixer is mounted on a manifold, which contains solution

reservoirs for each channel in the chip. The flow rate of each channel is

controlled by air pressure above the reservoir using computer-controlled

pressure transducers (Marsh Bellofram Type 2000, Newell, WV). At the

fastest flow rates reported, the sample consumption is ;2 mL/h of the

protein and 400 mL/h of folding buffer. An experiment typically takes;1 h

including setup time.

Optical

The UV fluorescence of a folding protein is monitored with a specially

designed confocal microscope (see Fig. 1 b). An Argon-Ion laser (Lexel

Laser 95-SHG, Lexington, KY) at 257 nm enters an inverted microscope

(Olympus IX51, Melville, NY) as a collimated beam and is focused to a

1 mm spot by a 0.5 NA UV objective (OFR 40x-266, Newton, NJ) inside the

mixer. For a linear flow speed of 1 m/s, the 1 mm spot results in a maximum

time resolution of 1 ms. Fluorescence intensity is collected by the same

objective and sent through a dichroic mirror (Chroma 300dclp, Brattleboro,

VT) to either a photon counter (Hamamatsu H7421-40, Hamamatsu City,

Japan) or a spectrograph (Jobin Yvon MicroHR, Longjumeau, France) and

linear CCD detector (Jobin Yvon Sygnature) with 3648 pixels. The mixer

FIGURE 1 (a) Mixing region of chip imaged with a

scanning electron microscope. The unfolded protein in

the center channel (top) passes through a filter of 1-mm
posts and enters the mixing region in the center of the

image. The mixing buffer enters on the side channels

and constricts the protein stream to ,100 nm within a

few microns of the interaction region. The protein and

mixed buffer continue down the 10-mm-wide exit

channel for observation during folding. (b) Schematic

of the instrument. The chip is mated to a manifold

containing reservoirs of unfolded protein (solid) and

buffer (light shading), which are pushed into the mixer

by computer-controlled air pressure above the reser-

voirs. The chip sits on a scanning inverted microscope

illuminated by 257 nm laser light. The resulting

fluorescence is detected by either a photon counter or

a spectrograph and CCD camera.
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manifold is mounted on a three-axis piezoelectric scanner (Mad City Labs

Nano-LP100, Madison, WI), which scans the chip over the objective 100

mm in each direction.

A typical experiment begins with a scan of the exit channel imaged by the

photon counter to locate the jet of fluorescent protein (Fig. 2 a). The chip is

typically scanned 10 ms across the exit channel and 200 mm down the linear

section of the exit channel and ;100 mm into the exponentially widening

channel. This corresponds to ;320 ms of folding time at an initial flow rate

of 1 m/s without substantial diffusion of the protein out of the jet. Alter-

natively, long time courses can be obtained by slowing the flow rate to as

low as 0.1 m/s. The overall intensity as a function of time can be obtained

from a scan by averaging the intensity of the jet in ;1 mm regions, the size

of the excitation beam (see Fig. 2 c).

After the jet in the exit channel has been imaged with the photon counter,

the emission is directed to the spectrograph/CCD by inserting a flip-up

mirror in the light path. Fluorescence spectra are acquired at numerous

points along the jet corresponding to various times from 20 ms to up to 1 ms.

Because the mixer is a continuous flow device, each point in the folding

trajectory may be observed for an arbitrary amount of time, allowing for a

good signal/noise ratio without a particularly fast detector. Spectra are

typically acquired for 1 s at 2-mm intervals along the exit channel (see Fig.

2 d). To reduce the noise, the data is binned (10 pixels/bin) to produce

spectra with 0.42 nm resolution. The time-dependent spectra are analyzed

with single value decomposition using MatLab (The MathWorks, Natick,

MA) to extract the most significant time-dependent spectral components.

