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Abstract: Spectrally resolved infrared stimulated vibrational echo spectroscopy is used to measure the
fast dynamics of heme-bound CO in carbonmonoxy-myoglobin (MbCO) and -hemoglobin (HbCO) embedded
in silica sol—gel glasses. On the time scale of ~100 fs to several picoseconds, the vibrational dephasing
of the heme-bound CO is measurably slower for both MbCO and HbCO relative to that of aqueous protein
solutions. The fast structural dynamics of MbCO, as sensed by the heme-bound CO, are influenced more
by the sol—gel environment than those of HbCO. Longer time scale structural dynamics (tens of
picoseconds), as measured by the extent of spectral diffusion, are the same for both proteins encapsulated
in sol—gel glasses compared to that in aqueous solutions. A comparison of the sol—gel experimental results
to viscosity-dependent vibrational echo data taken on various mixtures of water and fructose shows that
the sol—gel-encapsulated MbCO exhibits dynamics that are the equivalent of the protein in a solution that
is nearly 20 times more viscous than bulk water. In contrast, the HbCO dephasing in the sol—gel reflects
only a 2-fold increase in viscosity. Attempts to alter the encapsulating pore size by varying the molar ratio
of silane precursor to water (R value) used to prepare the sol—gel glasses were found to have no effect on
the fast or steady-state spectroscopic results. The vibrational echo data are discussed in the context of
solvent confinement and protein—pore wall interactions to provide insights into the influence of a confined
environment on the fast structural dynamics experienced by a biomolecule.

I. Introduction conformational changes in heme proteins, such as myoglobin

(Mb) and hemoglobin (Hb), can be inhibited or dramatically
slowed, which allows these proteins to be “trapped” and studied
in nonequilibrium structural conformatiof$:22

The origin of the stability imparted by the silica sael
matrix is complex. Since the mean pore diameters in aged wet
sol—gels (typically <10 nm) are comparable to the diameters
of Mb and Hb, the pore walls could physically restrict protein
motions. It has been noted that the surface of the protein could
also interact with or adsorb to the hydrophilic silica pore walls
through electrostatic or hydrogen bonding interactibtis28

Proteins embedded in silica seajel glasses are exemplary
systems for studying the influence of spatial confinement on
biomolecular structure, dynamics, and functioA.Studies of
this nature can generate an understanding of protein functionality
in the often crowded physiological environment in which
biomolecules operate. Silica sedel glasses consist of nano-
porous networks with interpore connections that permit the
exchange of solvent and small molecules while inhibiting the
transport of larger speciédt has been broadly shown that the
overall stability of proteins and enzymes embedded in these
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Fluorescence anisotropy studies have demonstrated that proteinef solvent and small molecule dynamics in silica -sgél
in sol-gel pores experience dramatically hindered rates of glasseg*4248

rotation due to protein adsorption to the pore wail&3°

The majority of protein dynamics studies in sgel glasses

Alternatively, the pore dimensions could influence the protein have focused on ligand rebinding kinetics following a photolysis
structural stability by affecting the dynamics of the surrounding €vent;®~#->* which invariably results in enhanced geminate
solvent, which is intimately coupled to the dynamics of the recombination of the photolyzed CO for heme proteins encap-
protein. Water in nanoscopic environments (i.e., reverse mi- Sulated in sot-gel glasses. This is typically attributed to a
celles, carbon nanotubes, and glycolipid membranes) is char-decrease in protein structural mobility that hinders the escape
acterized by a disrupted hydrogen bonding network and ©f the photolyzed ligand from the protein interior into the

decreased solvent dynamics relative to its bulk prope#ies.

surrounding solvent. It has been suggested that the influence

Numerous studies have analyzed the dynamics of solventOf the confined solvent could be partly responsible for the altered

molecules inside silica selgel pores’®48 Using small fluo-

rescent molecules as environmental probes, several studies havi®
reported small increases of the solvent viscosities in silica sol
gel poreg52940.41A series of studies by Fourkas and co-workers

studied “weakly wetting” liquids in silica selgel pores using

optical Kerr effect spectroscopy and determined that the
molecules in the centers of the salel pores experienced bulk-
like solvent dynamics, while molecules near the pore walls
exhibited dynamics that were an order of magnitude slower than
bulk dynamicg449-53 |t was concluded that the dynamic
inhibition was not the result of an increased viscosity, but rather
a hydrodynamic volume effect for molecular rotation at a
surface?* On the basis of time-resolved fluorescence anisotropy
of Rhodamine 6G, Narang and co-workers concluded that a
freshly prepared seigel consisted of two dynamic environ-
ments: one in which the microviscosity was slightly elevated
but remained constant near 2 cP, and another in which the.

viscosity increased to nearly 20 cP over 48R he notion of

dual solvent environments is a consistent finding across studies
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dynamics observed for sebel-encapsulated heme pro-
ins?13.17.5459 Nonetheless, many interpretations of these data
utilize a model in which the silica pore walls directly constrain
the tertiary and quaternary protein structure.

In the current work, spectrally resolved infrared vibrational
echo spectroscofy 3 is used to measure the fast dynamics of
heme-bound CO in MbCO and HbCO embedded in silica-sol
gel glasses. Unlike fluorescence and CO photolysis studies,
which probe dynamical properties following a structure altering
electronic transition and/or ligand dissociation, the vibrational
echo experiments measure the equilibrium ground state protein
structural fluctuations. In this manner, IR vibrational echo
spectroscopy provides valuable insights into the influence of
the sot-gel confinement on protein dynamics.

