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ABSTRACT OF THE DISSERTATION
A Systematic Study of Phosphorescent Probes in Cryosolvents, Amorphous Solids, and Proteins
by
ANDREW R DRAGANSKI

Dissertation Director: Dr. Richard D. Ludescher

A systematic comparison was made of four different phosphorescent probes: erythrosine,
tryptophan, tyrosine, and vanillin. Over a large temperature range, phosphorescence decays were
collected for each in a 3:1 glycerol-water (v/v) mixture, a well characterized glass-forming
solvent. The molecular mobility results were compared to fluctuations in the solvent as
determined by dielectric relaxation spectroscopy. The rate of non-radiative decay of each probe
followed the solvent fluctuations at different temperature ranges and with differing degrees of

efficiency.

Phosphorescence of two single-tryptophan proteins, human serum albumin (HSA) and a 20-
amino acid tryptophan cage mini-protein, was collected in glycerol-water solvent. The results are
consistent with the solvent slaving model in that the activation energy for the observed rate of
non-radiative transition for the tryptophan residue matches that of specific solvent motions. In
the glassy state, Arrhenius-like behavior reveals that the probe mobility is dominated by a low-
energy vibrational process. As temperature is raised above T, the probe motions become
increasingly driven first by B-fluctuations of the protein hydration shell, and eventually by a

fluctuations of the bulk solvent.

The effect on protein dynamics of an amorphous solid matrix was investigated. Free tryptophan
and HSA were embedded in glucose, sucrose, maltose, and trehalose glasses. Tryptophan

phosphorescence decays were collected over a wide temperature range. Temperature correlations



between protein mobility and bulk mobility were generated. In the glassy state, despite a
significantly faster process in the protein than in the bulk, Arrhenius-like behavior revealed
similar energetics. Both values climb in similar fashion until the T, of the bulk matrix is
approached, where there is a decoupling of matrix and protein dynamics. The fluorescence of
pyranine bound to HSA probes the water in the protein’s hydration shell. The sugars are seen to

dehydrate the hydration shell to different degrees.



TABLE OF CONTENTS

ABSTRACT

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

CHAPTERI:
a. Introduction

b

CHAPTER II: Characterization of phosphorescence decay from tryptophan, tyrosine, vanillin and

. References

erythrosine B in glycerol/water.
a. Introduction

b

. Materials and Methods

c. Results and Discussion

d

. Conclusion

e. Tables and Figures

f.

CHAPTER III: Evidence of solvent slaving of protein dynamics via single tryptophan
phosphorescence of human serum albumin and a 20-amino acid trp-cage mini-protein
. Introduction

CHAPTER IV: Protein dynamics in glassy sugar matrixes via human serum albumin single-

Qo A0 o

References

. Materials and Methods

. Results

. Discussion
Conclusion
Tables and Figures
. References

tryptophan phosphorescence.

Qo As o

. Introduction

. Materials and Methods

. Results

. Discussion
Conclusion
Tables and Figures
. References

il

iv

Vi

—_—

12
25
28
53

56
58
61
63
69
70
79

82
84
88
94
99
100
111



LIST OF TABLES

Table II-1: The onset temperature (T, of the solvent primary relaxation as detected by Ay,

and the ratio log (kg / kng) for erythrosine, tryptophan, tyrosine, and vanillin. 55
Table II1-1: Activation energy of vibrational and beta components of iy, and the ratio (kg /

knr) for free-trp, trp-cage, and HSA. 83



Figure II-1:

Figure II-2:

Figure II-3:

Figure II-4:

Figure II-5:

Figure II-6:

Figure II-7:

Figure II-8:

Figure II-9:

Figure II-10:

Figure II-11:

Figure II-12:

LIST OF FIGURES

Structure of (A) erythrosine (2,4,5,7-tetraiodofluorescein), (B) tryptophan, (C)
tyrosine, and (D) vanillin (4-Hydroxy-3-methoxybenzaldehyde).

Phosphorescence intensity decay of erythrosine dispersed in 3:1 glycerol-water (v/v)
at 77K. The dashed line is the stretched exponential fit to the data.

Data obtained from phosphorescence of erythrosine in 3:1 glycerol-water (v/v)
versus temperature. (A) Average phosphorescence lifetime of intensity decays as
determined by fits to a stretched exponential function; (B) the stretching exponent (j3)
of the fits. (C) Steady state phosphorescence anisotropy.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T;) to the ground singlet state (S,) for erythrosine in 3:1 glycerol-water (v/v).
The dashed line is an Arrhenius fit to the data at T <T,. Solvent T,is 170K.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T;) to the ground singlet state (S,) for erythrosine in 3:1 glycerol-water (v/v).
The filled circles are the data from the previous figure, while the open circles are
kaonvib, the component of kyg obtained after subtraction of the vibrational component
(see text for details). The dashed lines are Arrhenius fit to the data.

Arrhenius plot of the nonvibrational component of the non-radiative transition
(kwonviv; filled circles) for erythrosine in 3:1 glycerol-water (v/v). The open circles are
the component of ki, Obtained after subtraction of the 8.33 kJ/mol Arrhenius
process from the previous figure. The dashed line is the Vogel-Fulcher-Tamman
(VFT) fit of the solvent dielectric relaxation rate (kg;) shifted vertically downward
by 5.5 log units (log(kgie1) — 5.5).

(A) Arrhenius plot of the non-radiative transition (kyg; filled circles) for erythrosine
in 3:1 glycerol-water (v/v); (B) The steady state phosphorescence anisotropy (rp) of
erythrosine against inverse temperature.

(A) Phosphorescence intensity decay of tryptophan dispersed in 3:1 glycerol-water
(v/v) at 77K. (B) The maximum entropy method (MEM) determined lifetime
distribution of the data.

Plots of the tryptophan phosphorescence MEM lifetime distribution at selected
temperature points (°C). The distribution changes little from -191°C to the glass
transition temperature of -103°C.

Data obtained from phosphorescence of tryptophan in 3:1 glycerol-water (v/v) versus
temperature. (A) Average phosphorescence lifetime of intensity decays as
determined by fits to an MEM distribution of lifetimes as well as a stretched
exponential function; (B) the stretching exponent beta () of the stretched
exponential fits is an indicator of site heterogeneity.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T,) to the ground singlet state (S,) for tryptophan in 3:1 glycerol-water (v/v).
The dashed lines are Arrhenius fits to the data at T < T, (170K), and from T, to T, +
30K.

Arrhenius plot of the rate of the non-radiative transition (kygr) for tryptophan in 3:1
glycerol-water (v/v). The dashed lines is a fit to the rate of the primary solvent

Vi



Figure II-13:

Figure II-14:

Figure II-15:

Figure II-16:

Figure II-17:

Figure II-18:

Figure II-19:

Figure II-20:

Figure II-21:

Figure II-22:

Figure II-23:

relaxation as determined by dielectric relaxation spectroscopy (kgicr).

Arrhenius plot of the rate of the non-radiative transition (kyg, filled circles) for
tryptophan in 3:1 glycerol-water (v/v). The empty circles are k,, the component of
knr that remain after subtraction of the 43.4 kJ/mol Arrhenius process from Fig. II-
11. The dashed line is the VFT fit of solvent dielectric relaxation data shifted
vertically downward by 4.4 log units (log(kge) — 4.4).

(A) Phosphorescence intensity decay of tyrosine dispersed in 3:1 glycerol-water
(v/v) at 77K. (B) The maximum entropy method (MEM) determined lifetime
distribution of the data.

Plots of the tyrosine phosphorescence MEM lifetime distribution at selected
temperature points (°C): (A) For T <T, (-103°C), the distribution becomes
increasingly broad with increasing temperature; (B) once T, is surpassed, the
distribution remains broad and rapidly shifts to shorter values of log(t).

Data obtained from phosphorescence of tyrosine in 3:1 glycerol-water (v/v) versus
temperature. (A) Average phosphorescence lifetime of intensity decays as
determined by fits to an MEM distribution of lifetimes as well as a stretched
exponential function; (B) the stretching exponent beta (B) of the stretched
exponential fits is an indicator of site heterogeneity.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T;) to the ground singlet state (S,) for tyrosine in 3:1 glycerol-water (v/v). The
dashed lines are Arrhenius fits to the data at T < 120K, 125K< T < 160K, and 170K<
T <180K.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T,) to the ground singlet state (S,) for tyrosine in 3:1 glycerol-water (v/v). The
dashed line is the VFT fit to the rate of solvent fluctuations as determined by solvent
dielectric relaxation data (k).

(A) Phosphorescence intensity decay of vanillin dispersed in 3:1 glycerol-water (v/v)
at 77K. (B) The maximum entropy method (MEM) determined lifetime distribution
of the data.

Plots of the vanillin phosphorescence MEM lifetime distribution at selected
temperature points (°C): (A) For T <T, (-103°C), the distribution slightly broadens
with increasing temperature; (B) once T, is surpassed, the distribution becomes
increasingly broad and rapidly shifts to shorter values of log(t).

Data obtained from phosphorescence of vanillin in 3:1 glycerol-water (v/v) versus
temperature. (A) Average phosphorescence lifetime of intensity decays as
determined by fits to an MEM distribution of lifetimes as well as a stretched
exponential function; (B) the stretching exponent beta (8) of the stretched
exponential fits is an indicator of site heterogeneity.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T;) to the ground singlet state (S,) for vanillin in 3:1 glycerol-water (v/v). The
dashed lines are Arrhenius fits to the data at T < 140K, and 150K< T <170K.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T,) to the ground singlet state (S,) for vanillin in 3:1 glycerol-water (v/v). The
dashed line is the VFT fit to the rate of solvent fluctuations as determined by solvent
dielectric relaxation data (k).

Vi



Figure I1-24:

Figure II-25:

Figure II-26:

Figure II-27:

Figure III-1:

Figure III-2:

Figure III-3:

Figure II1-4:

Figure III-5:

Figure III-6:

Figure III-7:

Figure III-8:

Figure IV-1.

