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Elucidating the molecular details of folding pathways is critical
to understanding the mechanisms of protein folding. Molecular
dynamics simulations of small, fast-folding proteins are beginning
to reveal such details, but experimental tests are required to validate
these simulations. A highly effective approach to benchmark
molecular dynamics (MD) simulations experimentally is to map
transition-state structures usipgralue analysi$.A complementary
approach developed in our laboratories and others is to characterize
the earliest intermediates in protein folding using temperature jump
(T-jump) and time-resolved spectroscopic methbtsVe have T T ™
studied the early folding dynamics of the B domainStfphylo- Time (s)
coccal protein A (BdpA), an ideal model system because of its Figure 1. Relaxation kinetics of BdpA following T-jumps probed with
small size (58 residues) and simple three-helical bundle (H1, H2, TY" fluorescence, upper trace (589 °C) and IR absorbance, lower trace

. . . (66—79 °C). The concentration of the protein solution used in the IR and

_and H3) tODOIC_)gY' PV?V'OUS studies fpund that the f‘?'d'“g of deA fluorescence experiments was-2 mg/mL in phosphate buffer at pH*
is complete within microseconds,a time scale that is accessible  (uncorrected) 6.75 in fD. The solid lines are fits to exponential decays; a
to all-atom MD simulations. MD simulations of the folding of BdpA  single exponential fits the fluorescence transient 6.3+ 1 us), whereas
predict a range of folding mechanisms, from hydrophobic colfapse two distinct phases are observed in the IR transient(70 + 10 ns,z; =

e find.7 : : o 5.3+ 1us). A cavitation artifact is observed at early time in the fluorescence
to diffusion collision®:” Furthermore, simulations that support initial transient, but the signal returns to baseline prior to the protein response.

formation of secondary structure vary in their prediction of the order e fiuorescence and IR transient signals are averages of 200 000 and 10 000
of formation of the individual helices, depending on the force fields laser shots, respectively.

and simulation methods employ&d? Clearly, new experimental
data are required to help test and refine the different MD observed with far-UV CD (signal at 222 nifi,, = 72.5+ 0.1°C)
approaches. T-jump IR measurements have shown that fast formaand FTIR (buried helix amidé IR band at 1652 cmt, T, = 73.3
tion of individual helices is the first step in the folding of BdpA, =+ 1°C)5 The linear baseline dependence of the melt corresponds
in agreement with some MD simulations. Unfortunately, the IR to the temperature-dependent quantum efficiency offyrhe
experiments do not identify which of the three helices are formed dominant perturbation of the Tyr environment in the sigmoidal
in the fast initial phase. The T-jump fluorescence results reported transition is most likely the loss of the helical conformation (coupled
here demonstrate that H1 is not involved in this fast helix formation with the disruption of the tertiary helical bundle). Tyr14 is situated
step. This observation validates the results of several MD simula- along the side of H1 that packs against H2 and is partially exposed
tions that predict H1 formation only in the final assembly of the to solvent even in the folded structu®ePartial protection of the
helix bundle. Tyrl4 from solvent is provided by stacking of the aromatic ring
We have probed the relaxation dynamics of BdpA in response against the neighboring Phel3 in the helical conformation. The loss
to a laser-induced T-jump using time-resolved fluorescence spec-of the helical conformation breaks the FPhe interaction,
troscopy? The fluorescence probe used to monitor the folding increasing the exposure to solvent which decreases the Tyrl4
dynamics of BdpA is a single tyrosine residue (Tyr14) located in emission intensity and slightly red-shifts the peak emission.
H1. The fluorescence quantum yield of Tyr is sensitive to the local ~ Figure 1 compares the transient fluorescence with the transient
environment of the aromatic ring and hence reports on the protein IR absorbance monitored at the solvated helix frequency (1632
structure* We have found that T-jump Tyr fluorescence measure- ¢cm™?) in response to T-jumps to the same final temperature (79
ments provide a specific probe of the H1 dynamics and thus °C). These two probes monitor different aspects of the protein
complement the IR measurements, which probe the dynamics ofstructure and yield very different kinetics responses. The fluores-
the entire helical backbone. Together, the fluorescence and IRcence and IR T-jump experimental setups have been described
results provide unique insight into the folding mechanism of BdpA. elsewheré®’ The magnitude of the T-jump (accuracyl °C)
In addition, this is the first report of the use of Tyr fluorescence to was calibrated using Trp and.D reference solutions held in a
follow fast protein folding events. separate compartment of the sample cell. In each case, the
The fluorescence spectrum of the folded protein atQhas a instantaneous response of the sample to the T-jump (instrument-
peak near 312 nm due to the single Tyr fluorescence. The thermallimited, 7 ~ 23 ns), due to the temperature-dependent quantum
denaturation curve obtained by monitoring the integrated intensity efficiency of Tyr and IR absorbance o%0, respectively, has been
of this peak with temperature shows a linear baseline underlying a subtracted using the transient response of the reference solution. A
single sigmoidal transition; this transition is similar to what is cavitation artifact is evident at early times in the fluorescence
 Los Alamos National Laboratory. tran_si_ent, as a consequence of thg Iarg(_a T-jump required tq generate
§ Bowdoin College. sufficient signal AT = 23 °C); this artifact also appears in the
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reference data (i.e., it is independent of the protein sample) and microdomain and the final docking of H1 to this microdom#it?-26

has a characteristic time response. Although the early time regionin an MD unfoldingsimulation, Alonso and Daggett observed the
of the fluorescence data is partially obscured by this artifact, the reverse order of events and concluded that the stability of H1 is
signal returns to the baseline before the microsecond kinetics phaseassociated only with its tertiary interactions with the other hefices.
indicating that no nanosecond kinetics phase is present in theGarcia and Onuchic also observed early formation of H3, although
fluorescence response. The fluorescence transient is well fit by athey find substantial formation of H1 stabilized by interactions with
single-exponential process with a relaxation time of 5.3 us. In H2 in the transition stat® While these studies differ in the details
contrast, the IR transient absorbance clearly displays two distinct of the folding mechanism predicted for BdpA, the consensus is
relaxation processes. The IR solvated helix band (1632%cm  that H1 is formed only in the final assembly of the helical bundle.
reports on the hydrophilic side of the helical bundle as well as the  In summary, we have used T-jump Tyr fluorescence as a novel
individual solvated helicesThe microsecond relaxation process probe of early folding dynamics to study the folding mechanism
(r = 5.3+ 1 us) corresponds to the relaxation of the tertiary helical of a fast-folding helical protein, BdpA. Our results confirm the
bundle, whereas the faster relaxation process-(70 & 10 ns) predictions of some MD simulations that the formation of H1 occurs
corresponds to the helixcoil transition of the individual helices. very late in the folding of this protein, concurrent with the formation
Numerous studies by our group and others have shown that theof the tertiary helical bundle.

relaxation of helices in peptides qnd proteins has a chg.ract.eristic Acknowledgment. This work was supported by a grant from
rate ¢-107 s7%).>17"22 Thus, the helix coil relaxation transition is o National Institutes of Health (GM 53640 to R.B.D.). We thank
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The results of this study give further insight into the folding ¢, ppatical support.

mechanism of BdpA. Different relaxation behaviors for BdpA are
observed in response to fast laser-induced T-jumps, depending oy
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