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The extremely slow «-helix/B-sheet transition of proteins is a
crucial step in amylogenic diseases and represents an internal
rearrangement of local contacts in an already folded protein. These
internal structural rearrangements within an already folded pro-
tein are a critical aspect of biological action and are a product of
conformational flow along unknown metastable local minima of
the energy landscape of the compact protein. We use a diffusional
IR mixer with time-resolved Fourier transform IR spectroscopy
capable of 400-us time resolution to show that the trifluoroethanol
driven B-sheet to a-helix transition of B-lactoglobulin proceeds via a
compact B-sheet intermediate with a lifetime of 7 ms, small compared
with the overall folding time of B-lactoglobulin.

he rough energy landscape of a protein includes not only the

steep free energy funnel that guides the unfolded protein
into its compact native state (1, 2) but also traps of misfolded
intermediates. In some cases, this rough surface can lead to
distinct conformations of the same protein that consist of either
an a-helix or B-sheet structure. An erroneous transition from
a-helix to B-sheet structures has fatal consequences in prion and
other amylogenic diseases. Because these distinct conformations
are both highly compact, an important question is the size of the
energy barriers and the interconversion times for a-helix to
B-sheet structural changes. B-Lactoglobulin (BLG) is an impor-
tant model system to study helix/sheet transitions, because it
represents a protein that would be predicted by modeling to be
a-helix rather than B-sheet. However, the structure of BLG-A in
aqueous solution consists of nine antiparallel B-strands (51%)
and one a-helix (7%) in its native state (Fig. 1) (3). However, this
high B-sheet content sharply contrasts with secondary structure
predictions for the amino acid sequence that indicate a distri-
bution of 48% helix and 13% sheet (4). An indication of the
metastability of the BLG-A structure is fact that BLG can refold
to 80% helical content under the influence of the water-soluble
fluorinated alcohol trifluoroethanol (TFE) (5, 6). The transition
occurs cooperatively between 15 and 20% TFE. Thus, BLG
represents an interesting model system to study internal struc-
tural pathways in proteins as opposed to folding pathways from
the denatured state. BLG is known to be a “slow-folding”
protein, characterized by multisecond folding and unfolding
times (7, 8) into and from the basin of native states with fast
submillisecond transitions within the folding core representing
hierarchical folding pathways (9), but little is known about the
more interesting structural intermediates that represent rear-
rangements of the local interactions between different folded
conformations.

UV/Vis, fluorescence and circular dichroism (CD) spectros-
copies, as well as NMR spectroscopy have mostly probed the
more dramatic changes in structure seen in protein folding
studies. Each one of these techniques probes different structural
changes. UV/Vis and fluorescence spectroscopies monitor the
interactions of a prosthetic group or a fluorophore like trypto-
phan with its microenvironment. CD spectroscopy is mainly
sensitive to helical secondary structure. NMR spectroscopy can
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provide residue-resolved information (10, 11), but spectra of
denatured states are difficult to interpret and the time resolution
in real-time measurements is low. Fourier-transform IR (FTIR)
spectroscopy, on the other hand, is able to clearly distinguish
between all types of secondary structure (12); it is sensitive to
tertiary structure (13) and capable of detecting single residue
reactions on a nanosecond time scale (14, 15). The most frequent
approaches to initiate folding reactions in kinetic experiments
have been rapid mixing techniques in either stopped-flow or
continuous-flow operation mode (16, 17). FTIR spectroscopy,
despite its sensitivity, has been used only rarely for kinetic mixing
experiments. The main obstacle has been the necessity to mix
solutions in samples a few microns thick (18), to keep the
background absorption of water and guanidine low. These thin
layers make it impossible to generate turbulent flow, the phe-
nomenon utilized by macroscopic mixers to facilitate mixing
(16). Here, we overcome this problem by silicon microfabrica-
tion of a diffusional IR mixer, which allows microsecond mixing
in thin films.