Plots of the average phosphorescence lifetime vs. temperature for erythrosine,
tryptophan, tyrosine, and vanillin in 3:1 glycerol-water (v/v).

Plots of the average phosphorescence lifetime normalized at -200°C for erythrosine,
tryptophan, tyrosine, and vanillin in 3:1 glycerol-water (v/v).

The stretching exponent beta (B) of the stretched exponential fits for erythrosine,
tryptophan, tyrosine, and vanillin phosphorescence decays plotted versus
temperature.

Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited triplet
state (T;) to the ground singlet state (S) for erythrosine, tryptophan, tyrosine, and
vanillin in 3:1 glycerol-water (v/v). The solid green line is a fit to the primary
relaxation of the solvent as determined by dielectric relaxation spectroscopy
experiments. The dashed lines are fits to the solvent relaxation with various
downward shift to match kg of each individual probe.

The structure of (A) tryptophan, (B) trp-cage mini-protein, and (C) human serum
albumin (HSA).

Phosphorescence emission decays of dispersed free tryptophan (blue circles) and the
single tryptophan (W214) of human serum albumin (HSA, black triangles) in
glycerol/water (3:1 vol/vol) at 77K.

Maximum entropy method (MEM) distribution analysis of the data shown in Fig. 1.
The small peak at log T = 3.3 is due to tyrosine phosphorescence.

Thermal evolution of the free tryptophan MEM peak. The T, of the glycerol/water
solvent is -103°C.

The temperature dependence of the average tryptophan phosphorescence lifetime (tp)
of dispersed free-trp (blue), trp-cage (red), and HSA (black) in glycerol/water solvent
(3:1 vol/vol).

Arrhenius plot of the tryptophan non-radiate transition rate (kng, as determined from
data in Fig. 4) of dispersed free-trp (blue), trp-cage (red), and HSA (black). Dashed
lines are Arrhenius fits to the low temperature data, where kyy is a vibrationally
controlled process. Dotted lines are VFT fits to high temperature data; the fits follow
the dielectric a fluctuations in the solvent.

Subtraction of the vibrational component from Fig. 5 yields the non-vibrational
component of kyg, which can be further broken down into § and a components. The
dashed lines for free-trp and trp cage are Arrhenius fits (E, of 45.6 and 37.2 kJ/mol)
to the data where kyg is driven by B fluctuations. The  regime is hidden in HSA; the
dashed line is generated assuming an E, of 40 kJ/mol.

Subtraction of the f component yields the o component of kg for trp-cage and HSA;
the B and o fluctuations are not separable for free-trp (see text for details). The bold
green line is the VFT fit of the primary relaxation in the bulk solvent as determined
by dielectric relaxation spectroscopy. The dashed lines are the VFT fit shifted
vertically down showing the fluctuations in the bulk drive Ayg.

Phosphorescence emission decay of the single tryptophan (W214) of human serum

viii



Figure IV-2.

Figure IV-3.

Figure IV-4.

Figure IV-5.

Figure IV-6.

albumin embedded in glassy sucrose matrix at 0°C.

Amplitude-averaged phosphorescence lifetime of (A) tryptophan amino acid
dispersed in amorphous solid glucose, sucrose, maltose, or trehalose and (B) the
single tryptophan of human serum albumin embedded in amorphous solid glucose,
sucrose, maltose, or trehalose. The glass transition temperatures of the sugars are
indicated on the x-axis of (A).

Arrhenius plots of the average non-radiative decay rate <kyg> (calculated from the
amplitude-averaged lifetime) for de-excitation of the tryptophan triplet state in free
amino acid (solid symbols) and in human serum albumin (open symbols) embedded
in amorphous solid (A) glucose, (B) sucrose, (C) maltose, and (D) trehalose. Data
replotted from Figure 2.

Activation energy (E,) for non-radiative decay of (A) free tryptophan amino acid and
(B) tryptophan in human serum albumin embedded in amorphous solid glucose,
sucrose, maltose, and trehalose. E, values calculated from the slopes of the
Arrhenius plots of Fig. 3.

Pyranine fluorescence emission (free in water, HSA-bound in water, HSA-bound in
sucrose at different drying times).

Normalized pyranine fluorescence emission bound to HSA and embedded in glassy
sugar matrices (glucose, sucrose, maltose, trehalose).



CHAPTER I:

Introduction

Phosphorescent probes: When an aromatic organic molecule absorbs the energy of a photon of UV/Visible
light, it quickly (~10'15 ) jumps to an excited singlet electronic state, finding itself out of equilibrium with
its neighbors. Inevitably—and quickly—its newly acquired excess energy must be lost to the surroundings,
re-establishing equilibrium. But sometimes a low probability forbidden event occurs: during its excited
state lifetime a high energy electron flips its spin to create an unpaired electronic orbital configuration.

This configuration is called a triplet state, since unpaired electrons split into three quantized states in the

presence of a magnetic field[1].

A molecule in an excited triplet state is unique. Though it is out of equilibrium with its surroundings, it
cannot return to the ground state without again undergoing a low probability spin forbidden process. This
has the effect of prolonging the high-energy state. Where an excited singlet state may have a lifetime of a
few nanoseconds, an excited triplet state may persist for several seconds. If a photon is emitted from a
molecule in the excited triplet state it is called phosphorescence. The time-resolved collection of photons

from an ensemble of phosphorescent molecules allows for the triplet state lifetime to be determined.

Importantly, the triplet state lifetime can be shortened by a radiationless process. In the non-radiative de-
excitation process the electronic energy of the excited state is lost to the surroundings as heat in the form of
vibrational energy. In the case of aromatic molecules, its rate is directly dependent on the various bending
and twisting motions of the atoms that make up the conjugated ring[1]. More specifically, there are three
necessary conditions for radiationless transition, all of which are dependent on molecular mobility: (1) the
nuclear geometry of the excited triplet state must closely match that of the ground singlet state; (2) some
fluctuation must create a vibronic force to promote spin flip; and (3) the excess electronic energy must be
able to be dissipated to the surroundings through coupled vibrations. The rate of this non-radiative
process—#knr—is of central importance. In the absence of other quenchers of the triplet state, kyg provides

a measure of molecular mobility local to the site of a phosphorescent molecule.



Ludescher and colleagues have exploited the fact that many generally recognized as safe (GRAS)
molecules, often naturally occurring organic compounds, display strong phosphorescence emission in rigid
environments. Such molecules have been used as phosphorescent probes to characterize a large variety of
glassy/viscous systems of relevance to problems in food storage, stability, and packaging. Works have
focused on dry saccharide matrixes[2-4], amorphous solid proteins[5], and edible polymeric films[6].
Probes that have been utilized include erythrosine[7], vanillin[8, 9], and tryptophan. Because they are
GRAS, these and other compounds show great potential as phosphorescent sensors of on-the-shelf food

quality.

While understanding the principles behind the preservation of foods and food ingredients are important
problems, glassy biological systems are relevant in a larger biophysical framework. Slowing down or
halting naturally occurring processes is not a challenge solely faced by the food scientist. The
pharmaceutical scientist strives to stabilize and maximize the effectiveness of biological therapeutic
agents[10]. The protein biophysicist slows down biomolecules to facilitate observation of their
mechanisms[11, 12]. Many organisms are faced with the task of preserving themselves when subjected to
desiccation stress, in which event they overproduce saccharides and go into a state of anhydrobiosis[13-15].
In these cases and others, various polyols or small saccharides are frequently introduced in massive
quantities to the system to help form a stabilizing matrix. These molecules or their mixtures may be known

as excipients, cryosolvents, or glass-forming liquids.

Phosphorescence, almost exclusively that of tryptophan, has been used to a limited degree to probe protein
mobility[16-21]. As an intrinsic amino acid it can provide site-specific information at any conceivable

protein locale: e.g. at a protein surface, buried deep in a hydrophobic core, or at a flexible binding site.

On the whole, the typically low quantum efficiency of the formation of the triplet state has caused

phosphorescent probes to be severely underutilized. One of the unfortunate results is that not many efforts



have been made to attain a deeper understanding of how a probe responds to its environment, or for that
matter to systematically explore the response in a number of well-characterized solvents or matrixes. The
combination of this lack of information and the great potential shown by phosphorescent probes has driven

the research outlined in this dissertation.

A 3:1 glycerol-water (v/v) mixture was chosen as solvent for most of this work. It is a model glass-former,
often used in protein dynamics studies, that has been well characterized by a myriad of experimental
techniques[22-26]. First, four different phosphorescent probes, erythrosine, tryptophan, tyrosine, and
vanillin, were dispersed in the solvent and monitored as a function of temperature. By extending the range
down to well below the glass transition temperature, each probe’s response was collected from the rigid
glassy state up through the solid-liquid transition. In the next piece of work two single tryptophan proteins,
human serum albumin (HSA) and a 20 amino acid trp-cage mini-protein, were dissolved into glycerol-
water solvent and subjected to the same experimental procedure. Finally HSA was embedded in dry glassy

sugar matrixes (glucose, sucrose, maltose, and trehalose).
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CHAPTER II: Characterization of phosphorescence decay from tryptophan, tyrosine, vanillin and

erythrosine B in glycerol/water.