Protein samples

N-acetyltryptophan-amide (NATA), horse heart cytochrome c, and hen-egg

lysozyme were purchased from Sigma (St. Louis, MO) and used without

further modification. Horse skeletal muscle myoglobin was also purchased

from Sigma. The myoglobin heme was extracted following the method of

Teale (18). Proteins were unfolded by dissolving them in high concentra-

tions of Guanidine HCl. Folding was initiated by mixing with 100 mM

potassium phosphate buffer (pH 7). The approximate concentrations of each

sample were 500 mM cytochrome c, 240 mM apomyoglobin, 90 mM lyso-

zyme, and 500 mM NATA for measurements of time-resolved fluorescence

spectra (spectrograph and CCD) and ;10-fold less for measurements of to-

tal intensity (photon counting). These concentrations were chosen to give

FIGURE 2 (a) Contour plot of fluorescence inten-

sity of tryptophan (NATA) in the exit channel. The

chip was scanned 0.25 mm/step in the x-direction and

0.5 mm/step in the y-direction. Each point was

observed for 25 ms. We focus the instrument using

the fluorescent jet at the bottom of the scan where the

index of refraction is that of water. However, the

mixing region, located at the top of the plot, has a

different index of refraction from the high concen-

tration of GuHCl, which leads to a lack of fluores-

cence in that region due to the difference in focus. (b)

Observation of the mixing time with fluorescence

quenching by potassium iodide. Plotted is the ratio of

intensity of NATA fluorescence in 150 mM KI to no

KI versus time. The mixing time, defined as the time

during which the signal decays from 90% to 10%

(dotted lines) of the premixed value, is ;8 ms. (c)

Observation of fluorescence (via photon counting)

from cytochrome c in folding conditions. The initial

rise in intensity (t ; 13 ms) is due to the change in

the index of refraction during mixing. The longer

decay (t ; 100 ms) is due to the first step in folding.

(d) Time-resolved fluorescence spectra of cyto-

chrome c (measured by the spectrograph/CCD). A

global analysis of this type of data using single value

decomposition produces the curves in Fig. 3.
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about the same fluorescence signal for each protein. While these concentra-

tions of protein may eventually lead to aggregation, it is unlikely on the

timescales observed because the bimolecular diffusion rate for these proteins

is;108 M�1 s�1 and aggregation is not diffusion-limited. Furthermore, other

folding experiments on these proteins have worked with similar concentra-

tions without detecting aggregation (9,13,19).

RESULTS

Using continuous-flow microfluidic mixers made out of

fused silica (see Fig. 1 a), we are for the first time able to

observe changes in tryptophan fluorescence with 20 ms
mixing time. The mixing time is determined by measuring

the drop in average NATA fluorescence due to quenching by

potassium iodide (150 mM) in the exit channel (see Fig. 2 b).
The mixing time can also be observed as a rise in fluo-

rescence intensity after the dilution of guanidine due to a

change in the index of refraction (Fig. 2 c). The measured

mixing times (8 and 13 ms, respectively) are in good

agreement with previously reported values (16).

Fig. 2 c shows total photon intensity as a function of time

for cytochrome c; the decay rate agrees reasonably well with
the measurements of Shastry and Roder (2). Photon counting

is a very sensitive measurement, which can observe the

fluorescence of tryptophan concentrations as low as 20 mM.

However, measuring the total intensity is also sensitive to

background artifacts due to scattered laser light and is com-

pletely insensitive to changes in the fluorescence spectrum

that do not affect the fluorescence quantum yield. Therefore,

fluorescence spectra were collected along the exit channel

using the spectrograph/CCD (see Fig. 2 d). This method

effectively eliminates all background effects because scat-

tered light is spectrally separated from the fluorescence, and

allows for a global analysis of time resolved and spectrally

resolved fluorescence.

Fig. 3 shows the time-resolved spectral data of each pro-

tein analyzed with single value decomposition (SVD) to

suppress the random noise of each spectrum. For all three

proteins, the first component is the average emission spec-

trum over the measured time domain. The first component

(solid points) can be fit to two exponentials—a fast decay

due to the narrowing of the jet in the mixing region and a

slow decay on the 100-ms timescale. The second component

shows the change in spectrum over time. The amplitude of

the spectral shift (shaded points) decays over time with a rate

approximately equal to the mixing time as measured by

tryptophan fluorescence quenching by potassium iodide.

We observe that the decay rate of the second component

depends on the overall flow rate as shown in Fig. 3. The

relative flow rate between the center and side channels

determines the mixing distance in the exit channel and the

faster flow rate of the side channel determines the mixing

time. To confirm that this rate is the actual mixing time, we

performed fluid dynamics simulations of mixing at various

flow rates of the side channels with a constant flow rate ratio

to the center channel. These rates, shown as a line in Fig. 4,

agree well with the measured values and confirm that the

spectral shift occurs within the mixing time. This puts an

upper limit on this process of 20 ms.

