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Measurement of Solvation Responses at Multiple Sites in a Globular Protein
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Proteins respond to electrostatic perturbations through complex reorganizations of their charged and polar
groups, as well as those of the surrounding media. These solvation responses occur both in the protein interior
and on its surface, though the exact mechanisms of solvation are not well understood, in part because of
limited data on the solvation responses for any given protein. Here, we characterize the solvation kinetics at
sites throughout the sequence of a small globular protein, the B1 domain of streptococcal protein G (GB1),
using the synthetic fluorescent amino acid Aladan. Aladan was incorporated into seven different GB1 sites,
and the time-dependent Stokes shift was measured over the femtosecond to nanosecond time scales by
fluorescence upconversion and time-correlated single photon counting. The seven sites range from buried
within the protein core to fully solvent-exposed on the protein surface, and are located on different protein
secondary structures includiffigsheets, helices, and loops. The dynamics in the protein sites were compared
against the free fluorophore in buffer. All protein sites exhibited an initial, ultrafast Stokes shift on the
subpicosecond time scale similar to that observed for the free fluorophore, but smaller in magnitude. As the
probe is moved from the surface to more buried sites, the dynamics of the solvation response become slower,
while no clear correlation between dynamics and secondary structure is observed. We suggest that restricted
movements of the surrounding protein residues give rise to the observed long time dynamics and that such
movements comprise a large portion of the protein’s solvation response. The proper treatment of dynamic
Stokes shift data when the time scale for solvation is comparable to the fluorescence lifetime is discussed.

upon excitation, creating a nonequilibrium environment for the
surrounding protein. As the protein residues and nearby solvent

Electrostatic interactions affect nearly every aspect of protein
structure and functid? and play a major role in biological
processes including electréhand proton transfeér,enzyme
catalysis® ligand binding’ and ion transpot.These processes,
where charges often move over substantial distances, can b
affected by both the time-averadeahd time-dependent varia-

molecules reorient to solvate the excited state of the probe, the
emission spectrum shifts to lower energy with time and serves
as a reporter for the extent of solvation. In order to be a useful

robe of local protein solvation dynamics, the fluorophore must

ave fluorescence emission that is sensitive to the surrounding
. X " ) e . environment and must be targeted to a specific location within
tions in the.electrlc field. Time-dependent var|at|on§ derive from o protein. Studies of protein solvation have typically relied
the dynamics of nearby charged, polar, and polarizable groups,y, e affinity of a dye for a particular ligand-binding sie20

ahs wleII as thf? mobility and ﬁccelssmmty of solvent r‘r;o:lecules taken advantage of endogenous chromophores in the protein
that lead to fluctuations in the electrostatic potential that can no iy 2123 or modified reactive side chains at the protein

enhanc_e specific solvatipn responses as charge (_1_evelops._ ThErface Tryptophan can also be used as a local probe of
fluctuations of electrostatic potential and more specific solvation ¢ ation dynamics and has recently been used to probe the
responses depend upon this distribqtion of groups constrainedprotein hydration lay&F27 or the protein coré® However,

by the ovgrall structure of lthe protein scaffold. Compared to tryptophan’s photophysics are complicated by the near degen-
the so_lvat|on dynamlc_:s of S|mpl_e fluid solvents (e._g.,_water _and eracy and differing polarities of itd , and 'L}, excited states,
organic solvents), which are typically completed within the first |, ..., may limit its usefulness as a general probe

few picosecond¥ the dynamics of a folded protein are more . . .
complex due to its tertiary structure and heterogeneity, and h 6-Ero|5)|o|nyl-Z-N,(;\l-dlmethé/lamlno)naphkt)hglene (PEODAN)l .
solvation occurs on many time scaldsis as both electron donor and acceptor substituents that result in
. . a large change in dipole moment upon excitatin (letermined
The_ experimental measurement of these dy”a”?'cs. or theto be between 4.4 and 5.0 D by Samanta éP)ahnd exhibits
solvation response of a protein to a charge perturbation is oftena large solvatochromic fluorescence shift with increasing solvent

ﬁcmeved tby g1o.n|ttor(|jng fjhgtdynamlc S.E[Oke?{h.éﬁgbf at . polarity3° Experiments and calculations propose that in polar
uorescentprobe introguced Into a unique Site within the protein. ¢, hts pRODAN’s emission is from a charge transfer state

The probe undergoes a substantial change in dipole MOMeNt,hile at low temperatures or in nonpolar solvents the emission

is from a locally excited state (LE}.32There is still debate on
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differences at longer time scales that depended on the probe
location!® In this work, we present the solvation dynamics over
the full lifetime of the Aladan probe, extend the measurements
to four additional sites, and make comparisons with the
dynamics of the free fluorophore in solution. This study
represents the most comprehensive characterization of a pro-
tein’s solvation response to date.