Introduction

The goal of this work is to characterize the triplet-state photophysical response of four generally recognized
as safe (GRAS) molecules—erythrosine, tyrosine, tryptophan, and vanillin—dispersed in a 3:1 (v/v)
glycerol-water solvent. The glycerol-water mixture was chosen because it is a versatile glass-forming
cryosolvent that has been well characterized by other experimental techniques, in particular dielectric
relaxation spectroscopy [1-5]. In biomolecule dynamics studies, it is a great benefit to drastically slow
down the rates of conformational transitions. Large amounts of glycerol are often added to the system
because it interrupts the crystallization of water that will occur at low temperature. Water and glycerol at
this ratio are completely miscible, with no water- or glycerol-rich regions appearing across a broad
temperature range[6, 7]. The glass transition temperature (T,) is -103°C (170K), as defined by the point

where the solvent a relaxation occurs at rate of 0.01 s,

Erythrosine is a cherry-pink die that has a large absorption and strong phosphorescent signal. It is
composed of a fluorescein molecule substituted with four iodine atoms on the main xanthene ring (Fig.
1A). The presence of iodine produces the heavy atom effect, a facilitation of electron spin flip, which
increases the phosphorescence quantum yield[8]. Erythrosine displays absorption maximum of 535 nm,
fluorescence maximum of 560 nm, and phosphorescence maximum of 682 nm. The quantum yield of
phosphorescence (Dp) is 0.0264[9]. Erythrosine has been extensively used as a probe of rotational
diffusion in solution[10-12], and of molecular mobility[9, 11-14] and oxygen diffusion[15-17] in glassy
systems. Tryptophan and tyrosine (Figs. 1B,C) are especially important as they are the two significantly
luminescent aromatic amino acids[18]. Numerous protein dynamics studies have utilized tryptophan
phosphorescence[ 19-23]. However, there has been considerably less interest in the photophysics of
tyrosine than in that of trp because UV light absorbed by proteins is preferentially absorbed by trp residues,
or is transferred from tyr to trp[24]. Tyrosine’s extinction coefficient at 290 nm is approximately 45 times

less than that of tryptophan, though the ionized form of tyrosine is much higher than the neutral form[24].



Tyrosine has been scarcely utilized as a phosphorescent probe, and as such has not been well characterized.
Despite its shortcomings it may be a valuable source of information for future dynamics studies—
especially for proteins lacking tryptophan[25]. Vanillin (Fig. 1D) is a flavoring compound that has a
moderate signal and long lifetime. Its phosphorescence is not well characterized, though it shows promise

as a probe of amorphous solids[26, 27], and the liquid state[28].

After dispersing probe into cryosolvent, experiments were conducted by first cooling to liquid nitrogen
temperature to form a rigid, glassy matrix. With increasing temperature, the sample passed from the glassy
state, through the glass-liquid transition, and into the melt. Through each of these regions, the
phosphorescence decay of the probe ensemble reports on the degree and heterogeneity of molecular
mobility. The systematic study of four different molecules in a well characterized glass-forming solvent
allows for side-by-side comparison. Detailed understanding of the phosphorescence sensitivity of these

molecules in glassy or viscous environments is lacking.



Materials and Methods

Materials: Water was distilled and deionized. High purity (>99%) vanillin (3-methoxy-4-hydroxy
benzaldehyde), L(-)-tryptophan, and Erythrosin B (2,4,5,7-tetraiodofluorescein disodium salt) were
obtained from Acros organics (New Jersey, USA). Ultrapure, spectrophotometric grade glycerol was
obtained from Alfa Aesar (Ward Hill, MA). L(-)-Tyrosine (>99% purity) was obtained from Sigma
Chemical Co. (St. Louis, MO). At 77K glycerol emitted phosphorescence that was deemed to be due to
trace impurities. Attempts at further purification with activated charcoal proved fruitless, though in all

cases the signal was less than 1% therefore glycerol was used without further purification.

Preparation of samples: Aqueous stock solutions of probes were prepared: 50 mM vanillin, 50 mM
tryptophan, 10 mM erythrosine. The appropriate amount of stock solution was added to glycerol and water
to yield a final ratio of probe:solvent of 1:1000 (weight), and water:glycerol of 1:3 (volume). This ratio of
probe to solvent has been determined to be sufficiently small to preclude probe-probe phosphorescence
quenching (REF). Because of its low solubility in water, tyrosine was added directly to glycerol/water
mixture at Ilmg/mL. The final mixture was heated in a water bath to 60°C for 30 mins. The heat served
two purposes: to ease mixing, and to facilitate the removal of oxygen from the solution. After heating, the

solution was placed under vacuum pump until bubbling stopped.

Luminescence measurements: A small copper apparatus was fabricated to fit into a small dewar with a
quartz coldfinger to allow cooling of the sample. About 8 puL of solution was pipetted into the recessed
area; the high viscosity, surface tension, and adhesion to the copper wall were sufficient to hold the solution
in place. After sliding into the dewar, where the sample was optically accessible, liquid nitrogen was
poured into the above reservoir, and conduction along the copper stem quickly brought the sample
temperature to 77K. Enough space between the copper apparatus and dewar remained for a thin
thermocouple wire; the thermocouple touched the copper stem at a point directly behind the sample
reservoir. It was assumed that due to the small sample volume (8 pL) in contact with large surface area of

copper (2 mm diameter x %2 mm depth) that thermostat and sample were at all times near thermal



equilibrium. The entire apparatus was positioned with the sample along the emission light path with front
face geometry. As the sample slowly warmed, phosphorescence decays were collected on a Cary Eclipse
fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA, USA). The instrument contains a
high-intensity pulsed lamp and collects in analog mode; excitation / emission wavelengths for the probes
were: erythrosine, 525 / 690 nm; tryptophan, 280 / 450 nm; tyrosine 270 / 430 nm; and vanillin 320 / 490
nm. In all cases both monochromator slit widths were set at a maximum of 20nm to maximize signal. A

delay time of at least 1 ms avoided the collection of scattering and prompt fluorescence.

For tyrosine a sequence of 5 lamp flashes were used to increase signal intensity. With increasing
temperature, once phosphorescence decay times were below 5 seconds, excitation was limited to a single
lamp flash. In this case the signal to noise ratio was improved by taking an average of increasingly more
cycles with increasingly shorter decay times. Gate time (channel width) varied from 40 ms for the longest
decays to 0.5 ms for the shortest decays. Gate time was also adjusted according to overall decay length for
tryptophan (60 - 0.5 ms) and vanillin (3 — 0.5 ms). Erythrosine phosphorescence does not display the
temporal range of the other three molecules; gate time was 0.06 ms at all temperatures. Decays were
collected over the temperature range of -200°C to -50°C; as the solvent glass transition temperature is -
103°C this temperature range allowed for observation of behavior both in the glassy state and through the

glass transition.

The spectrophotometer is also equipped with automatic polarizer accessories for both the excitation and
emission that allowed for the collection of steady state phosphorescence anisotropy for erythrosine as a
function of temperature. For all temperatures, the gate time for collection was 3.7 ms, and photomultiplier
voltage set to high. Excitation / emission wavelengths and slit widths were the same as for collection of

erythrosine phosphorescence decays. The G factor (Iyy / Iyy) was measured at 77K for each sample.

Analysis of phosphorescence decays: To eliminate the tendency of over-fitting the long tail of
phosphorescence intensity decays, a simple code was written in Mathematica to remove data points from

the tail. Based on random number generation, data points were selectively dropped yielding a thinned
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decay with points equally spaced on a log-time scale. Typically a decay of 1000 points was reduced to

~100.

A discrete lifetime model is inappropriate to describe phosphorescence decays in heterogeneous
environments[ 16, 29, 30]. The collected decay is an ensemble measurement of many chromophores, each
located in a similar but unique environment[16]. Two fitting models that allow for a heterogeneous decay
were used: the stretched exponential function and maximum entropy method (MEM) distribution of
lifetimes[31, 32]. The stretched exponential, or Kohlrausch-Williams-Watts (KW W) function:

I(t)y =1, x exp(-time/tK\;VW)'3 [1]
has often been successfully used to describe relaxation processes in glassy or glass-like systems[16, 33-35].
The simplicity of this function, where the single variable § describes the degree of heterogeneity, holds
great appeal and was proved suitable for fitting all erythrosine and the majority of tryptophan, tyrosine, and
vanillin decays. Beta can vary from 0 to 1; when B is 1, there is no spread and the decay is described by a
single exponential. The smaller the value, the greater the spread in the decay. The average lifetime was
determined by the relation:

<> = (txww/B) x T'(1/B) 2]

where I' is the gamma function.

Lifetime distributions of tryptophan, tyrosine, and vanillin phosphorescence decays were also determined
by the hybrid maximum-entropy / nonlinear-least-squares software MemExp version 3.0[31, 32], which is
freely available through the NIH center for molecular modeling site (http://cmm.cit.nih.gov/memexp/).

The algorithm utilizes a maximum entropy function and maximum likelihood fitting to analyze time
dependent data in terms of distributed lifetimes. The obtained lifetime distributions frequently spread
across two decades of time due to more quickly decaying phosphorescent impurities (verified by analysis of
probe-free solvent); due to its long lifetime, the component of the distribution due to tryptophan was easily
distinguished from impurities. Fits were judged to be adequate when the modified residual (Poisson noise)

was seen to vary randomly about zero.
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Photophysical rate constants: According to basic photophysical principles, the inverse of the observed
phosphorescence lifetime can be expressed as a sum of rates, each of which is a potential route for the
return from the excited triplet state to the ground singlet state[8]:

' =kp = kep + kng + X (ko i[QiD)s [3]
krp 1s the intrinsic radiative rate of the triplet state, known from measurements in low-temperature glass to
be roughly 0.167 s™ for tryptophan [36, 37]; 0.35 s for tyrosine[38]; 40 s™' for erythrosine[8]; and 2.63 s
for vanillin[27]. Each product ko[Q] gives the rate due to collision with a quenching molecule of
concentration [Q]. There are two potential quenchers: oxygen, which has been purged from the system,
and other probe molecules, which are at sufficiently low concentration. Therefore, ko[Q] = 0 for all
molecular quenchers. The value kg may thus be calculated directly from the phosphorescence lifetime:

Fxg = <v>" — kgp. [4]

Analysis of anisotropy: The phosphorescence anisotropy (r) of a molecule provides a measure of the extent
of polarization of emission; it is determined by the following relation[18]:

1= (Iyv — GxIyn) / (Iyy + 2G*Iyn), [5]
where I is emission intensity, and V/H are vertical/horizontal polarization. The first subscript describes the
orientation of the excitation light and the second describes the orientation of the emission light; the G factor
is Iy / Iy, Because of its transition dipole moment orientation, erythrosine emits polarized
phosphorescent light[10]. The steady state phosphorescence anisotropy (rp), has been measured in solid
PMMA (rp = 0.25) and arabinose glass (rp = 0.22). Depolarization of anisotropy occurs when rotational
diffusion is faster than the emission process. The rate of rotational diffusion is dependent on the size of the
molecule and the viscosity of the solution. As the viscosity of the solution decreases, rp will decrease to
zero. Erythrosine lends itself to phosphorescence polarization experiments because of its high quantum

yield and large transition dipole moment.
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Results and Discussion

PART 1: Erythrosine B

Phosphorescence lifetimes: Phosphorescence intensity decays of erythrosine in glycerol/water solvent (3:1
vol/vol) were collected from 77K to 220K and fit to a stretched exponential function (Eq. 1). Figure 2
shows the phosphorescence intensity decay at 77K, as well as the stretched exponential fit and fit
parameters. All decays were well fit (R* > 0.999). The average phosphorescence lifetime, as determined
from the fits to the decays (<t>; Eq. 2), is plotted against temperature in Fig. 3A. In the absence of
quenching molecules, the phosphorescence lifetime provides a measure of molecular mobility of the
probe’s local environment[16]. At 77K, T = 0.95 ms—an expected long lifetime for erythrosine in a glassy
environment at low temperature—and slowly decreases with increasing temperature, until the solvent T, of
-103°C is surpassed. The effect of the glass transition is not detected immediately though, as it is not until -
90°C is reached that the lifetime begins to rapidly decrease. The decrease in t is an indication that the
probe has become sensitive to decreasing solvent viscosity. At -70°C the trend unexpectedly stops and a
second plateau is reached, similar to the behavior below T, , and t once again decreases slowly with

increasing temperature.

Heterogeneity: In Fig. 3B the value of the stretching exponent B, an indicator of site heterogeneity, is
plotted against temperature. The value of B follows a similar trend as T with increasing temperature from -
100° to -70°C: it slowly increases in the glass and then sharply increases above T,. This is likely a
reflection of increasing averaging as the matrix softens around the probe. In the glassy state the ensemble
of probes occupy a large number of different conformations that are “frozen” in place with respect to the
phosphorescence lifetime; in this case each probe has a unique decay time, based on differences from site
to site, and the ensemble emission gives rise to a non-exponential decay[29, 30]. As the probe sites become
more mobile, each probe will begin to explore multiple conformations during the lifetime. This

conformational averaging at a suitable rate will yield a decay that is well described by a single exponential
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function[39, 40]. This is the case for erythrosine at =-75°C, where  >0.98. However as temperature is

further increased B begins to fall in a complicated pattern with no immediately apparent explanation.

Anisotropy: To find further insight into the unusual pattern followed by t and B with increasing
temperature, the steady state phosphorescence anisotropy (r) of erythrosine was collected; r is plotted
alongside t and B in Fig. 3C. The value of r = 0.19 was consistent for T <T,, indicating that when the
solvent was in the glassy state the probe was fixed in a rigid environment and unable to diffuse rotationally
within the phosphorescence lifetime. At -70°C, r began to decrease rapidly, reaching a plateau of 0.03 at -
50°C. The depolarization indicated that the solvent became mobile enough to allow the erythrosine
molecule to begin rotating. Possibly the residual r = 0.03 is a result of rotation being solely due to rotation
in the plane of the ring, and only goes to 0.0 when isotropic rotation becomes sufficiently fast. It is
interesting to note that the commencement of the decrease in r at -70°C roughly coincides with the end of

the rapid decrease in t.

Arrhenius analysis: In Figure 4, the logarithm of the rate of non-radiative decay (kngr; Eq. 4) has been
plotted against inverse temperature. The slope of the Arrhenius plot reveals the activation energy (E,) of
the non-radiative process which provides a measure of the molecular mobility in the solvent matrix. The
dashed line in the plot is the straight line fit of the data at T < T, (= 170K), yielding E, = 0.18 kJ/mol. This
small activation energy indicates there is little motion in the glass, and suggests that the slight increase in
knr 1s due to normal mode vibrations of the erythrosine molecule. The increase in slope above T, indicates
that &y undergoes a transition from a low E, vibration process to a higher E,  process. Since normal-
mode vibrations and j fluctuations are independent motions[6], their contributions to kygr are separable;
thus kxr consists of a vibrational and a non-vibrational component:

knr = kyib t Knonvibs [6]
At T << T,, the matrix is “frozen” with respect to o motions while 3 fluctuations are too weak to compete
with vibrations, i.e. knonvib — 0 and &y, = kng. Since kyj, is an Arrhenius process it can be extrapolated to
higher temperatures and subtracted from kyg to yield knonvin (Fig. 5). The filled circles in the plot are the

original kygr data and the open circles are k,onyip. With the vibrational component of kg subtracted out, a
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clear Arrhenius process is revealed in the plot from 180 to 200K with an E, of 46.66 kJ/mol, a typical

energy for B relaxation in a glassy system[41, 42].

The turndown of the plot in Fig. 5 at 200K is unusual; it does not imply that the 46 kJ/mol process suddenly
ceases, but rather that the process ceases to have an effect on kng. The second plateau indicates that the
temperature dependence of the non-radiative process of erythrosine is once again, over a small temperature
range, being controlled by small E, vibrational motions. The probe has, for unclear reason, temporarily lost
its sensitivity to changes in the softening matrix. A low E, process of 8.33 kJ/mol is observed before the

upturn seen in the plot.

At 250K there is a second upturn in the Arrhenius plot. At this warmer temperature, now 80K above Ty, it
is presumed that erythrosine begins to be affected by the primary relaxation (o) of the solvent. This is
supported by the fact that the phosphorescence lifetime of many molecules has been observed to closely
follow solvent viscosity[43-45]. The gradually increasing slope at 250K indicates the rate may again be
separated into two contributions. Thus, the 8.33 kJ/mol vibrational process is subtracted from kpqnyi, and
plotted in Fig. 6. The dashed line is the VFT fit to the solvent a relaxation as determined by dielectric
relaxation (kgie1)[ 7] shifted down 5.5 log units. The matching slopes strongly suggests that at T, + 100K,
knr 1s under control of the primary relaxation of the bulk solvent. The solvent relaxation is 10°° = 320,000
times faster than kyr, meaning that it takes a large number of solvent fluctuations to bring about the
erythrosine non-radiative transition. The large degree of inefficiency is a reflection of the forbidden nature

of the spin flip. Despite the difference in magnitude, both rates have the same temperature dependence.

Is it possible that the =46 kJ/mol process from 180K to 200K facilitates the rotational diffusion of
erythrosine? Figure 7a shows the original Arrhenius plot of kygr; underneath it, Figure 7b is a plot of
anisotropy, but now against inverse temperature to allow side-by-side evaluation. Because the erythrosine
phosphorescence does not begin to depolarize until T > 200K, it is doubtful that the 46.66 kJ/mol B process
is allowing rotation of the whole molecule. Instead it is much more likely that what is happening to

erythrosine from 180K to 200K is that the benzoic acid moiety begins to obtain freedom of rotation about
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the C-C bond that links it to the central 3 ring fluorone. Ample evidence exists linking various
photophysical rates of fluorescein to the value of the dihedral angle formed by the benzoic acid residue[46,
47]. Furthermore, molecular orbital analysis on the T; to S, transition of erythrosine has shown the optimal
geometry is when the benzoic acid is at 90° to the fluorone ring system. What is likely happening is that
once T, = 170K is reached, there is enough mobility in the matrix to allow the benzoic acid to slowly begin
to explore a greater angle of orientation. Because of the size of the moiety—the aromatic carboxylic acid is
bulky—it requires some participatory movement of the local solvent molecules to allow its rotation. The
participation of the highly viscous solvent is why the E, of the process is so high. When the temperature
reaches 200K, two things simultaneously occur. First, the rotation of the benzoic acid moiety is no longer
inhibited by the viscous solvent but instead its freedom of motion is checked by the bulky carboxylic acid.
The benzoate moiety cannot rotate a full 360° about the C-C bond. This may explain the plateau in kyy at
~210K: the non-radiative mechanism of benzoic acid rotation has been exhausted. The second thing that
happens at 200K is the entire erythrosine molecule begins to rotate within the timescale of the
phosphorescence lifetime, as evidenced by the anisotropy beginning to decrease. The overall progression
with increasing temperature makes sense: at T < T, nothing is able to move, at T = 180K the smaller
benzoic acid moiety begins to rotate, and at T = 200K the entire molecule begins to rotate. Finally at 250K
there is enough thermal energy in the system to support translational motion, and collisional quenching by

solvent a fluctuations ultimately drives the kg process.

PART II: Tryptophan

Phosphorescence lifetimes: Phosphorescence intensity decays of tryptophan in glycerol/water (3:1 vol/vol)
were collected from 77K to 230K. A log plot of the data at 77K (Fig. 8a) demonstrates the decay is nearly
single exponential. Most of the decays were able to be well fit (R* > 0.999) to a stretched exponential
function (Eq. 1). However, improved fits to the decays were achieved using the maximum entropy method

distribution of lifetimes (MEM; for details on fitting see Methods). Various small, short lifetime peaks
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were seen in the MEM fits; these coincided closely with peaks seen in glycerol/water blanks and have been
determined to be due to scant quantities of unidentified phosphorescent impurities in the solution (this was
not an issue for erythrosine both because of its high phosphorescence quantum yield and low absorption
energy). Fitting the decays with an MEM-based lifetime distribution function thus allowed for
identification and isolation of the component of the signal due to tryptophan; this was impossible with
previously utilized fit procedures (sum of exponentials and stretched exponential). Once the tryptophan
peak was determined, the rest of the lifetime distribution was discarded. The log (t) MEM distribution for
the data of Fig. 8a is plotted in Fig. 8b, showing that the decay is best represented by a spread in lifetimes
centered at 10°® = 6300 ms. In Fig. 9 the MEM fits are plotted against temperature (a number of
temperature points have been excluded to ease viewing). As expected, the lifetime distribution moves to
shorter times with increasing temperature. The average lifetime (1) was calculated from the assigned
tryptophan peak in the MEM distribution by calculating the center of gravity (after converting from log (1)
to 7). The average lifetime was also calculated from the stretch fit parameters (Eq. 2). Both calculated
values of T are plotted against temperature in Fig. 10a, demonstrating close agreement between both
methods of data analysis. In the absence of quenching molecules, the phosphorescence lifetime provides a
measure of molecular mobility of the probe’s local environment[16]. At 77K 1~ 6300 ms, an expected
long lifetime in a rigid glass at low temperature—in fact one of the longest reported in the literature[38].
Tau very slightly decreases with increasing temperature, until the solvent T, of -103°C is surpassed, where
the lifetime begins to rapidly decrease. The decrease in 7 is an indication that the probe has become

sensitive to decreasing solvent viscosity.