Ultrafast IR vibrational echo spectroscopy is sensitive to the
relationship between structure and dynamics in heme pro-
teins®162.6471 These measurements are able to remove the
influences of static or quasi-static distributions of protein
structures that dominate the IR linear line shape (inhomogeneous
broadening) and probe the underlying structural fluctuations of
the protein as sensed by the CO bound at the active site of the
protein. An electrostatic force model has been developed to
relate the structural fluctuations of the protein to the time
dependence of the CO frequerféy?In this model, the protein
is a collection of partial charges whose movements generate a
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time-dependent electric field vector at the CO that couples to Table 1. Volumes of Components Mixed to Prepare )
the CO transition dipole through the Stark effect. The time- SRO\'/;E‘Z'S'EncapS“'ated Protein Samples and Their Corresponding
dependent Stark effect causes the CO vibrational frequency to

fluctuate, producing dynamic dephasiig® 7376 There is also . PHES protein stock

a contribution to the vibrational echo observable from CO proten o) puffer ) soluton () Rvlue
vibrational population relaxation. In carbonmonoxy heme 38 2?) gg g
proteins, such as MbCO and HbCO, the vibrational lifetime of =~ MPCO 20 35 25 30
the CO stretch is sufficiently long that the vibrational echo decay 20 40 40 39
is primarily a measure of CO dephasing caused by protein  Hbco 38 2‘3 ?,Z g

structural fluctuation8?72 Nonlinear response thedfyallows
the extraction of the equilibrium autocorrelation function of the

fluctuations in the CO vibrational frequency, or frequency  and a 5aum Teflon spacer. UVtvisible (Varian Cary 3E) and FTIR
frequency correlation function (FFCF). The FFCF provides a (ATI Mattson Infinity 9495) absorption spectroscopies were performed
guantitative description of the dynamics measured in vibrational to determine all protein concentrations. The samples had mid-IR
echo spectroscopy that is useful for comparing the dynamics absorbances at the CO stretching frequency of 0.1 on a background
of proteins in different environments. absorbance of 0.5.

The IR vibrational echo data show that, on the time scale of S(_)I_—gel-encapsulated protein samples were prepared using a slightly
~100 fs to several picoseconds, the vibrational dephasing of Modified Ellerby proceduré.To prepare the sol, 1.84 mL of tet-
the heme-bound CO is measurably slower for both MbCO and ramethoxysilane (TMOS) (Sigma Ald'.”Ch) was combined W'th 422.5
HbCO in sok-gel glasses compared to that of their respective AL of DO and 27.%L of 0.04 N HCl in D,O and then sonicated at

) . room temperature for 10 min to produce a clear homogeneous mixture.
aqueous solutions. The fast structural dynamics of MbCO, as \yithin 5 min, an aliquot of the prepared sol was rapidly mixed with

sensed by_the hem_e-bound CO, are influenced _more by theph 6.5 bis-Tris RO buffer (50mM) followed by mixing with the protein
encapsulating matrix than those of HbCO, which may be stock solutions (prepared as described above). It has been demonstrated
explained by the quaternary level of structural organization that the use of BD instead of HO during the sotgel preparation does
present in HbCO but not MbCO. For longer time scales (tens not affect the polymerization proce§sThe volumes of these three
of picoseconds), protein structural evolution, as measured bycompone_nts were varied as Iistta_d in Table 1, _to proc_iuce samples with
the extent of spectral diffusion, is the same for both proteins good optical quality and _th(? desired mola_r ratio of silane precursor to
encapsulated in selgel glasses compared to their respective Water ® value). The variations of pore diameter witvalue have
aqueous solutions. The “effective viscosity” experienced by begn quantlfled by techniques that require drying of the-gel glass,
these proteins in selgel glasses was determined by comparison which is known to decrease the pore volume by a few tens of percent.
. . . . . Thus there is some uncertainty in the wet-agee-gel pore diameters.
to the viscosity dependence of vibrational echo data taken in

; ; e However, it is reasonable to expect that the decrease in driedysbl
bulk aqueous fructose solutions. The comparison indicates thatmean pore diameter with an increaseRiis a consistent trend among

the experimental vibrational echoes for sgel-encapsulated  \et-aged sotgel samples. At the protein concentrations used in this
MbCO reflect a dynamic environment that is equivalent to a study, the protein was estimated to occupy 20% of the solution volume
solution nearly 20 times more viscous than a bulk wageptein in the protein stock solutions. Therefore, when calculatingRirelues
solution. In contrast, the HbCO dynamics in the-sgél reflect in Table 1, the water volume added from the protein solutions was
only a 2-fold increase in effective solvent viscosity. Attempts taken to be 80% of the total volume of stock protein solutions. The
to vary the pore size by varying the molar ratio of silane mixe_d _components were immediately transferred to a sample cell
precursor to waterR value) had no measurable effect on the C€ONSisting of two Cakwindows and a 5am Teflon spacer. The Teflon
fast dynamics experienced by the heme-bound CO in either spacer was discontinuous around the edge of the, @afdows to

rotein. These results suaaest protein-directed templating of thepermit exchange of methanol and buffer solutions during the gelation
gilica n".latrix during gelat?(?n P p 9 and soaking processes. The samples typically formed a gel within 30

s, and a small weight maintained pressure on the sample cell for 5
Il. Materials and Methods min. The sql—gel samples were th_en soaked in pH 7 fDphosphate _
buffer solution (50 mM) to neutralize the pH of the agueous solvent in