DISCUSSION

This work observes, for the first time, folding on the

microsecond timescale using spectrally resolved intrinsic

fluorescence. Surprisingly, we see very similar behavior in

three completely unrelated proteins. We attribute the blue

spectral shift observed within the mixing time (shaded
curves in Fig. 3) for all three proteins to hydrophobic burial

of the tryptophan resulting from global collapse (20). A

similar measurement of NATA in 6 M GuHCl (Fig. 3 h)
shows that free tryptophan does not exhibit a significant

spectral shift on this timescale, indicating that this process is

not merely a solvent or optical effect. To further confirm that

this process occurs only during mixing, Fig. 4 shows the

fitted rate of the second SVD component of lysozyme plotted

versus flow rate, indicating that the rate of spectral shift is

limited by the mixing time. Because the entire process occurs

within the mixing time of this experiment, we assign an

upper limit of 20 ms for the hydrophobic burial and for the

collapse of the polypeptide chain. Of course, the data only

directly reports on the hydrophobic burial of individual

residues, but we believe these signals are representative of

the behavior of the entire polypeptide chain, particularly in

the case of lysozyme, which has six tryptophans distributed

throughout the sequence.

We note that our measurement of hydrophobic collapse is

consistent with other measurements of collapse. Roder and

colleagues observed an increase in tryptophan fluorescence

intensity of ribonuclease A within their 70 ms mixing time

and attributed it to nonspecific collapse (21). Measurements

of intramolecular diffusion in unstructured peptides indicate

that diffusion-limited intramolecular contact should take

between 20 and 500 ns for loops between 10 and 60 residues

(22,23). Furthermore, measurements of end-to-end distance

after a rapid temperature-jump in acid-denatured BBL, a

40-residue protein, showed that hydrophobic collapse was

complete in only 80 ns at room temperature (24). This time is

likely the result of the formation of many small loops within

the chain rather than a single loop formed by the two ends

and is therefore quite consistent with the intramolecular

contact measurements. Given these estimates of intramolec-

ular diffusion during hydrophobic collapse, the mixing time

of our apparatus would likely need to improve by two orders

of magnitude to fully resolve this process.

The slower process that we observed (solid curves in Fig.

3) shows no spectral change for each protein, only decay in

the blue-shifted spectrum. There are many interactions that

have been shown to decrease the level of tryptophan fluo-

rescence including changes in solvent conditions, but our
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characterization of this mixer rules out a solvent effect after

the mixing time of 20 ms (16). Therefore, we attribute this

process to the formation of tertiary contacts near the

tryptophan, which quench the fluorescence. Previous studies

have shown that there is structural evidence to support the

observed decrease of tryptophan fluorescence for each of

these proteins on the 100-ms timescale:

1. The two tryptophan residues in apomyoglobin (Trp-7 and

Trp-14) are located on the A helix in the native structure

and are in close contact with the E and H and E and G

helices, respectively. Hydrogen exchange studies have

determined that the native folding core consisting of the

A, G, and H helices is formed early in the folding process

(25). Therefore our observed decrease in fluorescence in

FIGURE 3 (a–f) Time-dependent fluorescence

spectra analyzed with single value decomposi-

tion. The left panels are the most significant

spectral components and the right panels are the

associated time dependence. For all three pro-

teins, the first component (solid) is the average

spectrum whose intensity decays during mixing

due to formation of the jet and on the 100-ms

timescale, and the second component (shading)

is a difference spectrum between the unfolded

state and the folded state that decays only within

the mixing time. The flow rates, 0.6 m/s (cyto-

chrome c), 0.14 m/s (apomyoglobin), and 0.068

m/s (lysozyme), were chosen to capture multiple

decay times of the slow process for each protein.

The time dependence of the first component

(solid points) is fit to two exponentials for

determining the rates in Fig. 5, ignoring the first

three or four points in the mixing decay because

it is not truly exponential. (g, h) Raw fluores-

cence of apomyoglobin (g) and NATA (h). The
black curves were observed just above the

mixing region and the shaded curves observed

10 mm below the mixing region (when mixing is

complete) to compare the spectral shift in a

folding protein with that of free tryptophan.
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;225 ms probably corresponds to the docking of the A

helix with helices G and H. Our result is corroborated by a

kinetic study of apomyoglobin fluorescence using T-jump,

which shows a large signal change of 7 ms followed by a

very small change on the 100–500 ms timescale (19).