Beneath Fig. 10a the stretching exponent () from the stretched exponential fits is plotted against
temperature (Fig. 10b). Beta, a measure of site heterogeneity, remains stable at =0.95 in the glass until the
T, 0f -103°C is reached. The rise of B and approach to a value close to 1 at -78°C is indicative of
conformational averaging (as discussed above for erythrosine). As temperature is further increased above -

78°C B begins to quickly fall with no immediately apparent explanation.
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Arrhenius analysis: In Fig. 11, the logarithm of the rate of non-radiative decay (knr; Eq. 4) has been
plotted against inverse temperature. The slope of the Arrhenius plot reveals the activation energy (E,) of
the non-radiative process which provides a measure of the molecular mobility in the solvent matrix[16].
There are two apparent Arrhenius processes, indicated by the dashed lines in the plot. The fit of the data at
T < T, (170K), yields E, = 2.02 kJ/mol. This small activation energy indicates there is little motion in the
glass, and suggests that the slight increase in Ayg is due to normal mode vibrations of the tryptophan
molecule. From 170 to 200K the increase in slope indicates that kyg undergoes a transition from a low E,
vibration process to a f process with E, of 43.4 kJ/mol. The inverse phosphorescence lifetime of
tryptophan has been observed to follow the trend of the solution viscosity[43]. Thus it is expected that at
some T > T, the a relaxation of the solvent will become fast and strong enough to be the primary driver of
kyg. In Fig. 12 the rate of the primary solvent relaxation as measured by dielectric relaxation spectroscopy
(kgie)[ 7] has been plotted in Arrhenius fashion alongside kg of tryptophan. It is clear from the comparison
of the two plots that kyr does not begin to follow the 95 kJ/mol E, of the solvent until ~ 220K, at which
point it is at least 4 orders of magnitude slower than k. Because the 43.4 kJ/mol Arrhenius process of
Fig. 11 does not follow the main fluctuation of the solvent the two process are considered to be statistically
independent. Thus kyg may be divided into two components, k, and kg, such that kyg =k, + k.
Extrapolation of the B process and subtraction from kyr yields k,, which has been plotted in Fig. 13
alongside the VFT fit of the solvent dielectric subtracted by 4.4 log units. This demonstrates that the
solvent a relaxation begins to have an effect on kyr at 200K and the transition from B dominated to o
dominated is completed at 215K. The downward shift of the VFT fit implies that it takes on average 10** =
25,000 o fluctuations of the solvent to bring about the non-radiative transition of the tryptophan triplet

state.

PART III: Tyrosine

Phosphorescence lifetimes: Phosphorescence intensity decays of tyrosine in glycerol/water (3:1 vol/vol)

were collected from 77K to 200K. The curved log plot of the data at 77K (Fig. 14a) demonstrates the
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decay is non-exponential. Most of the decays were able to be well fit (R* > 0.999) to a stretched
exponential function (Eq. 1). However, improved fits to the decays were achieved using the maximum
entropy method distribution of lifetimes (MEM; for details on fitting see Methods). The log (t) MEM
distribution for the data of Fig. 14a is plotted in Fig. 14b, showing that the decay is best represented by a
spread in lifetimes centered at 10°* =~ 2500 ms. In Fig. 15a the MEM fits for T < T, are plotted against
temperature. With increasing temperature, the distribution spreads wider while maintaining a longest
lifetime anchor point of log(t) = 3.7. This indicates a large increase in heterogeneity of probe dynamics in
the glassy matrix. With increasing temperature above T, , the MEM distribution maintains its wide shape
and moves to shorter lifetimes (Fig. 15b). The average lifetime (t) was calculated from the tyrosine MEM
distribution by calculating the center of gravity (after converting from log (1) to 7). Tau was also calculated
from the stretch fit parameters (Eq. 2). Both calculated values of t are plotted against temperature in Fig.
16a, demonstrating close agreement between both methods of data analysis. In the absence of quenching
molecules, the phosphorescence lifetime provides a measure of molecular mobility of the probe’s local
environment[16]. At 77K the lifetime of 2500 ms is in the range of lifetimes reported in the literature in
glassy matrix at 77K[24, 38]. From -200°C up to the glass transition temperature -103°C, the lifetime
significantly decreases with increasing temperature, which is unusual for a phosphorescent probe in a
glassy matrix. When T, is surpassed, the lifetime begins to decrease at a steeper slope, likely as a response

to the decreasing viscosity of the solvent.

Beneath Fig. 16a the stretching exponent () from the stretched exponential fit is plotted against
temperature (Fig. 16b); the plot shows B to steadily decrease from a value of 0.87 at -200°C to a minimum
of 0.63 at T just over T,. The large decrease was unexpected, and indicates increasing probe heterogeneity
despite the “frozen” nature of the glass (also demonstrated by the widening of the MEM distribution in Fig.
15a). The slight rise of B from -100 to -80°C is likely indicative of conformational averaging (as discussed
above for erythrosine). Useful data was unable to be collected for T > -80°C as the phosphorescence

decays became too short and weak to resolve with the phosphorimeter.
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Arrhenius analysis: In Fig. 17, the logarithm of the rate of non-radiative decay (knr; Eq. 4) has been
plotted against inverse temperature. The slope of the Arrhenius plot reveals the activation energy (E,) of
the non-radiative process which provides an average measure of the local molecular mobility experienced
by the probe ensemble. At T < T, the Arrhenius plot of tyrosine is unique in that the slope of &y is steadily
increasing with temperature. It is thus impossible to assign a single activation energy to kyg in the glass.
The dashed lines in the plot are fits to several adjacent data points to drawn to demonstrate the steadily
increasing E, of kyg in the glass. At 77K the small E, of 0.74 kJ/mol indicates there is little motion in the
glass and kg of the probe is activated by small amplitude normal vibrations. The E, slowly increases up
to 2.95 kJ/mol at 170K this gradual increase is not indicative of a transition to a different and distinct
process, but rather is likely a result of heterogeneous dynamics experienced by the probe ensemble. This
theory is supported by the high degree of non-exponentiality seen in the intensity decays shown by the

unusually low value of the stretching exponent 3.

Above 170K the slope rapidly increases as kng undergoes a transition from a low E, vibration process to a
higher E, process. The transition is sharp and closely coincides with the glass transition temperature,
suggesting the probe is responding to the a relaxation of the bulk solvent in a highly sensitive fashion. In
Fig. 18 the rate of the primary solvent relaxation as measured by dielectric relaxation spectroscopy (kgie)[7]
has been plotted in Arrhenius fashion alongside kyr of tyrosine. It is readily apparent that kg closely
follows the 95 kJ/mol k4 process. Not only is the slope of the plot nearly identical, but the rates
themselves are very similar, as log (kgie//Ang ) = 0.4; thus it takes on average 10** = 2.5 solvent fluctuations
to bring about the non-radiative transition of tyrosine. This is an efficient process considering the
forbidden nature of the radiationless process. The phosphorescence of tyrosine is closely coupled to

solvent fluctuations.

PART IV: Vanillin

Phosphorescence lifetimes: Phosphorescence intensity decays of vanillin in glycerol/water (3:1 vol/vol)

were collected from 77K to 190K. The slightly curved log plot of the data at 77K (Fig. 19a) demonstrates
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the decay is nearly single exponential. At lower temperatures, the decays were able to be well fit (R*>
0.999) to a stretched exponential function (Eq. 1). As temperature increased, vanillin phosphorescence
intensity decreased while background impurity phosphorescence did not decrease as much, giving the
effect of a shorter lifetime when analyzed with the stretch function. Greatly improved fits to the decays
were achieved using the maximum entropy method distribution of lifetimes (MEM; for details on fitting see
Methods). Phosphorescent impurities were easily identified and subsequently subtracted by comparing the
vanillin MEM distribution with that of blank solvent. The log (t) MEM distribution for the data of Fig. 19a
is plotted in Fig. 19b, showing that the decay is best represented by a spread in lifetimes centered at 10*° =
316 ms. In Fig. 20a the MEM fits for T < T, are plotted against temperature. With increasing temperature,
the distribution changes shape very little, while gradually shifting to slightly shorter lifetime. Once T, is
surpassed at -102°C the distribution is seen to immediately widen, indicating the onset of an increase in
heterogeneity of probe dynamics in the melt. With increasing temperature above T, , the MEM

distribution maintains becomes increasingly wide while rapidly moving to shorter lifetimes (Fig. 20D).

The average lifetime (t) was calculated from the vanillin peak in the MEM distribution by calculating the
center of gravity (after converting from log (1) to t). Tau was also calculated from the stretch fit
parameters (Eq. 2). Both values of T are plotted against temperature in Fig. 21a, and it can be seen that t
determined by the stretch function becomes significantly smaller than the MEM determined value at T >
T,. In the absence of quenching molecules, the phosphorescence lifetime provides a measure of molecular
mobility of the probe’s local environment[16]. From -190°C up to the glass transition temperature -103°C,
the lifetime slowly decreases with increasing temperature. When T, is surpassed, the lifetime sharply
decrease at a steep slope, likely as a response to the decreasing viscosity once the solvent has left the glassy

state and entered the melt.