A. Sample Preparation. To prepare aqueous stock solutions of the sol-gel pores. The pH-sensitive FTIR spectra for MbCO and

carbonmonoxy-MbCO and -HbCO, 1.0 g of lyophilized protein (Sigma HbCO'87° confirmed that the pH inside the segel samples was 7.0

Aldrich) was dissolved in 3.0 mL of pH 7.0 (Sigma Aldrich) after 48 h. The edge openings in the Teflon spacers were sealed with

phosphate buffer (50 mM). The solutions were reduced with a 5-fold Parafilm to prevent drying, and vibrational echo data were collected

excess of sodium dithionite (Sigma Aldrich) and stirred under a CO immediately after the 48 h soaking period.

atmosphere for 1 h. The solutions were centrifuged at 14 000 rcf for B, Stimulated Vibrational Echo Spectroscopy.The experimental

15 min through a 0.4am acetate filter (Pall Nanosep MF) to remove  setup has been previously described in défariefly, tunable mid-

particulates. The final protein concentrations were-18 mM. For IR pulses with a center frequency adjusted to match the center frequency
vibrational echo measurements on aqueous samples, small aliquots obf the protein sample of interest (1945 or 1951 &were generated
the stock solutions were placed in a sample cell with GaiRdows by an optical parametric amplifier pumped with a regeneratively

73 Rel . ; . amplified Ti:sapphire laser. The bandwidth and pulse duration used in
73) Rella, C. W.; Rector, K. D.; Kwok, A. S.; Hill, J. R.; Schwettman, H. A.; : : i
Dlott. D. D.: Fayer, M. D.J. Phys. Chemil996 100, 15620. these experiments were 150 chand 100 fs, respectively. The mid

(74) Oldfield, E.; Guo, K.; Augspurger, J. D.; Dykstra, CEAm. Chem. Soc.

1991 113 75377541. (78) Librizzi, F.; Viappiani, C.; Abbruzzetti, S.; Cordone, .. Chem. Phys.
(75) Augspurger, J. D.; Dykstra, C. E.; Oldfield, E. Am. Chem. Sod.991 2002 116, 1193-1200.
113 2447-2451. (79) Massari, A. M.; Finkelstein, I. J.; McClain, B. L.; Goj, A.; Wen, X.; Bren,
(76) Park, E. S.; Andrews, S. S.; Hu, R. B.; Boxer, S.JGPhys. Chem. B K. L.; Loring, R. F.; Fayer, M. DJ. Am. Chem. So@005 127, 14279~
1999 103 9813-9817. 14289.
(77) Mukamel, S.Principles of Nonlinear Optical Spectroscqopyxford (80) Merchant, K. A.; Noid, W. G.; Thompson, D. E.; Akiyama, R.; Loring, R.
University Press: New York, 1995. F.; Fayer, M. D.J. Phys. Chem. B003 107, 4—7.
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Figure 2. Spectrally resolved vibrational echo decaySat= 0.5 ps for

CO bound to aqueous (solid line) and-sgkl-encapsulated MbCO (dashed
line) at 1945 cm?,

0.8

absorbance (normalized)

0.6

04 conformation in which the distal histidine (His64) is positioned

out of the heme pockég88-92 while the A (1944 cntl) and
Az (1939 cntl) bands arise from the distal histidine being

0.2

O et s S W S S ST W localized in the heme pocket in two distinct orientational
1910 1920 1930 1940 1950 1960 1970 1980 1990 geometrie$?%The normalized spectrum of MbCO encapsulated
frequency (cm’) in a silica sot-gel glass R = 15, dashed line) is overlaid and

Figure 1. Normalized FTIR spectra of the CO stretching mode bound to Yer_ticla”y .Oﬁset for clarity in Figure la. The .SpeCtrum is
(a) MbCO and (b) HbCO in aqueous and-sgkl-encapsulated environ-  indistinguishable from that of the aqueous protein sample.
ments. For both frames, the solid line represents the aqueous protein  The FTIR spectrum of aqueous HbCO (Figure 1b, solid line)
:Bzgg;mé\f‘é‘%égﬁ \(/j:éirézcljlyllggsgt }gfﬁi'{;”capsu'ated protein. The oy hibits two transitions at 1951 and 1969 Gmboth of which

’ have fwhms of 8.3 cmt. These peaks, termed the Clll and CIV

IR pulse was split into three temporally controlled pulse§@0 nJ/ substates, are analogous to tha And A SUbSta.tes n
pulse). The delay between the first two pulsesvas scanned at each ~ MbCO9%3°9 The spectrum of HbCO encapsulated in a-sol
time T, the delay between pulses two and three. The three beams weregel glass R = 15, dashed line) is overlaid and vertically offset
crossed and focused at the sample. The spot size at the sample waand, as shown for MbCO, is identical to the aqueous sample
~150um. The vibrational echo pulse generated in the phase-matched (solid line). Changing th& value over the range of 15 to 39
direction was dispersed through a 0.5 m monochromator (1.2 cm and 15 to 27 for MbCO and HbCO, respectively, does not affect
spectral resolution) and detected with either a liquid nitrogen-cooled the FTIR spectra for either protein (data not shown). The linear
HgCdTe array detector (Infrared Associates/Infrared Systems Develop- absorption spectrum reflects the distribution of structures on