2. Fast hydrogen exchange studies on lysozyme suggest that

some protection of residues throughout the helical

domain and at the interface of the a- and b-domains

(including most of the six tryptophan residues), but that

these structures are not completely nativelike (26). There-

fore our signal change in ;250 ms reflects the formation

of various native contact throughout the chain.

3. It has been well established that the single tryptophan in

cytochrome c acts as a donor in fluorescence energy transfer
with the heme (2). Hydrogen exchange studies show some

protection of the three main helices, but not Trp-59 early in

the folding process. However, it is likely that the formation

of the nativelike helical interactions pulls the tryptophan

fairly close to the heme without making a native contact

(27). A recent study combining single molecule FRET and

fluorescence correlation spectroscopy concludes that the

intermediate structure of cytochrome c is compact but

largely unstructured in the middle of the chain (28).

Therefore the decrease in tryptophan fluorescence observed

in;100 ms is due to the formation of some native contacts

within the chain, but not the tryptophan itself.

Thus the evidence for all three proteins supports our

conclusion that the slow phase marks the formation of long-

range contacts and that these contacts are likely nativelike.

While the slower rate obviously depends on the details of

the folding trajectory of each protein, we note that all three

measured rates anticorrelate well with the fraction of

secondary structure formed. In studies by Bachmann et al.

(13) on lysozyme, Akiyama et al. (10) on cytochrome c, and
Uzawa et al. (12) on apomyoglobin, the amount of secondary

structure that formed within their mixing times (0.3–1.2 ms)

were measured using time-resolved circular dichroism. The

studies by Bachmann and Uzawa and another study by

Akiyama (29) also show a significant decrease in the radius

of gyration, as measured by small angle x-ray scattering

(SAXS), during these dead times. The fraction of secondary

structure formed in their dead times is plotted versus our

measured rates of tryptophan fluorescence decay in Fig. 5.

This correlation (r ¼ 0.71) is significantly better than the

correlation of the rates with relative contact order (r ¼ 0.27).

This trend is also consistent with observations by Roder and

co-workers of ACBP, ribonuclease A, staphylococcal nu-

clease, and Im7. The first three proteins have a measured

fluorescence decay of ;12,000 s�1 (21,30,31) and fairly

small amounts of secondary structure (,33%) formed within

1 ms (32–34), while Im7 has a measured fluorescence decay

of ;3000 s�1 (35) and likely all of its secondary structure

formed (36). The correlation suggests that it is easier to make

the first long-range stabilizing contacts if there is relatively

little secondary structure formed that would slow down

intramolecular diffusion. Whether the initial secondary struc-

ture content forms in the fast or slow processes observed in

our mixer cannot be determined from these studies and would

be the subject of future work, such as time-resolved circular

dichroism after ultrarapid mixing (37). Nevertheless, it is

clear that this new technique opens up an entirely new time

domain to reveal protein-folding steps never seen before.

We thank Jagnyaseni Tripathy, Benjamin Baker, and Paul Sherrill for

assistance in mixer maintenance.

FIGURE 4 Plot of observed rates (circles) of the second SVD component

of lysozyme as a function of the flow rate in the exit channel. The amplitude

of this component was fit to a single exponential as a function of distance.

The characteristic distance is converted to time using a simulated distance-

time relation. The solid line is the simulated mixing rate for maximum

velocities of 0.05–1.2 m/s in the exit channel. The mixing time is calculated

as the elapsed time at the location along each streamline where the GuHCl

concentration drops from 1 to 1/e. These values are averaged for all the

streamlines within the confocal beam diameter of 1 mm (38).

FIGURE 5 Rates of fluorescence quenching versus formation of secondary

structure in the burst phase as measured with slower mixers. The fractions of

secondary structure are taken from the literature (12,13,29) and are computed

as the change inCDsignal between the unfolded value and the firstmeasurable

value over the total change in CD between the unfolded and folded states. The

rates are weighted averages of three-to-four measurements of each protein.

Eachmeasurementwas in a different chip except for one chip,whichmeasured

all three proteins. The numeric values of the rates are (cytochrome c) 99036
515 s�1, (apomyoglobin) 44496 518 s�1, and (lysozyme) 40286 475 s�1.
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