Beneath Fig. 21a the stretching exponent (B) from the stretched exponential fit is plotted against
temperature (Fig. 21b); the plot shows B to be steady at a value of 0.93 in the glass, and then sharply
decrease with increasing temperature above T, in similar fashion as the decrease in lifetime. In this case

the value of B is not to be trusted above Ty, as the stretched exponential function was deemed unsuitable for
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T > T, Useful data was unable to be collected soon after T, was surpassed; at -90°C the phosphorescence

decays became too fast and weak to resolve with the phosphorimeter.

Arrhenius analysis: In Fig. 22, the logarithm of the rate of non-radiative decay (kxg; Eq. 4) has been
plotted against inverse temperature. The slope of the Arrhenius plot reveals the activation energy (E,) of
the non-radiative process which provides an average measure of the local molecular mobility experienced
by the probe ensemble. From 77K up to 140K the slope of kxg is almost flat, indicating the probe is
“frozen” into the matrix with little temperature dependence. The E, of 0.26 kJ/mol indicates there is little
motion in the glass and Ay of the probe is activated by small amplitude normal vibrations. Above 140K
the E, slowly increases up to 2.9 kJ/mol at 160K; this gradual increase is likely a result of a heterogeneous

environment experienced by the probe ensemble as temperature nears T,.

At the T, of 170K the slope rapidly increases; it is apparent that kyg undergoes a quick transition to a high
E, process. The transition is sharp and closely coincides with the glass transition temperature, suggesting
the probe is directly responding to the a relaxation of the bulk solvent. In Fig. 23 the rate of the primary
solvent relaxation as measured by dielectric relaxation spectroscopy (kgie1)[7] has been plotted in Arrhenius
fashion alongside Ay of vanillin. Inspection of the plot shows not only that kyr closely follows the
energy of the 95 kJ/mol solvent process, but the rate is actually faster than kg It is possible that residual

amounts of O, in the solution provide an additional quenching route that makes up the excess in the rate.
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Conclusions

In Fig. 24 the average 1 as determined by the MEM fits of all four probes (erythrosine, tryptophan, tyrosine,
and vanillin) has been plotted versus temperature. The overall dynamic range, as judged by the magnitude
of 1 in the glass, is largest in tryptophan, followed by tyrosine, vanillin, and erythrosine. The short lifetime
of erythrosine, even in the glassy state, is due to the heavy atom effect of the four iodine atoms substituted
to the fluorone ring. However, erythrosine has a large phosphorescence signal which allows for use as a
probe at much smaller concentration, makes it highly amenable to polarization studies, and use in low
viscosity environments. Erythrosine also offers potential to attach different groups to the benzoic acid

group[46].

In Fig. 25 the lifetimes have been normalized and again plotted against temperature to show the relative
dynamic range of the probes in the glass. It is largest in tyrosine, as demonstrated by the large drop in t
from -200 to -100°C. After tyrosine follows vanillin, tryptophan, and then erythrosine. Tyrosine, and to a
lesser extent vanillin, is extraordinarily active in the glass; likely it can be utilized to offer insight into
glassy dynamics as an excellent probe of weaker secondary relaxations. For the other three probes there is
an onset temperature where t begins to significantly drop, erythrosine (-100°C), tryptophan (-110°C), and
vanillin (-140°C). The onset temperature of tyrosine has not been reached in this study and is clearly < -
200°C. Presumably further insight into the glassy state of glycerol/water solvent can be achieved with
tyrosine simply by extending the scope to lower temperature (current equipment limits T to 77K) as well as

collecting more data points in the glassy range.

Fig. 25 also enables a comparison of the effective temperature range of each of the probes. The useful
range can be defined from the onset temperature, where T begins to decrease, to the temperature where t
approaches zero. Both tyrosine and erythrosine are sensitive over a large temperature range, though with
almost no overlap: while tyrosine is useful from -200°C (or colder) to -80°C, erythrosine is useful from -
90°C to about 20°C. Tyrosine seems to be very sensitive to the subtlest of motion making it especially

useful in the glass. The probe is so sensitive to motion that its phosphorescence was quickly quenched
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even in the highly viscous melt at -80°C. Erythrosine displays the opposite characteristic, it is relatively
insensitive to solvent motions and thus may act as an effective mobility probe in low-viscosity
environments. Tryptophan and vanillin similarly display a narrow effective temperature range. Vanillin
appears to be primary useful at monitoring changes in the solvent in the glass to liquid transition at -103°C.
Tryptophan is especially important as a phosphorescent probe of protein dynamics, as an amino acid with
high quantum yield and long lifetime. It does not become active until slightly above T,, and is

considerably more useful in lower viscosity environments than vanillin and tyrosine.

In Fig. 26 the stretching exponent 3 has been plotted against temperature to show the changing
heterogeneity as seen by the four different probes. One apparent commonality between all 4 probes is the
presence of a transition at T, where the stretch exponent begins to rise due to conformational averaging
(except for vanillin, where the stretch fit at T > -150°C became less and less adequate). Beta reached a
peak at =-75°C, and then began to decline, especially with erythrosine and tryptophan, with further
increasing temperature. Increasing heterogeneity at warmer temperatures is contrary to the expectation that
conformational averaging would become more efficient and produce a single-exponential decay. The
decline in  with increasing temperature in the glassy state for tyrosine is also unexpected, whereas p for
erythrosine and tryptophan remained flat or slowly climbed until T, was reached. The increasing
heterogeneity as measured by tyrosine is taken as a reflection of the sensitivity of tyrosine in the glass, and

more exploration is needed to get deeper insight.

In Fig. 27 kyy for all probes as well as kg for the solvent primary relaxation are plotted in Arrhenius
fashion. The dashed lines are vertically shifted plots of k4., demonstrating each probes’ response to
solvent fluctuations. In all cases the E, of kyr follows that of kg for the data points at the end part of the
probe temperature range. There are two important and related differences among the four probes: the
efficiency of the effect (kyei/knr ), and the onset temperature (T,ns); the values are summarized in Table 1.
The most efficient/earliest onset is found with vanillin, followed by tyrosine, tryptophan, and then
erythrosine. A possible mechanism responsible for the behavior of vanillin, tyrosine, and tryptophan is

apparent upon consideration that the trend follows the number of H-bonding partners found on the probe
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aromatic ring structure (Fig. 1). Complex aromatic ring vibrations have been shown to couple to solvent
fluctuations via hydrogen bonding[48]. The solvent driven motions affect the phosphorescence lifetime (as
well as fluorescence, IR, and ab initio calculations) of the different molecules studied—which included
tyrosine. The indole group of tryptophan has no —OH groups on the bicyclic ring. The solvent is not able
to form strong H-bonds to the indole ring thus log(kg./kng ) = 4.3 and it takes over 20,000 solvent
fluctuations to cause the non-radiative transition of the tryptophan triplet state. Furthermore, because of the
lack of H-bonding partners on the indole ring, the o relaxation of the solvent is not fully sensed until 200K,
roughly 30K above T,. Contrast this to the phenol group of tyrosine, which consists of a single -OH group
covalently bonded to its aromatic ring. The —OH allows for a fluctuating solvent molecule to form with it a
strong hydrogen bond that drives the bending and twisting of the chromophore that ultimately determines
the rate of the non-radiative transition. This explains why log(kg/kng ) = 0.4 for tyrosine, and the T O
185K is very close to the solvent T,. Finally for the case of vanillin there is a -OCHj in addition to an -OH
group bonded to its aromatic ring, offering a second H-bonding partner to the fluctuating solvent
molecules. This likely explains the highly efficient response of vanillin to the solvent fluctuations, as well

as the near T, onset temperature of the probe’s sensitivity.

A comparison of the other 3 probes with erythrosine is less straightforward. The larger 3 ring fluorone
group produces a considerably lower phosphorescence emission energy while the benzoic acid group and
four iodine molecules have a complicated effect on probe photophysics[46]. However, a comparison of
different fluorescein dyes, systematically substituting the heavy atoms as well as the benzoate moiety
would doubtlessly be helpful in drawing inferences regarding specific solvent-erythrosine interactions. The
unconfirmed hypothesis that the erythrosine is sensitive to rotation of the benzoic acid moiety in the high
viscosity regime may ultimately prove useful as a probe of a highly specific motion. Finally it is observed
that the tryptophan Arrhenius process with E, of 43.4 kJ/mol from 180 to 200K is nearly identical to that
tentatively ascribed to erythrosine benzoate rotation (46.7 kJ/mol with identical temperature range). The
coincidence suggests the possibility that the indole group, of similar size to benzoate, is beginning to rotate

about the tryptophan alpha carbon linkage.
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Figure Il-1
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Figure Il-1: Structure of (A) erythrosine (2,4,5,7-tetraiodofluorescein), (B) tryptophan, (C)
tyrosine, and (D) vanillin (4-Hydroxy-3-methoxybenzaldehyde).
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Figure II-2: Phosphorescence intensity decay of erythrosine dispersed in 3:1 glycerol-water (v/v)
at 77K. The dashed line is the stretched exponential fit to the data.
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Figure lI-3
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Figure II-3: Data obtained from phosphorescence of erythrosine in 3:1 glycerol-water (v/v)
versus temperature. (A) Average phosphorescence lifetime of intensity decays as determined
by fits to a stretched exponential function; (B) the stretching exponent (B) of the fits. (C) Steady
state phosphorescence anisotropy.
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Figure 11-4
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Figure lI-4: Arrhenius plot of the rate of the non-radiative transition (kyz) from the excited
triplet state (T,) to the ground singlet state (Sy) for erythrosine in 3:1 glycerol-water (v/v). The
dashed line is an Arrhenius fit to the data at T < T,. Solvent T, is 170K.
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Figure 1I-5: Arrhenius plot of the rate of the non-radiative transition (kyz) from the excited
triplet state (T,) to the ground singlet state (Sy) for erythrosine in 3:1 glycerol-water (v/v). The
filled circles are the data from the previous figure, while the open circles are konin, the
component of kyg obtained after subtraction of the vibrational component (see text for details).
The dashed lines are Arrhenius fit to the data.
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Figure 1I-6: Arrhenius plot of the nonvibrational component of the non-radiative transition
(Knonvib; filled circles) for erythrosine in 3:1 glycerol-water (v/v). The open circles are the
component of k,oni, Obtained after subtraction of the 8.33 kJ/mol Arrhenius process from the
previous figure. The dashed line is the Vogel-Fulcher-Tamman (VFT) fit of the solvent dielectric

relaxation rate (kg shifted vertically downward by 5.5 log units (log(kgie)) — 5.5).