ment) or a liquid nitrogen-cooled InSb single element detector. A power Il time scales. That the spectra of the CO stretch in aqueous
dependence study was performed on all samples, and the data showe bCO and HE)CO are identical to their spectra in |

no power-dependent effecs.Data collection for all samples was . .
performed at room temperature in an enclosed, dry air purged glasses shows that encapsulation does not produce a substantial

environment. change in the distribution of accessible protein conformations.
The Gaussian shape of the spectral bands in both proteins
lll. Results and Discussion suggests that these transitions are inhomogeneously broadened,
A. Linear IR Spectroscopy. The background-subtracted which would obscure any dynamical information contained in
FTIR spectra of the CO bound to aqueous and-sel- the linear spectra. The vibrational stimulated echo experiments

encapsulated MbCO and HbCO are shown in Figure 1. All peaks described below reveal the underlying dynamical differences
have been fit as Gaussian distributions to determine their full that exist for these proteins between aqueous anegeliglass
width at half-maximum (fwhm) and center frequency. The €nvironments on the ultrafast time scale.

aqueous MbCO spectrum (Figure 1a, solid line) shows three B. Vibrational Echo Spectroscopy. Figure 2 displays
transitions centered at 1939, 1944, and 1965%with fwhms vibrational echo data taken witfiy = 0.5 ps for MbCO

of 20.5, 8.7, and 13.5 cm, respectively. These CO stretching encapsulated in a sebel glass R = 15, dashed line) and in
peaks correspond to three structurally distinct conformational @dueous solution (solid line). For clarity, we initially focus our
substate§2.8082-87 The Ay band (1965 cm?) is attributed to a

(87) Young, R. D.; Frauenfelder, H.; Johnson, J. B.; Lamb, D. C.; Nienhaus,
G. U.; Philipp, R.; Scholl, RChem. Phys1991, 158, 315.

(81) Finkelstein, I. J.; McClain, B. L.; Fayer, M. 0. Chem. Phys2004 121, (88) Rovira, C.J. Mol. Struct. (THEOCHEMPO003 632, 309-321.
877-885. (89) Johnson, J. B.; Lamb, D. C.; Frauenfelder, H:}ligty J. D.; McMahon,

(82) Finkelstein, 1. J.; Goj, A.; McClain, B. L.; Massari, A. M.; Merchant, K. B.; Nienhaus, G. U.; Young, R. Biophys. J.1996 71, 1563-1573.
A.; Loring, R. F.; Fayer, M. DJ. Phys. Chem. BO05 109, 16959-16966. (90) Yang, F.; Phillips, G. N., JJ. Mol. Biol. 1996 256, 762—-774.

(83) Caughey, W. S.; Shimada, H.; Choc, M. G.; Tucker, MPRoc. Natl. (91) Zhu, L.; Sage, J. T.; Rigos, A. A.; Morikis, D.; Champion, P. MMol.
Acad. Sci. U.S.A1981, 78, 2903-2907. Biol. 1992 224, 207-215.

(84) Li, T. S.; Quillin, M. L.; Phillips, G. N., Jr.; Olson, J. ®iochemistry (92) Tian, W. D., Sage, J. T., Champion, P. 34/.Mol. Biol. 1993 233 155—
1994 33, 1433-1446. 166.

(85) Anderton, C. L.; Hester, R. E.; Moore, J. Biochim. Biophys. Acta997, (93) Janes, S. M.; Dalickas, G. A.; Eaton, W. A.; Hochstrasser, RBibphys.
1338 107-120. J. 1988 54, 545.

(86) Hong, M. K.; Braunstein, D.; Cowen, B. R.; Frauenfelder, H.; Iben, I. E.  (94) Mayer, E.J. Am. Chem. S0d994 116, 1057+ 10577.
T.; Mourant, J. R.; Ormos, P.; Scholl, R.; Schulte, A.; Steinbach, P. J.; (95) Potter, W. T.; Hazzard, J. H.; Choc, M. G.; Tucker, M. P.; Caughey, W. S.
Xie, A.; Young, R. D.Biophys. J.199Q 58, 429-436. Biochemistry1l99Q 29, 6283-6295.
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attention here on a singl&,. The data demonstrate that the
vibrational echo decay for the sefjiel sample is significantly
slower than that for the aqueous sample. In vibrational echo
experiments, a slower decay (slower rate of vibrational dephas-
ing) indicates that the frequency of the heme-bound CO is
fluctuating more slowly. (Alternatively, if a system is motionally
narrowed® %9 a slower decay can be caused by faster fluctua-
tions. However, as shown below, this system undergoes spectral
diffusion and is therefore not motionally narrowed.) Within the
electrostatic force model described above, this is the result of
slower modulations of the net electric field generated by the T o 5
entire protein and surrounding solvent at the heme-bound CO. 7(ps)

Increasing theR value for the sotgel preparation has been Figure 3. Spectrally resolved vibrational echo decaySat= 0.5 ps for

repc_)rted to decrea}se the pore diameter by in9rea§ing the degreg o pound to aqueous (solid line) and-sgel-encapsulated HbCO (dashed
of silica cross-linking-41.100.101However, the vibrational echo line) at 1951 cm.