Materials and Methods

Protein Synthesis.Aladan was synthesized as previously
described! GB1 synthesis (amino acid sequence as in ref 11)
was carried out by standard Fmoc/HBTU chemistry on Wang
resin with an Applied Biosystems 433A Peptide Synthesizer,
except that resin was moved from the synthesizer to a round-
bottom flask for Aladan coupling, and Fmoc-Aladan was
coupled to the sequence using HATU. Proteins were cleaved
from the resin (5% thioanisole, 5%,8, and 1% TIPS in TFA)
for 1 h, precipitated with ether, and centrifuged. The resulting
pellet was washed with ether and quickly resuspended in 20
mL of 200 mM Tris buffer, pH 8.0. Low molecular weight
impurities were removed with a Centricon spin dialysis column
(3000 Da molecular weight cutoff; Millipore). Refolded protein
was purified by chromatography on IgG-Sepharose (Amersham),
washing exhaustively with PBS, pH 7.4, to remove unbound
material, and eluting with acetate buffer, pH 3.4, until all yellow
color had been washed from the column. Eluted fractions were
frozen and lyophilized, and then purified by reverse-phase HPLC
with a Vydac C18 column, using a shallow (0.1%/mimnQ4
Figure 1. Sites of incorporation of fluorescent amino acid Aladan into CH3CN gradient. Samples containing protein were frozen and
the B1 domain of streptococcal protein G. The crystal structure is from lyophilized, and then resuspended in water and relyophilized

ref 59 (Protein Data Bank 3GB1). The sites of incorporating were : .
characterized as buried (F30, L7), partially exposed (W43, Y3), and to remove residual TFA. Purities and molecular masses were

fully exposed (A24, V21, T16), assayed w_ith an LCQ MS/MS electrospray mass spectrometer
(Thermo Finnigan).
CHART 1 Structural Characterization. All Aladan-GB1's showed
similar affinity to ligand as wild type. Further characterization
o coo O CONH, was performed on F30, L7, W43, and A24 to ensure that the

NH,* NHAc Aladan does not disrupt the tertiary fold of GB1These sites
exhibited cooperative and reversible two-state unfolding transi-
MeN MeN tions, and distinct differences at buried and exposed sites in
Aladan N-acetyl-Aladanamide (NAAA) ! P

their accessibility to the hydrophilic collisional quencher iodide.
its initial synthesis, this chromophore and its derivatives have *H NMR studies of GB1 with buried Aladan residues show the

been widely utilized as probes of protefisipids 2 and cellular ~ expected dispersed amide regions of well-packed globular
membraned’ PRODAN served as the inspiration for the proteins and include resonances characteristic of the wild-type
synthetic fluorescent amino acid Aladar(Chart 1). Aladan  Pprotein interior
shares the same conjugated chromophore as PRODAN and Sample Preparation and Steady-State Characterization.
shows similar solvatochromic fluorescence sHiftds an amino The seven Aladan-containing proteins (Figure 1) Braicetyl-
acid, Aladan can be incorporated site-specifically throughout a Aladanamide (NAAA) (see Chart 1) were dissolvedAigo =
given protein sequence, including the protein interior, permitting 5 in aqueous buffer (150 mM NaCl and 50 mM NaOAc, pH
us to undertake a comprehensive characterization of protein5.4) as described previoustyThe absorption spectrum of each
solvation dynamics. sample was recorded on a Perkin-Elmer Lambda 2 UV/vis
Aladan was incorporated into seven different sites of the B1 spectrophotometer (Perkin-Elmer, MA). Steady-state fluores-
domain of streptococcal protein G (GB1; Figure 1) by solid- cence spectra were recorded using a Spex Fluorolog fluorimeter
phase synthesis (see Materials and Methods). The sites wergvith a Spex 1620 dual grating emission monochromator
characterized as buried (F30, L7), partially exposed (W43, Y3), (HORIBA Jobin Yvon, Edison, NJ). Spectra were corrected for
and primarily solvent exposed (A24, V21, TI8¥8 The sites detection efficiency using a series of standards and technical
are also located on the different secondary structures of theemission spectra that covered the appropriate fluorescence
protein including the8-sheets (L7, W43, Y3, T16), on the helix ~ range®?
(F30, A24), and in a loop region (V21). Aladan’s peak Ultrafast Fluorescence SpectroscopyThe time-resolved
fluorescence at these sites (ranging from 468 to 525 nm) fluorescence of Aladan-GB1's and NAAA in aqueous buffer
suggests that the emission is from a charge transfer%tate. ~ was measured at 12 wavelengths by a fluorescence upconversion
Earlier time-resolved upconversion experiments (for Aladan setup described previoudly“3 and by time-correlated single
at positions L7, F30, and W43) measured protein relaxation over photon counting (TCSPC). The samples, stirred continuously
160 ps and demonstrated that the Aladan-substituted proteingn a 1 mmpath length quartz cuvette, were excited at 82 MHz
experienced a rapid solvation response at early times withby a 400 nm excitation pulse generated from the second
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harmonic of an argon ion pumped titanium:sapphire laser. To The contribution from the previous puldg ¢ 1/f) was included
avoid fluorescence quenching and photodestruction by oxygen,for the longer time components. An analytical expression rather
the cuvettes were sealed and kept under an argon atmospherghan a numerical convolution was used due to the nonlinear
Samples typically had an absorption&f, = 0.3—0.6 in the step size of data acquisition:

1 mm path length cuvette. Steady-state fluorescence spectra were

acquired before and after time-resolved experiments to ensureRg g ¢ ¢~/7 —

that samples did not deteriorate over the course of experiments. (t—t) — o’
For upconversion measurements, the instrument response 1 Gl 2)_“_“’)/’)(1 + er(( ° )) ®3)
function (IRF) generated from the mixing of the gate beam with 2 20

scattered excitation light was typically160 fs full width at
half-maximum (fwhm). A 200 mm ATS100 delay line (Aero- However, this simplification is justified since the IRF of the
tech, PA) in the excitation pathway afforded an extended time upconversion setup is well described by a simple Gaussian line
window of 1.33 ns compared to earlier upconversion measure-shape with fwhm= 20+/2In(2). Overall, this fitting procedure
mentd! and allowed for logarithmic time steps. The sample was creates a multiexponential decay series for each wavelength
excited with 5 mW of light (6 pJ/pulse) polarized at the magic D(t;1) that seamlessly spans the time scale of the upconversion
angle with respect to the gate beam. A UG 11 filter provided and TCSPC measurements.
good transmission of the upconverted light over the desired The use of the decay serie®(t;l) removes unwanted
wavelength range while sufficiently blocking the nonupcon- contributions from the IRF, background, fluorescence from
verted fluorescence and residual, scattered 400 nm excitationprevious pulses, and the group velocity mismatch present in
light. Upconverted fluorescence was detected by a photonthe raw data. Although the decay series can be extrapolated to
counting R928P PMT (Hamamatsu, Japan) attached to a 270Marbitrary short and long times, it was limited to the experimental
dual-port monochromator (Spex Industries, NJ). time window of 80 fs-10 ns. Time-resolved emission spectra
For time-correlated single photon counting experiments, Were obtained by normalizing the integrated areas of the decay
samples were excited by 1.6 mW of light (2 pJ/pulse) polarized series at each wavelength to their respective intensities in the
at the magic angle with respect to a Glan-Thomson polarizer steady-state fluorescence spectriigyl) and converted to
placed in the emission detection pathway. The IRF of the frequency representatidfi:
TCSPC setup, measured by detection of scattered excitation

light, was ~30 ps fwhm, and the time window of data , DA F(d)
acquisition was~10 ns with 12.2 ps/channel resolution. A 420 Fivity=v ——m— (4)
nm long-pass filter provided good transmission of the fluores- zAl'Ti + CZAiTi

cence emission and sufficiently blocked scattered excitation

light. Fluorescence was detected through the second port of theTh . . . o
e dynamic Stokes shift, as characterized by the peak emission
monochromator by an R3809U-50 MCP (Hamamatsu)) and an frequencyvy(t), was calculated by fitting the time-resolved

SPC-630 TCSPC module (Becker & Hickl, Germany). Anisot- spectra to a log-normal line shape and averaged over two or