31

Figure 1I-7
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Figure lI-7: (A) Arrhenius plot of the non-radiative transition (kyg; filled circles) for erythrosine in
3:1 glycerol-water (v/v); (B) The steady state phosphorescence anisotropy (rp) of erythrosine
against inverse temperature.
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Figure 11-8: (A) Phosphorescence intensity decay of tryptophan dispersed in 3:1 glycerol-water
(v/v) at 77K. (B) The maximum entropy method (MEM) determined lifetime distribution of the
data.
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Figure 11-9: Plots of the tryptophan phosphorescence MEM lifetime distribution at selected
temperature points (°C). The distribution changes little from -191°C to the glass transition
temperature of -103°C.
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Figure 11-10: Data obtained from phosphorescence of tryptophan in 3:1 glycerol-water (v/v)
versus temperature. (A) Average phosphorescence lifetime of intensity decays as determined
by fits to an MEM distribution of lifetimes as well as a stretched exponential function; (B) the

stretching exponent beta (B) of the stretched exponential fits is an indicator of site
heterogeneity.
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Figure 11-11
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Figure 1I-11: Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited
triplet state (T;) to the ground singlet state (S,) for tryptophan in 3:1 glycerol-water (v/v). The
dashed lines are Arrhenius fits to the data at T < T, (170K), and from T, to T, + 30K.
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Figure 11-12
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Figure 1I-12: Arrhenius plot of the rate of the non-radiative transition (kyg) for tryptophanin 3:1
glycerol-water (v/v). The dashed lines is a fit to the rate of the primary solvent relaxation as
determined by dielectric relaxation spectroscopy (kgie)-
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Figure 1I-13: Arrhenius plot of the rate of the non-radiative transition (kyg, filled circles) for
tryptophan in 3:1 glycerol-water (v/v). The empty circles are k,, the component of kyz that
remain after subtraction of the 43.4 kJ/mol Arrhenius process from Fig. II-11. The dashed line is
the VFT fit of solvent dielectric relaxation data shifted vertically downward by 4.4 log units

(log(kgie) — 4.4).
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Figure 1I-14: (A) Phosphorescence intensity decay of tyrosine dispersed in 3:1 glycerol-water
(v/v) at 77K. (B) The maximum entropy method (MEM) determined lifetime distribution of the
data.
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Figure 11-15
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Figure 11-15: Plots of the tyrosine phosphorescence MEM lifetime distribution at selected
temperature points (°C): (A) For T < T, (-103°C), the distribution becomes increasingly broad
with increasing temperature; (B) once T, is surpassed, the distribution remains broad and rapidly
shifts to shorter values of log(t).
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Figure 1I-16: Data obtained from phosphorescence of tyrosine in 3:1 glycerol-water (v/v) versus
temperature. (A) Average phosphorescence lifetime of intensity decays as determined by fits to
an MEM distribution of lifetimes as well as a stretched exponential function; (B) the stretching
exponent beta (B) of the stretched exponential fits is an indicator of site heterogeneity.
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Figure 11-17
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Figure 11-17: Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited
triplet state (T,) to the ground singlet state (S,) for tyrosine in 3:1 glycerol-water (v/v). The
dashed lines are Arrhenius fits to the data at T < 120K, 125K< T < 160K, and 170K< T <180K.
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Figure 11-18: Arrhenius plot of the rate of the non-radiative transition (kyz) from the excited
triplet state (T,) to the ground singlet state (S,) for tyrosine in 3:1 glycerol-water (v/v). The
dashed line is the VFT fit to the rate of solvent fluctuations as determined by solvent dielectric
relaxation data (kgie).
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Figure 11-19: (A) Phosphorescence intensity decay of vanillin dispersed in 3:1 glycerol-water
(v/v) at 77K. (B) The maximum entropy method (MEM) determined lifetime distribution of the

data.
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Figure 11-20
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Figure 11-20: Plots of the vanillin phosphorescence MEM lifetime distribution at selected
temperature points (°C): (A) For T < T, (-103°C), the distribution slightly broadens with
increasing temperature; (B) once T, is surpassed, the distribution becomes increasingly broad
and rapidly shifts to shorter values of log(t).
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Figure 11-21
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Figure I1-21: Data obtained from phosphorescence of vanillin in 3:1 glycerol-water (v/v) versus
temperature. (A) Average phosphorescence lifetime of intensity decays as determined by fits to
an MEM distribution of lifetimes as well as a stretched exponential function; (B) the stretching
exponent beta (B) of the stretched exponential fits is an indicator of site heterogeneity.
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Figure 11-22
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Figure 11-22: Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited
triplet state (T;) to the ground singlet state (S,) for vanillin in 3:1 glycerol-water (v/v). The
dashed lines are Arrhenius fits to the data at T < 140K, and 150K< T <170K.
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Figure 11-23
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Figure 11-23: Arrhenius plot of the rate of the non-radiative transition (kyz) from the excited
triplet state (T,) to the ground singlet state (S,) for vanillin in 3:1 glycerol-water (v/v). The

dashed line is the VFT fit to the rate of solvent fluctuations as determined by solvent dielectric
relaxation data (kgie).
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Figure 11-25: Plots of the average phosphorescence lifetime normalized at -200°C for
erythrosine, tryptophan, tyrosine, and vanillin in 3:1 glycerol-water (v/v).
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Figure 11-26
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Figure 11-26: The stretching exponent beta (B) of the stretched exponential fits for erythrosine,
tryptophan, tyrosine, and vanillin phosphorescence decays plotted versus temperature.
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Figure 11-27
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Figure 11-27: Arrhenius plot of the rate of the non-radiative transition (kyg) from the excited
triplet state (T,) to the ground singlet state (So) for erythrosine, tryptophan, tyrosine, and
vanillin in 3:1 glycerol-water (v/v). The solid green line is a fit to the primary relaxation of the
solvent as determined by dielectric relaxation spectroscopy experiments. The dashed lines are
fits to the solvent relaxation with various downward shift to match kyg of each individual probe.



Table II-1: The onset temperature (To..;) of the solvent primary relaxation as detected by kng,
and the ratio log (k41 / knr) for erythrosine, tryptophan, tyrosine, and vanillin.

Tonset / K log (kgie1 / knr)
Erythrosine 250 5.5
Tryptophan 200 4.4
Tyrosine 185 0.4
Vanillin 175 -0.4
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CHAPTER III: Evidence of solvent slaving of protein dynamics via single tryptophan
phosphorescence of human serum albumin and a 20-amino acid trp-cage miniprotein

Introduction

The goal of the field of protein dynamics is to fully characterize the transitions among protein
conformational substates that ultimately are responsible for protein function[1]. Protein conformational
fluctuations are distinct from normal mode harmonic vibrations as they involve some degree of structural
change[2]. They may be small in scale, such as the rotation of an amino acid side group; or large, such as
the hinge-like opening of a binding site. In any case, a conformational transition necessarily involves the
coordinated motion of a number of atoms. It is believed that such motions are made possible by the
solvent, through its bulk fluctuations as well as its modulation of the protein hydration shell[3]. It is
common practice in studies of protein dynamics to slow the rate of fluctuations by conducting experiments
at low temperature in glass-forming solvents such as glycerol-water[4, 5]. At a temperature below Ty,
many of the solvent relaxations are too slow to drive the associated protein dynamics. Monitoring
observable rates (of protein, bulk solvent, and hydration shell) as a function of temperature from the glassy

state to the melt allows elucidation of the different processes at work.

One way to monitor protein dynamics is through tryptophan phosphorescence[6-9]. While
phosphorescence is a complex phenomenon that does not directly measure local fluctuations, it is well
established that in the absence of quenchers the rate of non-radiative decay from the triplet state (kygr) is
highly sensitive to local environmental fluctuations [9, 10]. By monitoring the time-resolved
phosphorescence of a single-Trp protein (wild type or mutant), one can probe local mobility at a variety of
sites along the polypeptide chain (e.g., surface or buried), revealing the energetics of motions at different
locales. Despite its complexities, trp phosphorescence offers tremendous upside over other experimental
techniques which often provide non-local/non-site specific information. Neutron scattering[11-13],
dielectric relaxation[14-16], and infrared spectroscopy[17, 18] typically provide ensemble measurements;
Mossbauer spectroscopy[19] and CO-stretch absorption[20] are site-specific, but the site is fixed, and
limited to proteins containing a heme group. Also, many methods require an expensive radiation source

and are thus impractical as a tool for multiple rapid assays. Finally, with the exception of experiments that
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monitor CO-recombination in heme proteins, most of the techniques mentioned probe the environment over

the sub-nanosecond timescale.