Materials and Methods

Silicon micromachining has great potential to establish FTIR
spectroscopy as a new method for microsecond mixing experi-
ments, because silicon is transparent in the midinfrared. When
the dimensions of liquid channels are reduced to a few microns,
the flow has a Reynolds number much less than 1 and thus is
laminar at velocities up to several meters per second (19).
Therefore, there are no turbulent vortices to enhance mixing,
and diffusion is the only way reactants can be mixed. The flow
pattern has to be designed such that diffusion length scales are
kept small enough for mixing diffusion to occur on the micro-
second time scale (19-21). On the basis of the idea of Brody et
al., we have designed a continuous-flow mixing chip for FTIR
microscopy shown in Fig. 2. Continuous-flow mixing chips are
microfabricated in silicon by using undoped silicon wafers
(resistivity > 20 Q) cm~!) by using photolithography and reactive
ion etching at the Cornell University Center for Nanofabrication
Facility. The etched wafers are sealed with a CaF, cover window
by using a submicron-thick gasket material of silicone elastomer
and mounted on a holder to feed in the fluids. An air pneumatic
system drives the flow. The fluid flow speed is extrapolated from
the streak length of fluorescent latex beads (Interfacial Dynam-
ics, Portland, OR) in epifluorescence images. Spectra are re-
corded at 180-um spot size with a Bruker (Billerica, MD)
IRscope II coupled to a Bruker IFS66 FTIR spectrometer (17).
A computer-controlled xy-stage moves the chip along the ob-

Abbreviations: FTIR, Fourier transform infrared; BLG, p-lactoglobulin; TFE, trifluoro-
ethanol.
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Fig. 1. Backbone representation of BLG-A (3). Regions with high helical
preference are red (4).

servation channel. Five hundred scans are averaged at every
position.

Spectra of the initial and final states were measured “on chip”
before the merger of the inlet channels and after stopping the
flow, respectively. BLG (40 mg/ml; Sigma) in 10% TFE (vol-
ume)/20 mM DCI/D,O was flowed in the center channel and
60% TFE in 20 mM DCI/D-0 in the side channels. The protein
backbone amide protons do not exchange for deuterons under
these conditions. The time-resolved spectra were analyzed by
singular value decomposition and nonlinear least-square fitting
by using MATLAB (Mathworks, Natick, MA). MATLAB was also
used to compute the two-dimensional fluid dynamics simulation
and the diffusion of TFE in the jet. We assumed a diffusion
coefficient of 0.67 um? ms~! for TFE (18).
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Fig. 2. Design of the mixing chip. (a) Top view of the chip. The 80-um-deep
inlet channels are shown in green, and the 8-um-deep outlet channel isshown
in red. (b) Two-dimensional fluid dynamics simulation with false color repre-
sentation of the TFE concentration. A jet of the center (protein) solution
between two layers of buffer solution is formed. The TFE concentration is
computed by adding the advective term to the diffusion equation.
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Fig. 3. Epifluorescence image of the flow pattern with superimposed con-
tour. Fluorescein solution is flowed in the center channel and nonstained
buffer in the side inlet channels. The fluorescence cross section (b) shows a
homogeneous jet over 180 um wide. The peak in intensity in the upper part
results from the small flow velocity component in the direction of the in let
channels. (c) TFE concentration profiles through the observation channel as
extracted from Fig. 2b.

Results and Discussion

The protein solution in the center and two streams of mixing
buffer enter through 80-um-deep inlet channels (Fig. 2a, green),
which intersect with the 8-um-deep observation channel (Fig. 24,
red). Because the three inlet channels are a factor of 10 deeper
than the observation channel, at the merger there is almost equal
pressure over the whole width of the observation channel.
Because of the viscosity determined laminar flow, no turbulence
is induced when the second and third channels merge in, but a
layer of the center (protein) solution between two buffer layers
over the whole width of the observation channel results. A fluid
dynamics simulation was performed to verify the desired flow
pattern. Fig. 2b shows a side view of the intersection of the
channels. By approximating the observation channel as “infi-
nitely wide”, we can make a two-dimensional model of the fluid
flow. At alow Reynolds number, the stream function for this thin
sheet flow, which is deep in the transverse direction, must obey
the biharmonic equation (22). The resulting flow pattern (Fig.
2b) verifies the desired formation of a protein layer between two
layers of buffer solution. The protein layer is so thin that reactant
molecules diffuse from the buffer into the protein jet, and thus
mixing is fast. Time resolution is achieved by scanning along the
observation channel with the focused beam of an FTIR micro-
scope (17). Because the protein moves only in about the center
one-third of the observation channel, only marginal blurring of
the time axis because of the parabolic flow profile occurs. The
flow pattern is visualized by a fluorescein solution flowing in the
center inlet channel and buffer in the two side channels (Fig. 3a).
The fluorescence cross section of the observation channel (Fig.
3b) shows the formation of a homogeneous jet over a width of
about 180 um. In the top 20%, the formation of the jet is
distorted, which can be explained by the velocity component in
the direction of the inlet channels.