ropy scans were _acquwed by rotating the polarlzatlon_ of the three independent data sets for each sample (with the exception
excitation beam_ with a 1/2-plate to parqllel and perpendlcular of T16 where only a single date set was obtained due to limited
po!anzatlons with respect to the polarizer. The time-resolved sample) from 80 fs to 10 ns. This procedure produces a smooth
anisotropy was calculated aff) = (i(t) — 1o()/(In(®) + 2lo- curve of peak emission frequency over time and does not include
(©)- . . the noise inherent in the experiment. At late times the peak
Data Analysis. The data sets acquired by the TCSPC frequency is less well-defined than at early times due to low
technique were analyzed by fitting the data to the cyclic gyerall fluorescence intensity.
convolution of the IRF with a sum of exponentialk;(zi), a To characterize the time scales of solvation in the dynamic
baselineB, and a time offseto: Stokes shift data, a maximum entropy method (MEM) analysis
was performed using the program MemExp v2.0 developed by
Tesp A -t Peter J. Steinbach of the N#44> The MEM analysis strives
) = IRF® Yy ————e 9" +B (1) tofitthe dynamic Stokes shift with a distribution of lifetimes
1—-e ™" equally spaced in logj space while simultaneously maximizing
the entropy ternS = Yw; In(w;), wherew; is the weight of
wheref is the repetition frequency of the laser pulses (82 MHz). Jifetime ;. The MEM solution gives the distribution of lifetimes
The cyclic convolution and the denominator in the preexpo- that best fits the data and is the least structured. The relative
nential term account for the fluorescence that remains precedingimportance given to each of these factors will affect the shape
excitation events and is important when the radiative rate of of the distribution, and the selection of an acceptable distribution
emission is comparable to the repetition rate of the laser (typical is described in detail in ref 44.
fluorescence lifetimes are-21 ns and the time between laser MEM is sensitive to the error bounds of the data; however,
pulses is 12 ns). The upconversion data were fit to the analytical the dynamic Stokes shift has no error since it is derived from
expression of a Gaussian-type IRF convolved with a sum of the fits to the fluorescence decays. For the purpose of this
exponentials4j, 7j), a baselinds, and a time offsetp. The longer analysis, a reasonable estimation of the error of the measurement
time componentsX ~500 ps) and their relative amplitudes were  must be included in the dynamic Stokes shift. This was done
kept fixed to those values obtained by TCSPC and were scaledby adding Poisson-distributed noise appropriate to the count rate

by a single parametet: of the measurement to the decay serieg;{) in eq 4). From
this modified decay series, time-resolved fluorescence spectra
IYPS(t:1) = IRF® [Z Aje*(lfto)/fj + Cz(Aief(Hw”‘ + were constructed and fit to a log-normal line shape as described

(1t above. The resulting dynamic Stokes shift, which now includes
Ae N+B (2 simulated noise, was analyzed by MEM.
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Wavelength (nm) F_igure 3. Normalized integrated fluorescence intensity of Aladan at
. . . sites V21 (red), A24 (orange), Y3 (green), W43 (cyan), L7 (blue), and
Figure 2. Normalized steady-state absorbance (solid) and fluorescence g5 (purple) in GB1 and NAAA in buffer (black) measured by TCSPC
(dashed) spectra of Aladan at sites V21 (red), A24 (orange), Y3 (green), ¢q|iowing excitation at 400 nm. The integrated intensity was determined
W43 (cyan), L7 (blue), and F30 (purple) in GB1 and NAAA in buffer o fitting at each time point the time-resolved spectra to a log-nomal

(black). The excitation wavelength for steady-state and time-resolved |ine shape, The fit parameters were then used to determine the integrated
fluorescence measurements, 400 nm, is indicated by the arrow. Forjyensity of the curvé? The fluorescence at negative time is primarily

clarity the spectra for T16 were omitted but they overlap very closely gmission from the previous excitation pulse. T16 is not included as

with the spectra of V21. the integrated fluorescence decay overlays very closely with that of
V21.