decays for MbCO setgel samples at aR values listed in Table
1 are the same (onlR = 15 data are shown). As discussed solvent environmerft! Previous vibrational echo studies confirm
below, the changes observed in the protein dynamics can bethe weaker dynamic response of HbCO to the viscosity of the
accounted for by a change in the effective viscosity of the water surrounding environmefit:1°31% The first studies of the
in the sol-gel pore. It has been demonstrated by direct influence of viscosity on HbCO over a relatively small viscosity
experiments on water in reverse micelfe®3° that water range in several solvent environments concluded that the protein
dynamics are very sensitive to confinement on nanoscopic lengthdynamics were independent or very weakly dependent on the
scales and vary in a manner that resembles an increase irsolvent viscosity:?® In a study to be presented soon of several
effective viscosity with a decrease in size. Furthermore, protein heme proteins over many decades of viscosity in water/fructose
dynamics are known to be sensitive to the viscosity of the mixtures, it will be demonstrated that HbCO does indeed have
surrounding solvent?2193 Therefore, to explain the indepen- a measurable, albeit exceedingly weak, viscosity dependence.
dence of structural dynamics on the pore size, it is highly  In a study of several heme proteins in trehalose glagses,
unlikely that the protein dynamics are simply insensitive to the was demonstrated that the influence of a glassy solvent
size of the surrounding pore. As discussed further below, the (effectively infinite viscosity) on the protein dynamics was to
likely explanation is that the selgel matrix is templated around  turn off the slower dynamical motions while the fast structural
the protein, and while the average “empty” pore diameter may dynamics remained. The infinite viscosity trehalose experiments
change withR value, the size of pores formed around proteins are the extreme of a change in viscosity. In the trehalose glasses,
is dictated by the size of the protein and is independent of the viscosity-independent dynamics were motionally narrowed.
R23.711.29 Through comparison to molecular dynamics simulations, it was
The vibrational echo decays a, = 0.5 are shown for demonstrated that those dynamics corresponded to very fast
aqueous and selgel-encapsulated HbCO in Figure 3. Although small amplitude essentially harmonic atomic displacements
the change is not as dramatic as MbCO, the dephasing rate iswithin the protein structuré In the present work, the time scales
noticeably slower for proteins encapsulated in-sg#l glasses. of the structural motions influenced by the-sgkel environment
That the sot-gel environment has a weaker influence on the are comparable to the time range of a vibrational echo decay at
HbCO structural dynamics, as sensed by the heme-bound COa singleT,, (several picoseconds) out to the time scale of several
may be due to the quaternary level of structural organization in T,,. The frequency fluctuations caused by protein structural
this protein. Having only tertiary structure, the entire surface fluctuations that were “turned off” by the trehalose glass are
area of MbCO is in contact with the solvent or silica pore walls. those that are slowed in the sael environment. Further
In contrast, HbCO is a tetramer of tertiary subunits, each of information, including the relevant FFCF parameters for direct
which is structurally similar to MbCO. Therefore, each heme- comparison to the trehalose experiments, is available in the
containing subunit is partially “solvated” by the other three Supporting Information.
subunits and should be less sensitive to the properties of the In stimulated vibrational echo experiments, the dynamics that
surrounding solvent. Sottini and co-workers have also noted thatoccur on time scales longer than those shown for a single
proteins with a larger surface-to-volume ratio are expected to vibrational echo decay (Figures 2 and 3) can be measured by
experience a greater degree of friction from their surrounding varying the time delay between the second and third pulses,
Tw. An entire decay curve is measured at edghand the full
curves are used in quantitative analysis of the data.Tfs

(97) Kubo, R. InFluctuation, Relaxation, and Resonance in Magnetic Systems  increases, a broader distribution of protein conformations, and
Haar, D. T., Ed.; Oliver and Boyd: London, 1962. . . R
(98) Kubo, R. InFluctuation, Relaxation and Resonance in Magnetic Systems therefore a wider range of frequencies, is sampled through a

signal (normalized)

(96) Schmidt, J.; Sundlass, N.; SkinnerChem. Phys. LetR003 378 559—
566

Ter Haar, D., Ed.; Oliver and Boyd: London, 1961. r m ral diffusion. The incr inth mpl
(99) Berg, M. A,; Rector, K. D.; Fayer, M. 0. Chem. Phy200Q 113 3233~ process Fe ed Spec'[. al diffusio . einc e.ase the Sa. p.ed
3242 frequencies can be viewed as an increase in the dynamic line
(100) Wasiucionek, M.; Breiter, M. W1. Non-Cryst. Solid4997, 220, 52—57. i i i i
(101 Lenza R.F. 5. Vasconcelos, W.L Non.Cryst. Soidg00q 273 164- width that is buried under the inhomogeneously broadened
169.
(102) Rector, K. D.; Jiang, J.; Berg, M.; Fayer, M. ID.Phys. Chem. B001 (104) Rector, K. D.; Thompson, D. E.; Merchant, K.; Fayer, Mabem. Phys.
105 1081-1092. Lett. 200Q 316, 122-128.
(103) Finkelstein, I. J.; Massari, A. M.; Fayer, M. @005 manuscript in (105) McClain, B. L.; Finkelstein, I. J.; Fayer, M. D. Am. Chem. So@004
preparation. 126, 15702-15710.
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absorption spectrum. As the dynamic line width increases, the

vibrational echo decay curve, which is the Fourier transform 0.7 e - sol-gel (a)
of the dynamic line shape, decays more rapidly, and the peak 06| "~ aqueous