A BLG protein solution containing 10% TFE (below the
refolding transition) entered the center channel and mixed with

PNAS | June5,2001 | vol.98 | no.12 | 6647

BIOPHYSICS



T T T T
before mixing
final state

absorbance

—
=3
=
x
®
2
©
2
=
o)
©
N, :_ — B-sheet state
-5 F intermediate /
-2.0 - = a-helical state 1637 ¢
25 1 L L 1 L
1700 1680 1660 1640 1620

wavenumber / cm”
ol

rel. Amplitude

0 20 40
t/ms

Fig. 4. Time-resolved FTIR spectra and kinetic analysis. (a) Time-resolved
absorbance spectra taken along the observation channel. Time-resolved spec-
traat 1.1, 3.4,5.7,10.2, 21.6, and 103 ms. Spectrum before mixing (black line)
and final state spectrum (green line). (b) Second derivative spectra of a (solid
lines) and results of a three-state exponential fit (dots, plotted only up to 1,670
cm™"). Line coloring is the same as in a. (c) The three basic spectra, resulting
from the fit. (d) Time course of the three states as deduced by the fit.

60% TFE in the side channels in the structural dynamics
experiments. Mixing time was estimated by using a numerical
solution of the flow and diffusion equations. The advective term
is added to the diffusion equation and solved for the concen-
tration of TFE everywhere in the jet. The TFE concentration is
depicted in false color in Fig. 2b. When the three inlet streams
have combined, the TFE profile gradually relaxes to a constant
level as the jet travels down the observation channel. The
evolution of the TFE concentration, as a function of channel
depth, is pictured in Fig. 3c. At the first data point (taken at 100
pm/1.1 ms), the TFE concentration in the middle of the channel
exceeds 30%, which is well above the cooperative transition
threshold of 15-20%. The characteristic mixing time, extracted
from the simulation, is 0.4 ms.

Fig. 4a shows the time-resolved FTIR spectra of BLG after
mixing with TFE between 1,600 and 1,700 cm™!, where the
amide I band (the protein backbone carbonyl groups) absorb.
The amide I spectrum is sensitive to the secondary structure of
the protein. In the time course of the reaction, the maximum of
the amide I band shifts from 1,632 to 1,652 cm~!. To resolve the
overlapping bands of secondary structure elements, the second
derivative spectra are calculated (Fig. 4b). Absorbance maxima
correspond to negative peaks in the second derivative spectra.
The initial state spectrum (black) shows bands at 1,632 (strong)
and 1,692 cm™! (weak). These are characteristic of B-sheet
structures (9), as expected. In the course of the transition, the
signal at 1,632 cm™! decreases in favor of the more intense peak
at 1,652 cm™!, which is assigned to a-helices (9). Additionally,
the weak band at 1,692 cm ™! first shifts to 1,686 cm ™! and finally
disappears. The spectrum of the final state indicates an almost
complete loss of B-sheet structure, consistent with circular
dichroism and NMR results (4, 23, 24). There is no isosbestic
point between the two bands at 1,632 and 1,652 cm™~! in Fig. 4b,
revealing the population of at least one intermediate state along
the conformational pathway.
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Fig. 5. A schematic of the free energy surface of BLG-A as deduced by this
work and extrapolated from other work on the local conformational distri-
bution of barrier heights (35) and radii of gyration of protein structures of
similar molecular weight (21).

The dataset was kinetically analyzed by two methods: singular-
value decomposition (SVD) and least-squares curve fitting. SVD
of the spectra between 1,620 and 1,700 cm ™! resulted in three
linear independent basis spectra. Similarly, least-squares fits
yielded at least three spectral states necessary to model the data
adequately. The kinetic analysis provided no clear preference for
either an exponential stretched exponential or exponential
model, which includes back reactions for the time dependence of
the states. The result of the three-state fit with two simple
exponential functions is shown in Fig. 4 b—d. Fig. 4c depicts the
three basis spectra: the pB-sheet state spectrum (maximum at
1,632 em™!), the helical state spectrum (maximum at 1,652
cm~ 1), and the intermediate state spectrum. The amide I peak
of the intermediate is centered at 1,637 cm~! (Fig. 4c), and the
high-wavenumber B-sheet peak has shifted to 1,686 cm™~!. These
wavenumbers are within the typical range of antiparallel B-sheet
structures (12). The intermediate clearly is not unfolded, which
would correspond to an amide I band centered at 1,645 cm™!
(25). However, an upshift from 1,632 to 1,637 cm~! points in the
direction of a more loosely packed B-sheet structure.