and the degree of solvent exposure (Figure 3). The kinetics
Steady-State Spectroscopylhe steady-state absorption and measured at any discrete wavelength are affected by solvation
fluorescence spectra of the Aladan-GB1 mutants and NAAA processes that occur on a comparable time scale; therefore, the
in buffer are shown in Figure 2. The NAAA emission maximum lifetime of the probe was determined by fitting the integrated
depends strongly on the polarity of the solvéhghowing a intensity of the time-resolved spectra. The decay of emission
545 nm peak in aqueous buffer following excitation at 400 nm. intensity for NAAA in buffer is well fit with two lifetimes,
While the seven mutants exhibit only small differences in their (73%) 0.35 ns and (27%) 1.35 ns, which are similar to the
absorption spectra, their emission spectra vary dramatically with biexponential decay times of 0.5 and 859 ns reported for
peaks that range from 468 to 525 nm depending on the locationPRODAN in water*647 The emission decays for the seven
of the probe within the protein (Figure 1). Mutants whose native Aladan-GB1 mutants are more complex, requiring at least three
residues were characterized as being buried within the proteinexponential components in all cases (Table 1). The mean
core (F30 and L7) exhibit a smaller Stokes shift than those lifetimes [Z;:C= 3 Aiz; for the buried sites are 2.8 ns for L7 and
characterized as being partially (W43 and Y3) or fully (A24, 3.2 ns for F30. Exposed sites such as T16, V21, and A24 have
V21, and T16) exposed to the surrounding soi&rtnd none mean lifetimes of 1.5, 1.7, and 1.0 ns, respectively. The partially
exhibit a Stokes shift as large as that observed for NAAA in buried sites showed intermediate lifetimes of 2.3 ns for Y3 and
buffer. Based on the native structure, residue T16 could be 2.5 ns for W43. Thus the average fluorescent lifetime of the
considered partially buried. However, upon replacement with probe at the buried sites is longer than when exposed to solvent
the bulkier Aladan its emission properties closely resemble thoseor free in solution. The increase in fluorescent quantum vyield
of the solvent-exposed sites. Steric constraints likely push of PRODAN and its derivatives when bound to proteins is well
Aladan into the bulk solvent at this site, and T16 was documentet? >0 and is likely due to contributions from a
operationally classified as solvent exposed. reduced rate of collisional quenching by solvent molecules and
Time-Resolved Fluorescenceror all samples studied, the  possibly reduced conformational freedom of the amine or
time-resolved emission measured by fluorescence upconversiorcarbonyl groups due to the close packing of surrounding protein.
exhibits a rapid decay at shorter wavelengths and rising kinetics Time-Resolved Anisotropy.The time-resolved anisotropy
at longer wavelengths, evidence of relaxation from high- to low- of NAAA, as measured by TCSPC, shows an initial anisotropy
energy emitting conformations. These kinetic signatures are ar(0) of 0.37 which rapidly decays to zero with the rotational
hallmark of the time-dependent Stokes shift that occurs as thecorrelation time of the probey185 ps (Figure 4). As expected,
surrounding protein and solvent reorient to solvate the charge-the time-resolved anisotropies of the Aladan-GB1 mutants decay
separated probe created following excitation. The decay of on a time scale much longer than that of the free fluorophore.
emission on the nanosecond time scale, measured by TCSPCThe time-resolved anisotropies of the F30, L7, and W43 mutants
shows a correlation between the lifetime of the Aladan probe are identical to within the error of the measurement. All three

Results and Discussion

TABLE 1: Fit Parameters for the Decay of Integrated Fluorescence Intensity Measured by TCSPC

sample A (%) 71 (NS) Az (%) 72 (NS) As (%) 72 (NS)
NAAA 27 £2 1.3+ 0.03 73+ 2 0.35+ 0.02

T16 42+ 6 2.88+ 0.02 38+ 2 0.8+ 0.1 20+ 5 0.15+ 0.03
V21 43+ 6 3.0+ 0.2 35+ 4 1.0+ 0.3 22+ 10 0.35+ 0.07
A24 23+5 29+ 04 39+ 5 0.8+ 0.3 38+ 9 0.18+ 0.08
Y3 48+ 2 3.83£0.01 32+ 3 1.44+0.1 19+ 5 0.32+ 0.09
W43 35+ 6 41+0.3 54+ 4 1.940.3 11+ 2 0.3+ 0.2
L7 72+ 4 3.7+ 0.1 15+1 0.94+ 0.19 13+ 4 0.10+ 0.04

F30 72+£5 4.2+£0.2 15+1 1.1+0.3 13+ 4 0.21+ 0.05
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Figure 4. Time-resolved fluorescence anisotropy of Aladan at sites 4 5 ) ' 0 \
T16 (gray), V21 (red), A24 (orange), Y3 (green), W43 (cyan), L7 (blue), 10 10° 10° 10 10 10
and F30 (purple) in GB1 and NAAA in buffer (black) measured by Time (ns)

TCSPC following excitation at 400 nm. ) ) ] ) o
Figure 5. Dynamic Stokes shift, as characterized by the peak emission

S . . energy of the time-resolved emission spectra (see text), of Aladan at
mutants show high initial anisotropieq@) > 0.31) that decay sites T16 (gray), V21 (red), A24 (orange), Y3 (green), W43 (cyan),

with rotational correlatior_l times _ova.Si 0.3 ns (65%) and L7 (blue), and F30 (purple) in GB1 and NAAA in buffer (black)
8.6+ 1.5 ns (35%) consistent with the small size of the GB1 measured by upconversion spectroscopy and TCSPC following excita-
protein®! The A24, V21, and Y3 mutants have similar initial  tion at 400 nm. Dashed curves are individual data sets, while the solid
anisotropy following excitatiorr,(0) = 0.35; however, they then curve is the average for a site. The 160 fs IRF of the upconversion
exhibit faster decay times 6£0.6 + 0.2 ns (41%) and 7.% setup is indicated by a vertical dashed line.