of the decay moves towand= 0. Rather than plotting a series o5l

of complete vibrational echo decay curves, a convenient method

of displaying the trends in the data is to plot the vibrational 04r

echo peak shiff:106108 as a function ofTy. The vibrational 031

echo peak shift is the difference between the time of peak 2 02F

amplitude of the echo decay curve ane 0. For a long enough S o1l

Tw, spectral diffusion is complete, and all chromophores have = = L L L IR R S S
sampled the entire spectral line. In this case, the dynamic line -4 I ® - sol-gel (b)
shape is equal to the absorption spectrum, and the vibrational g 07 i W - aqueous

echo decay is the free induction decay, which has a peak shift 0.6 L

of zero. The vibrational lifetimeTs, limits the maximum time -

scale of the vibrational echo measurements and, therefore, the 05

frequency range of structural fluctuations that are involved in 04 [

the vibrational echo measurements. Ag is increased, the L

vibrational echo signal decreases because vibrational relaxation 03

reduces the population of excited CO oscillators. HoweVgr, 02 [
is not a hard cutoff of the time associated with dynamical 0 2 4 6 8 10 12 14 16
fluctuations that contribute to the vibrational echo decay. Rather, T, (ps)

fluctuations that occur on the time scale of a few tirigsalso Figure 4. Vibrational echo peak shifts as a functionTf for (a) MbCO

contribute at each,,.1°%-111 Because of the limitation imposed  and (b) HbCO in aqueous and sgel-encapsulated environments. In both

by the lifetime, the limit of zero peak shift is not reached in the f(ames, the filled squares represent the aqueous protein dgta, and the fllled
circles represent the segel-encapsulated protein peak shifts. The solid

present experiments; not all protein configurations that influence jines represent single exponential fits to the data with time constants of (a)
the frequency of the CO vibrational transition have been 5.2+ 0.7 and 4.4t 0.4 ps for aqueous and segel-encapsulated MbCO

accessed. In these stimulated vibrational echo experiments orﬁnd (b) 5.6+ 0.7 and 5.4+ 0.2 ps for aqueous and segel-encapsulated
. . . bCO, respectively.
heme proteins, the fluctuations that occur on time scales longer

than~50 ps appear as inhomogeneous broadening. To compare the shapes of the proteins’ vibrational echo peak
The vibrational echo peak shifts for MbCO are shown in shift curves, the aqueous and-sgkl-encapsulated MbCO data
Figure 4a as a function of,. The peak shift values for sel were fit as single exponential decays plus a constant with time

gel-encapsulated MbC@R(= 15, circles) are consistently larger ~ constants of 5.2 0.7 and 4.4+ 0.4 ps, respectively. For the
than those for the aqueous protein (squares). Figure 4b displaygqueous and selgel-encapsulated HbCO, single exponential
the vibrational echo peak shifts for HbCO, which are also greater decay time constants of 560.7 and 5.4+ 0.2 ps, respectively,

for the sol-gel-encapsulated proteins than those for the aqueousWere obtained. The constant offsets for all vibrational echo peak
protein solution. These figures demonstrate that the impact of shift plots are indicative of the slow frequency fluctuations that
sol-gel encapsulation, as displayed by the magnitude of the 0ccur on time scales that are longer than several times the
vibrational echo peak shift, is greater atBllvalues for MbCO longestT, values. Therefore, within error, the rates at which
than for HbCO compared to the proteins in aqueous solutions. the vibrational echo decay peaks are shifting toward the origin
At eachT,, both proteins in aqueous solution have sampled a for MbCO and HbCO are the same for each protein in aqueous
greater fraction of the inhomogeneously broadened spectral line,and sot-gel-encapsulated environments. This demonstrates that
and therefore a greater fraction of accessible structures, tharf® Protein dynamics, as sensed by the heme-bound CO, that
the sol-gel-encapsulated samples. Thedependent results are ~ 0CcUr on time scales longer than a few picoseconds are virtually

consistent with the faster dephasing shown for the aqueousunaffeCted by the se_lgel encapsulation. Therefore, the very
protein relative to the selgel-encapsulated protein in Figures fast structural dynamics of both MbCO and HbCO are affected

2 and 3. TheR values used to prepare the sgels were found in a similar manner by the surrounding environment. The
to have no significant effect on thg,-dependent vibrational \kl]lbrgtmga;l d?phasm% retlte IS declre_ased (tlmde scaLe_zl of a feiwl
echo decays for either protein (data not shown). As discussed d'L]ifn sr'gn oenmaciz(ralczl: t'sm g::;grieﬂfgie?ggssg;);v dsl erzfn?r::
below, use of viscosity-dependent vibrational echo decays al urolximatel thegsar:we ( P! ) :
permits an effective viscosity to be assigned for each protein pp y g . .
. That the fast dynamics of both proteins are sensitive to the
encapsulated in the segel glasses. . . )
sol—gel pore environment while the tens of picoseconds
: ) dynamics are unaffected is a dynamical trend that is consistent
(106) Cho, M. H.; Yu, J.Y.; Joo, T. H.; Nagasawa, Y.; Passino, S. A.; Fleming, 8 K . . . .. .