Although we suspect that the intermediate structure is
B-sheet-like, the extent to which local contacts of the native
B-sheet exist in this intermediate state is not known. A similar
amide I frequency is observed for the molten globule of pressure-
denatured RNase A, another predominantly B-sheet protein
(26). This suggests a possible molten B-sheet structure of the
intermediate. In this model, the frequency upshift can be
explained by penetration of TFE into the hydrophobic core of
the protein and weakening of the backbone hydrogen bonding.
The structure of the kinetic intermediate differs from the
structure of the equilibrium intermediate detected by circular
dichroism spectroscopy (23), which was proposed to have 53%
helical and only 2% sheet content. However, in the equilibrium
intermediate detected by heteronuclear NMR, about half of the
B-sheet structure persists (24). The kinetic intermediate-state
structure deduced from our FTIR measurements more closely
resembles the NMR intermediate.

The intermediate state is formed with a time constant of
(2.2 £0.1) ms and disappears with a time constant of (7.7 = 0.1)
ms. Thus, the B-to-« transition of BLG is more than three orders
of magnitude faster than the BLG unfolding time in 4 M
guanidine hydrochloride or the BLG refolding to the native state
(27, 28). The disparity between the folding/unfolding times and
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the B-to-a structural change times is surprising, because the
change in free energy from the native (B-sheet) state to the
(helical) TFE state almost equals the free energy change from
the guanidine denatured state (29). Hence, similar rates would
be expected (30). However, the B-to-a transition proceeds via a
compact state where local interactions are already present, in
contrast to the folding pathway, where it is believed that a folding
core must be first formed (9). The internal structural transition
studied here might in fact proceed much faster than the folding
transition simply on the basis of a restricted phase space search
argument (31), so that although the enthalpy barriers are
large, the entropic barriers are reduced relative to the folding
transition.

We use TFE to drive this transition, and the question must be
asked: How does TFE reshape the energy landscape to facilitate
an interconversion between compact structures without unfold-
ing the protein? The well known equilibrium effect of TFE is the
weakening of the relative stability of hydrophobic in the core of
the protein and the enhancement of a-helical structures (32).
The basic mechanism of TFE stabilization of exposed hydro-
phobic residues comes from the formation of TFE hydrophobic
clusters in water, providing a hydrophobic microenvironment
(33). This facilitates a movement of hydrophobic groups from
the hydrophobic inside to the outside of the protein. By provid-
ing a hydrophobic microenvironment and by favoring helical
structures, the protein seems able to rearrange itself quickly
within a rather compact state with low activation barriers.
Taking together our results and data from equilibrium measure-
ments, a picture of the energy surface arises (Fig. 5) showing
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explicitly the local roughness of the energy surface because of
conformational substates (34) and the deep-lying metastable
intermediate folded states that this work addresses.

The continuous-flow mixing chips presented in this work open
up new dimensions for FTIR spectroscopy of protein reactions.
The time resolution of 400 us is about 1,000 times faster than
recent IR stopped-flow devices (25). Additionally, the minia-
turization reduces the sample consumption by an even higher
magnitude. For a reactant with a higher diffusion coefficient
than TFE, the time resolution can be further improved by using
a smaller IR focus spot and a higher flow velocity. With the
current design and the 10-pum spot of a synchrotron IR source
(35), a time resolution on the order of 50 us is feasible. Our
results with this technology indicate that specific changes in the
(micro)environment can make the transition between compact
structures much more likely because the protein does not have
to unfold. From this finding, it may be postulated that a
hydrophobic microenvironment is generally a crucial factor in
helix/sheet transitions. It is known that chaperones like GroEL
expose hydrophobic side chains in their cavity to allow for
rearrangement of misfolded structures (36). One may speculate
further that a yet-unknown microenvironment might be the
missing link to explain the formation of prion B-sheet structure.
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