0.3 ns (59%), indicating that they experience a greater degree

of rotational freedom at the protein surface compared to their and ~2220 cnt” for Y3, the partially exposed sites. For the
P P . solvent-exposed sites T16, V21, and A24, the maximum shifts

buried counterparts. The T16 mutant shows intermediate ani- Jpeerved are-1560, 1930, and 2500 cr, respectively. The

Zﬁg%pgibgr;a;]nso(gv?v&r; qriieagn:?fessglt/gd_ﬂin(i)é(c)):tgron;e(szglc;/og)gest total observed shift of the peak emission frequency-i570

that sélvatién of the pro.be is not due to a significant reorientation and 2370 .le for the buri_ed s_ites F30 and L7, respectively._

of the probe, such as a redistribution of the probe from the The magnitude of these shifts likely underestimates the capacity
! of the protein to solvate charge at these sites because the

protein core Into the surroundlng solvent following excitation. measurement becomes limited by the excited-state lifetime of
Such a specific, orientational response of the probe would cause

a change in the anisotropy on a much faster time scale thanthe probe. In simple solvents, the time scale of fluorescence
that of global protein rotation. Furthermore, the relatively simple (zr, typically approximately nanoseconds) is much longer than

. _ . that of solvation €, typically 100 fs-10 ps), so steady-state
anisotropy decays suggest that the emitting state is the same a8 mission originat(;s i;?imarﬁy from the Ejll)y solvatedyst%&e.

the initially excited state and that the Aladan probe does not As the time scales, andz; become comparable, as can be the

undergo.any comp!lcated photophystcs.. . case in protein systems (or in very viscous solvents and glasses),
_Solvation Dynamics of Aladan-GB1's.Time-resolved emis- o \jjtimate capacity of the protein to solvate charge may never
sion spectra were reconstructed from the upconversion andpe regjized within the excited-state lifetime of the probe.
TCSPC kinetic traces, and the dynamic Stokes shift Was terefore, the Stokes shifts observed in these experiments serve
characterized by the time-dependent shift of the peak emission,g |\yer fimits of the site-specific dielectric capacity of the
frequency. Given the 160 fs IRF of the upconversion setup, it nrotein. This limited observation window also prevents the
is difficult to accurately extrapolate time-resolved emission accirate construction of the solvation correlation function

spectra at times: 80 fs; therefore, this was taken as the Upper commonly used to characterize the response of simple solvents:
limit of time resolution. The dynamic Stokes shifts of seven

Aladan mutants and the free probe NAAA are shown in Figure u(t) — v(o)

5. The plot includes both individual data sets (dashed curves) cH = 2(0) = (@) (5)

and the average (solid curves) for each site. There is good v v

reproducibility between data sets of the same site. Typically, the peak emission frequency observed at steady state

The Aladan mutants exhibit a diversity of solvation responses, is taken as/(»); however, this is valid only whew is much
in both magnitude and time scale. The starting frequency alsolonger thants, and is justified in the case of simple fluid
differs substantially between different protein sites ranging from solvents. Whent ~ 75, the steady-state emission spectrum no
22 460 cm! for the buried site F30 to 20 260 crhfor solvent- longer reflects the maximum solvation capacity of the solvent
exposed T16. Qualitatively, the solvation dynamics at the most under investigation. The separation of time scales s is
exposed sites A24, V21, and T16 more closely resemble thosenot known a priori for protein systems, so we avoid the use of
of the free probe in solution. In general, as the sites probed normalized correlation functions and instead report the absolute
become more buried, the time scale of the response exhibitsobserved frequency shift over the specified time window.
slower dynamics. Surprisingly, the time-resolved emission  The dynamic Stokes shifts of the seven mutants are not well
spectra of W43 and A24, and to a lesser extent V21, T16, and described by a simple series of exponential decays; therefore, a
Y3, appear to blue-shift after ca. 1 ns. maximum entropy method (MEM) analysis was performed to