G. R.J. Chem. Phys1996 100, 11944-11953. with a viscosity effect at relatively low viscosities. In this
(107) fgff:;'ggisizgi;\‘ﬁgasawa' Y.; Joo, T.; Fleming, Gl.Rhys. Chem. A context, the results shown above can be compared to unpub-
(108) Joo, T. H.; Jia, Y. W.; Yu, J. Y.; Lang, M. J.; Fleming, G..R.Chem. lished data taken in this lab on five proteins, including MbCO

Phys 1996 104, 6089-6108. i i i i .
(109) Bay. V. S.. Fayer, M. DPhys. Re. B 1989 39, 11066, and_ HbCO, in aqueous_/fructose solu_t|ons in whlch_the c_oncen
(110) Narasimhan, L. R.; Littau, K. A.; Pack, D. W.; Bai, Y. S.; Elschner, A.;  tration of fructose was increased to increase the viscosity. The

Fayer, M. D.Chem. Re. 1990 90, 439. viscosity dependence experiments span viscosities from aqueous

(111) Berg, M.; Walsh, C. A.; Narasimhan, L. R.; Littau, K. A.; Fayer, M. D. . . . . .
J. Chem. Phys1988 88, 1564-1587. solutions to solid glasses and will be reported in a forthcoming
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signal (normalized)

1
7 (ps)
Figure 5. (@) Spectrally resolved vibrational echo decay3at= 0.5 ps
for aqueous (squares) and sglel-encapsulated MbCO (circles) at 1945
cm~L. The overlaid solid lines are calculated vibrational echo decays at
= 0.5 ps in aqueous solvent viscosities of 2.5 and 45 cP to match the
experimental aqueous and sgjel data. (b) Spectrally resolved vibrational
echo decays &, = 0.5 ps for aqueous (squares) and-sg#l-encapsulated
HbCO (circles) at 1951 cri. The overlaid solid lines are calculated
vibrational echo decays &, = 0.5 ps in aqueous solvent viscosities of
1.5 and 3 cP to match the experimental aqueous antgsbldata.

publication. The quantitative description of the viscosity de-
pendence of HbCO and the; Atate of MbCO, manifested in

their viscosity-dependent FFCFs, allows the calculation of
vibrational echo decays for aqueous solutions with any viscosity.

Debye-Einstein-Stokes equatidi? predicts that the rotational
correlation time €) is directly proportional to the viscosityy{
of the solution. Since the effectivgis known to increase with
decreasing confinement lengththese results imply that MbCO
is surrounded by a thinner layer of water than HbCO. Using
the rotational correlation times reported by Tan and co-
workers3 it is estimated that water confined to a length
dimension of less thar2 nm is required to obtain the 45 cP
aqueous environments estimated for the water surroundifg sol
gel-encapsulated MbCO. Although this approximation ignores
the protein interactions with the silica pore walls and treats the
water layer thickness as the diameter of a sphere, it is not
unreasonable to expect that silica polycondensation that is
template-directed by a nanoscopic protein would produce
interstitial solvent space of these dimensions. Using the same
procedure, it is estimated that sajel-encapsulated HbCO is
surrounded by a layer of water that is5 nm thick. These
distances are rough estimates because the comparisons to AOT
reverse micell€8 ignore the differences in the interfacial
structure of AOT (ionic) and the sebgels (not ionic).

It is surprising that, within the approximations used above,
the dephasing dynamics of sajel-encapsulated HbCO reflect
a surrounding water layer that 183 times thicker than that of
MbCO. One possible explanation for this phenomenon is that
the folded structure of HbCO becomes partially denatured during
the encapsulation process. This would result in an increased
protein volume at the point of silica templating. It has been
estimated that the radius of gyration for a protein can change
by as much as 50% upon folding from a denatured 3tgté!>
As the silica matrix cross-links and generates water through
polycondensation, the protein refolds into a more compact
structure, which increases the thickness of the surrounding water
layer. The water pool is generated by the silica polycondensation
reactions as well as the hydrophobic collapse that expels water

The FFCF parameters calculated at discreet viscosity points varyfrom the hydrophobic regions of the folding protein. Although

smoothly, which allows FFCF parameters at other viscosities
to be obtained by interpolation. In Figure 5a, the measured
vibrational echo decays for agueous and-gfgl-encapsulated
MbCO atT,, = 0.5 ps (reproduced from Figure 2) are overlaid
with calculated vibrational echo data for the protein in 2.5 cP
(aqueous solution with the protein) and 45 cP solutions. It is

the conditions used to prepare the-sgél-encapsulated proteins

in this study minimize the denaturing conditions, both encap-
sulated proteins are initially prepared in a low pH solvent amidst
a process that generates methanol. It has been noted that
myoglobin has a higher stability toward denaturation than
hemoglobid® and is, therefore, feasible that HbCO partially

clear that the echo decays calculated at these viscosities are ifflenatures and refolds while MbCO remains compact during the

good agreement with those measured for aqueous an@sbl

encapsulation procedure. It is important to note that the IR

encapsulated MbCO. This demonstrates that the effective SPectra, which are very sensitive to structure, indicate that the

viscosity experienced by MbCO in the sael matrix is~20

proteins prepared in sobel glasses were in their correctly

times greater than that of the protein in agueous solution. In folded states at the point of data collection (see Figure 1).

contrast, only a 2-fold increase (%8 cP) in effective viscosity
is produced by setgel encapsulation of HbCO at, = 0.5 ps
(Figure 5b).

The absence of aR dependence (pore size dependence) in
the measured vibrational dephasing and spectral diffusion is
consistent with templating of the silica matrix around the protein
and the production of a thin layer of surrounding water during
the sot-gel encapsulation process. In this manner, the pore
dimension is determined at the gelation point by the size of the
protein and is unaffected by tHe value used to prepare the
silica matrix. Rotational anisotropy measurements of water
confined to nanoscopic pores in reverse micelles can be use
to obtain a rough approximation of the thickness of the water
layer that surrounds the proteins in sgel glasse$® The

3996 J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006

In addition to an increased viscosity for the surrounding
solvent, it is reasonable to expect that the proteins in this study
have some degree of interaction with the pore walls. As noted
above, the hindered rotation of proteins in silica-sgp¢l pores
results from substantial interactions between the protein exterior
and the hydrophilic pore walf$:2°3Nonetheless, the stimulated

vibrational echo data shown above for MbCO and HbCO

(112) Debye, P. J. WRolar Molecules Dover Publications: New York, 1945.