The maximum shifts observed, excluding the blue shifts seen characterize the time scales of solvation. For the T16, V21, A24,
at longer times (discussed below), ar@460 cnt?! for W43 Y3, and W43 mutants, the MEM analysis was restricted to the
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= T T L P;I acceptor (the side chain carbonyl oxygen) that could promote
" NAA X intermolecular hydrogen bonding. A small population of as-
- - sociated NAAA molecules could explain the observed longer
- solvation components. These intermolecular interactions should
B T16 i be minimized when Aladan is incorporated in a protein and its
- MDA L, T hydrogen bond donors are part of the protein backbone.
C . \',21 7 There are no clear trends in dynamics for different secondary
- . structures. Both sites V21 (on a loop) and A24 (helix) show
C L ] similar dynamics despite the greater flexibility expected for a
- ' A2'4: loop£%¢ Solvent exposure seems to play a larger role in
- - solvation than secondary structure as sites sharing the same
o L A PR T secondary structures such/asheet sites (L7, W43, Y3, T16)
= ' ' IY3 i and helix sites (F30, A24) show vastly different dynamics.
= 'm !\ g ] The dynamic Stokes shift of both A24 and W43, and to a
= - - much lesser extent T16, V21, and Y3, appear to undergo a blue
= W43- shift at longer times¥ 1 ns). These blue shifts typically occur
< [ ! ! Q i at long times when the overall fluorescence intensity has decayed
- 5 to less than 20% of its initial value. Although the excited state
- L7 - of the chromophore is not expected to increase in energy along
B !\ ’] Q : Q ] the solvation coordinate, a blue shift is possible if there are two
- - or more subpopulations of the chromophore with different
- F30 1 solvation dynamics and lifetimes. Given the correlation between
C ] fluorescence lifetime and the position of the probe (Figure 3),
- it is reasonable to consider the possibility that the blue shift is
210123456 due to the presence of a small population of chromophores in
log (t), ps a more protected environment than the fully exposed probe.

Figure 6. MEM analysis of the contributions to the dynamic Stokes Such @ population would be expected to exhibit a smaller overall
shift of Aladan at sites T16 (gray), V21 (red), A24 (orange), Y3 (green), Stokes shift and possess a longer fluorescence lifetime. If this
W43 (cyan), L7 (blue), and F30 (purple) in GB1 and NAAA in buffer ~ were the case, the dynamic Stokes shift at early times reflects
(black). the solvation dynamics of the dominant, short-lived population.

red-shifting portion of the dynamic Stokes shift curve; the results AS the intensity of the two populations becomes comparable,
for the seven Aladan-GB1 mutants are shown in Figure 6. the emission maxima will appear to blue-shift and eventually
All of the sites examined appear capable of an ultrafast the minor, Iongl-lived component .Wi|| domingte t.he solvation
solvation response and exhibit peaks in the MEM distribution dynamics. A simple simulation is shown in Figure 7 and
ranging from~80 to 140 fs. These ultrafast components have demonstrates that a blue shift can arise from two populations
been attributed to the inertial solvation response of bulk with different lifetimes and different solvation Capacities. The
watef825520r of the protein’-23 The presence of longer time ~ Origin of the minor emitting species is unknown, but plausible
scale solvation responses becomes more pronounced for probe€Xplanations include a small subpopulation of Aladan residues
buried within the protein. The partially exposed sites, Y3 and that are oriented into the protein core or the formation of GB1
W43, show peaks from 100 to 1000 ps while both buried probe aggregates which effectively bury the Aladan residue within a
mutants, F30 and L7, have significant peaks at time scales aslarger complex. Aggregation, while not observed in NMR
long as~10 ns, longer than the lifetime of the probe itself and Studies of wild-type GBE may be more likely at the high
near the end of our experimental observation window. These Protein concentrations used in these experiments ([GBA}2
long time components are likely a result of global protein MM). In addition, we cannot rule out the presence of minor
motions along the solvation coordinate and the restricted motionsimpurities not apparent in the HPLC and LCMS analyses of
of nearby side chains and, possibly, solvent molecules locatedthe synthesized proteins, although the absence of these blue
in the protein’s hydration shelf By comparison, the peaks for  shifts from the proteins with buried Aladans (L7 and F30) would
the solvent-exposed sites (A24, V21 and T16) are concentratedsuggest that these shifts arise from some phenomenon at the
at early times €100 ps). Recent simulations have predicted protein surface. These blue shifts highlight the importance of
relaxation times of greater than 1 ns for position T4@his measuring the solvation dynamics over the full lifetime of the
long time component was not observed experimentally but it probe when the data analysis involves normalization to the
may be obscured by the blue shift at this site (see below). The steady-state spectrum. Typically, ultrafast dynamic Stokes shift
solvent-exposed sites resemble the MEM distribution of NAAA experiments in protein systems cover only a small fraction
that has two main peaks at 158 and 794 fs. These peaks compris¢< ~200 ps) of the fluorescence lifetime and either the final,
greater than 75% of the total solvation response, resultstime-resolved spectrum is normalized to the steady-state spec-
consistent with the expected ultrafast solvation response of trum or the longest lifetime is fixed to a single value determined
water?* NAAA also shows peaks at 18 and 790 ps, both of by other measurement$2>26Not only does this assume the
which are longer than relaxation components previously ob- absence of solvation dynamics on longer time scales and
served for small organic probes in wateéP*The magnitude of ~ overestimate the ultrafast portion of the response, but it may
these components is relatively small and makes up less thanalso distort the dynamics of the Stokes shift over the observed
25% of the total solvation response. It has been shown that, atwindow. Recently, Lu et al. noted a similar effect caused by
high concentrations, PRODAN forms soluble aggregates in the presence of multiple tryptophan rotamers in solution, each
water?® NAAA contains two hydrogen bond donors (the of which decays with a distinct fluorescence lifetifffeThey
N-acetyl or acetamide nitrogens), as well as a hydrogen bondpropose a method to accurately separate the solvation dynamics
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Figure 7. Simulation of the dynamic Stokes shift with two emitting populations illustrating a possible mechanism leading to a blue shift in the
emission wavelength at long times. Population 1 (blue) has a lifetime of 2 ns and undergoes a peak shift of 35Githcantime constant of 1
ns. Population 2 (red) has a lifetime of 1.25 ns and undergoes a peak shift of 500@itintime constant 0.75 ns. The initial ratio of populations
is 1:3. The emission spectra at 0 (A), 5 (B), and 10 ns (C) are shown for the two populations and their sum (black). (D) The resulting dynamic
Stokes shift is shown (black) along with the dynamic Stokes shift of the individual populations.
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Aladan, into seven unigue sites in the interior and on the surface diSCUSSions.
of the globular protein GB1. Probing the solvation dynamics
with femtosecond resolution over the entire excited-state lifetime
of the probe shows that solvation can occur on many time scales
and that the dynamics depend on the location of the probe within
the protein. All of the sites probed are capable of an initial
ultrafast response~80—140 fs), to varying degrees, and then
exhibit differences at longer time scales. The exposed sites (1) Perutz, M. FSciencel97§ 201, 1187.

display dynamics that are qualitatively similar to the free (2) Nakamura, HQ. Rev. Biophys.1996 29, 1.

fluorophore in solution. The partially buried sites show dynamics 19983)10'31""75205”1'.\’\/' W.; Chu, Z. T.; Warshel, Biochim. Biophys. Acta
that extend to the time range of 160000 ps, while the buried (4) Steffen, M. A.: Lao, K. Q.; Boxer, S. GSciencel994 264, 810.
sites exhibit dynamics consistent with slower, restricted motions  (5) Okamura, M. Y.; Feher, GAnnu. Re. Biochem.1992 61, 861.

of the surrounding amino acid residues and/or global protein  (6) Hilvert, D. Annu. Re. Biochem.200Q 69, 751.

motions that extend te-10 ns. Solvent exposure rather than 101(?3489|m0n50n’ T.; Archontis, G.; Karplus, M. Phys. Chem. 8997,
secondgry structure had amore d_c_>m_|nant role in dynamics. The ®) Advist, J.: Luzhkov, V.Nature 200Q 404, 881.

method is based on the site-specific incorporation of a synthetic  (9) Suydam, I. T.; Snow, C. D.; Pande, V. S.; Boxer, S.Sgience
amino acid, so it can be extended to study a variety of sites 2006 313 200. _ _
within GB1 and other proteins of interest, even larger proteins Ph(lso)cﬂgmféghg'gla; 1<37%rlcileckl, J. A.; Papazyan, A.; Maroncelli, 3.
by using prote_in semisynt_hesis strategfe$he small size of _ {1i) Cohen, B. E.- McAnéney’ T.B. Park, E. S.: Jan, Y. N.: Boxer, S.
the GB1 protein and the time scales of the observed solvationG.; Jan, L. Y.Science2002 296, 1700.

responses are amenable to computer simulation techniques. (12) Pierce, D. W.; Boxer, S. Gl Phys. Chem1992 96, 5560.
Therefore, it may be possible through simulation to connect the Ch(elrﬁ) Sﬁ;‘s‘go*éé "{'gzdf‘z'gbg-? Ghosh, S.; Roy, D.; Bhattacharyyal K.
specn‘_lc structural solvation responses of the protein to the (14)' Lampa_Pastm’(’ S.: Warren, B.Phys. Chem. B004 108 16288,
experimentally measured dynamics, and work toward this end  (15) Golosov, A. A.; Karplus, MJ. Phys. Chem. B007, 111, 1482.

is in progress. (16) Ware, W. R.; Chow, P.; Lee, S. Khem. Phys. Letl.968 2, 356.

Supporting Information Available: Time-resolved fluo-
rescence traces of Aladan-GB1's and NAAA. This material is
available free of charge via the Internet at http://pubs.acs.org.
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