(113) Kohn, J. E.; Millett, I. S.; Jacob, J.; Zagrovic, B.; Dillon, T. M.; Cingel,
N.; Dothager, R. S.; Seifert, S.; Thiyagarajan, P.; Sosnick, T. R.; Hasan,
M. Z.; Pande, V. S.; Ruczinski, |.; Doniach, S.; Plaxco, K. Bvoc. Natl.
Acad. Sci. U.S.A2004 101, 12491-12496.

114) Uzawa, T.; Akiyama, S.; Kimura, T.; Takahashi, S.; Ishimori, K.;
Morishima, I.; Fujisawa, TProc. Natl. Acad. Sci. U.S.2004 101, 1171~
1176.

(115) Baker, D.Nature200Q 405, 39—42.

(116) Konishi, Y.; Feng, RBiochemistry1994 33, 9706-9711.
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encapsulated in selgel glasses aneotrepresentative of proteins  measured the fast structural dynamics of ground state equili-
whose surfaces are completely immobilized by a glassy matrix. brated proteins encapsulated on a nanoscopic length scale. For
Vibrational echo spectroscopy and molecular dynamics simula- both MbCO and HbCO, vibrational dephasing (femtosecond to
tions for several heme proteins in trehalose glasses havepicosecond) in the selgel environment is measurably slower
demonstrated that nearly all of the structural dynamics slower than in aqueous solution, although the CO dephasing in MbCO
than a few hundred femtoseconds are effectively turned off when shows a greater sensitivity to the nanoscopic environment. The
the protein surface is fixe®.Furthermore, the linear IR spectra lack of sensitivity of HbCO to the selgel environment is
showed static frequency shifts and increased inhomogeneousattributed to the presence of quaternary structure, which partially
broadening indicative of locking the proteins into many shields individual subunits from the surrounding solvent. On
structural configurations. In contrast, the steady-state andlonger time scales (tens of picoseconds), spectral diffusion is
vibrational echo data in silica sebel glasses reveal proteins essentially the same for both proteins relative to aqueous
in an environment that is similar to an aqueous environment solution. The fast protein dynamics are unaffected by changes
with an increased viscosity. The distinction between protein in the R value used to prepare the s@el glasses, which is
dynamics in sotgel and trehalose glasses has been noted known to vary the mean pore size. This supports the model in
previously by Abruzzetti and co-workéPsand is evidence that,  which the silica matrix is templated around the proteins during
while some pore wall interactions prevent global macromo- formation of the porous glass. A comparison to viscosity-
lecular rotation, a large fraction of the protein surface remains dependent studies for MbCO and HbCO in fructose water
in contact with the nanoscopic water surrounding the protein mixtures reveals that the seyel-encapsulated MbCO and
in the pore. HbCO dephasing data reflect effective viscosity increases to

Finally, although the protein dynamics in s@el glasses are 45 and 3 cP, respectively. The difference in change in effective
very different from those of a protein encased in a trehalose viscosity with encapsulation from aqueous solution suggests that
glass, it is notable that the mechanism by which the structural the MbCO is surrounded by a layer of water that is 3 times
fluctuations are damped in these two systems may not bethinner than that of HbCO.
completely dissimilar. The protein immobilizing effect of a Unlike proteins encapsulated in trehalose glassethe
trehalose glass has been shown to occur by an indirectmajority of the fast structural dynamics sensed by the heme-
mechanism in which the trehalose matrix constrains a thin layer bound CO ligands in aqueous solution continue to be active
of water at the surface of the encapsulated proet# 119 The for these two proteins in the segel glasses. At the same time,
drastic reduction in fast dynamics in a trehalose dfags the experimental results support an environment in which the
perhaps an extreme example of the dynamic effect observed insijlica pore walls confine a nanoscopic layer of water around
the vibrational echo measurements for a protein in a-gel the protein, which in turn affects the dynamics of the encap-
pore surrounded by a substantially thicker layer of confined sulated protein. Although the solvent confinement is less extreme
water. To unambiguously determine the molecular origin of the in the sol-gel pores (i.e., the layer of water is thicker) than in
change in the structural dynamics observed in these studiestrehalose glasses, the mechanism of dynamic inhibition through
would require molecular dynamics simulations of the proteins a constrained layer of water is a feature common to both
in both the sot-gel and trehalose glass environments. Nonethe- systems. The results may suggest a certain mechanistic general-
less, the nanoscopic dimensions inferred for the water surround-ity for fine-tuning protein structural fluctuations through mo-
ing the proteins in the selgel glasses in this study are similar lecular crowding and underscore the relevance of protein
to those found in many biological situations, and the results encapsulation in silica selgel glasses to the understanding of
suggest the nature of the influence such environments may haveprotein behavior in crowded physiological environments. In this
in biologically confined systems. regard, it is an important and challenging goal for future studies
to characterize and understand the effect of varying thicknesses
of confined solvent on protein structure and dynamics.

The ultrafast IR spectrally resolved stimulated vibrational
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