This work monitors the internal dynamics of the globular protein human serum albumin (HSA) and a 20
amino acid trp-cage miniprotein (PDB code 1L2Y) in a prototypical glass-forming solvent: a 3:1 (vol/vol)
glycerol/water mixture. Phosphorescence decays of the single tryptophan residue are collected as a
function of temperature. To explore the relation between internal protein motions and those in the bulk
solvent, the dynamics of the bulk solvent are monitored via phosphorescence of dispersed free tryptophan.
HSA is an important protein whose function as a carrier of hydrophobic molecules in the bloodstream is
well characterized [21]. It is a three domain heart-shaped 66 kDa globular protein, with multiple ligand
binding sites[22]. HSA contains a single tryptophan residue at position 214, which has been used
extensively as an intrinsic probe of protein structure and binding properties[23]. The residue in HSA is near
the surface of the protein but inaccessible to solvent, and therefore monitors mobility at an internal site.
The 20 residue, 2.1 kDa trp-cage miniprotein is the smallest known folded protein[24, 25]. The
synthesized polypeptide chain spontaneously folds around W6 in solution to form a hydrophobic core that
renders the residue inaccessible to the bulk solvent[25]. It thus serves as an ideal counterpoint to the large
and flexible HSA. While a number of recent studies have utilized tryptophan phosphorescence to explore
protein dynamics [26-29], this research monitors tryptophan phosphorescence in a glass-forming solvent as

a function of temperature.
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Materials and Methods

Preparation of samples: Purified human serum albumin (HSA) and spectroscopic grade glycerol were
obtained from Sigma (St. Louis, MO, USA) and used as received. L(-)-tryptophan was obtained from Acros
Organics (New Jersey, USA). The 20 amino acid trp cage polypeptide was synthesized by United Peptide
(Herndon, VA, USA). In distilled deionized water HSA (3% weight), trp-cage (1% weight), or free-trp (10
mM) was dissolved; to the solution was added triple the volume of glycerol. The peptide concentration
was chosen to maximize phosphorescence intensity without causing spurious signals; in the case of the
single-tryptophan 66kDa HSA the effective tryptophan concentration was kept low to avoid protein
crowding effects. As diatomic oxygen is an efficient quencher of the triplet state, oxygen was removed by

gentle heating to 60°C followed by extensive evacuation.

Luminescence measurements: A small copper apparatus was fabricated to fit into a small dewar with a
quartz coldfinger to allow ballistic warming of the sample. About 8 pL of sample was pipetted into the
recessed area; the high viscosity, surface tension, and adhesion to the copper wall were sufficient to hold
the solution in place. After sliding into the dewar, where the sample was optically accessible, liquid
nitrogen was poured into the above reservoir, and conduction along the copper stem quickly brought the
sample temperature to 77K. Enough space between the copper apparatus and dewar remained for a thin
thermocouple wire; the thermocouple touched the copper stem at a point directly behind the sample
reservoir. It is assumed that due to the small sample volume (8 pL) in contact with large surface area of
copper (2 mm diameter x %2> mm depth) that thermostat and cryosolvent temperature were at all times in
close equilibrium. The entire apparatus was positioned with the sample along the emission light path with
front face geometry. As the sample slowly warmed to room temperature, phosphorescence decays were
collected on a Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA,
USA). The instrument contains a high-intensity pulsed lamp and collects in analog mode; excitation was at
290 nm and emission at 450 nm, both monochromator slit widths were set at a maximum of 20nm to
maximize signal. A delay time of at least 1 ms avoided the collection of scattering and prompt
fluorescence. Multiple lamp flashes, up to 15 pulses, were sometimes used to increase signal intensity. No

distortion of the collected decay due to increased excitation times (up to 200 ms) was observed as long as
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the decay was sufficiently long (over 5 seconds). In the case of HSA, at T < Tg the delay time was
increased to up to 2 seconds to minimize the collection of tyrosine phosphorescence. With increasing
temperature, once phosphorescence decay times were below 5 seconds, excitation was limited to a single
lamp flash. In this case the signal to noise ratio was improved by taking an average of increasingly more
cycles with increasingly shorter decay times. Gate time (channel width) varied from 60 ms for the longest
decays to 0.5 ms for the shortest decays.

Decays were collected over the temperature range of -200°C to -50°C; as the solvent glass
transition temperature is -103°C[30] this temperature range allowed for observation of behavior both in the
glassy state and through the glass transition. Total decay times varied greatly over this range, from as long

as 60 s at liquid nitrogen temperature to as short as 500 ms at the high end of the temperature range.

Analysis of luminescence data: To eliminate the tendency of over-fitting the long tail of phosphorescence
intensity decays, a simple code was written in Mathematica to remove data points from the tail. Based on
random number generation, data points were selectively dropped yielding a thinned decay with points
equally spaced on a log-time scale. Typically a decay of 1000 points was reduced to ~100. Lifetime
distributions of all phosphorescence decays were generated by the hybrid maximum-entropy / nonlinear-
least-squares software MemExp version 3.0[31, 32], which is freely available through the NIH center for
molecular modeling site (http://cmm.cit.nih.gov/memexp/). The algorithm utilizes a maximum entropy
function and maximum likelihood fitting to analyze time dependent data in terms of distributed lifetimes.
A discrete lifetime model is inappropriate to describe phosphorescence decays in heterogeneous
environments such as found specifically in proteins[33], and more generally in the amorphous state. The
collected decay is an ensemble measurement of many chromophores, each located in a similar but unique
environment. A stretched exponential function, which has often been successfully used to describe
relaxation processes in glassy or glass-like systems[34, 35], was first used to fit the phosphorescence
decays. The simplicity of this function (a single variable describes the degree of heterogeneity around a
single lifetime) holds great appeal, though typically the decays were too complex to be well described.
Thus it is more appropriate to use a fitting program that allows for this spread in lifetimes. The obtained

lifetime distributions frequently spread across two decades of time due to more quickly decaying
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phosphorescent impurities (verified by analysis of probe-free solvent); due to its long lifetime, the
component of the distribution due to tryptophan was easily distinguished from impurities. Fits were judged
to be adequate when the modified residual (Poisson noise) was seen to vary randomly about zero.

According to basic photophysical principles, the inverse of the observed tryptophan
phosphorescence lifetime can be expressed as a sum of rates, each of which is a potential route for the
return from the excited triplet state to the ground singlet state:

T = ke = kre + kg + Xi (ko [ Qi) (1]
krp 1s the intrinsic radiative rate of the triplet state, known from measurements in low-temperature glass to
be roughly 1/6 s™ for tryptophan [33, 36]; each product kol Q] gives the rate due to collision with a
quenching molecule of concentration [Q]. There are two potential quenchers: oxygen, which has been
purged from the system, and the sulfur containing amino acids [37], which in the native folded state of
HSA are fixed at distances no closer than 1.0 nm to W214 making their effective concentration zero.
Therefore, ko[Q] = 0 for all molecular quenchers. The value kyr may thus be calculated directly from the
phosphorescence lifetime:

g =<t>"-1/6.55" 2]
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Results

Tryptophan phosphorescence decays: Tryptophan phosphorescence intensity decays of HSA (HSA-Trp),
20 amino acid tryptophan cage (trp-cage), and free amino acid (free-Trp) in glycerol/water cryosolvent
were collected from 77K to 220K. Figure 2 shows the phosphorescence intensity decay of free-Trp and
HSA-trp at 77K on logarithmic coordinates. It is readily apparent that the free-trp decay has a longer
lifetime and more closely approaches that of a single exponential function than HSA. The resultant MEM
lifetime distributions (Fig. 3) reveal primary peaks at 6300ms and 5500ms for free-trp and HSA,
respectively. The smaller but significant peak at 2000ms in the HSA curve was determined to be due to
tyrosine phosphorescence. Previous phosphorescence studies on HSA and BSA have demonstrated the
contribution of tyrosine phosphorescence to the signal[38]. Furthermore, identical experiments conducted
with RNase, a protein with similar number of tyrosine residues as HSA but without a tryptophan residue,
yielded MEM lifetime distributions with the same peak at ~2000ms (data not shown). Various small, short
lifetime peaks were also seen in the MEM fits; these coincided closely with peaks seen in glycerol/water
blanks and have been determined to be due to scant quantities of unidentified phosphorescent impurities in
the solution. Fitting all decays with an MEM-based lifetime distribution function thus allowed for
identification and isolation of the component of the signal due to tryptophan. Once the tryptophan portion

of the distribution was determined, the rest of the lifetime distribution was discarded.

Heterogeneity: The width of the lifetime distributions indicate that the decays were heterogeneous, typical
both of relaxation processes in glasses [39] and of phosphorescence in proteins where heterogeneity is
attributed to variability in the ensemble of conformational substates that the protein can assume [33]. There
was no discernible pattern of differences seen in the degree of heterogeneity from sample to sample, or at

different temperature points in relation to T,.

Average lifetimes: Figure 4 shows the thermal evolution of the free-trp MEM peak (a number of
temperature points have been excluded to ease viewing); similar progressions are seen for trp-cage and
HSA. As expected, the decays move to shorter times with increasing temperature. The average lifetime

was calculated from the assigned tryptophan peak in the MEM distribution by calculating the center of
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gravity (after converting from log (tau) to tau). Figure 5 shows the average lifetimes for free-trp, trp-cage,
and HSA plotted against temperature. For all three samples, lifetime holds steady at around 6s in the glass
and begins to decrease as temperature increases above T, =-103°C. While lifetimes of all three samples
follow the same general pattern with changing temperature, there are two immediately discernible

differences.

At T < T,: The long tryptophan lifetimes in the glass are of slightly different magnitude; they follow the
trend: Tgee-tp > Tup-cage > Tsa- At 77K the lifetime of free tryptophan is 6.32s, roughly the longest
tryptophan phosphorescence lifetime reported in the literature[40]. The shorter lifetimes for trp-cage
(5.88s) and HSA (5.65s) are likely due to slightly increased site flexibility as a result of the folded
polypeptide chain. It is also unlikely that other amino acid residues (cysteine or aromatic residues) act as
long-range static quenchers. Despite the difference among the samples, in all three cases the lifetimes
decrease very gradually with increasing temperature, an indication that any large amplitude co-operative

motions are frozen out on the timescale of the experiment.

At T > T,: The lifetimes begin to rapidly decrease with increasing temperature above T,, a clear indication
that the tryptophan site has become more mobile in response to the decreasing bulk viscosity. However, the
onset temperature (T ) Of the sharp decrease for the three studied systems is different. The order of T
is: free-trp < trp-cage < HSA. In the case of free-trp, the decrease in lifetime closely coincides with the
glass transition temperature at -103°C; the probe is in intimate contact with the cryosolvent and thus any
activation of new modes of motion in the bulk are likely detected immediately by the dispersed tryptophan
molecule. In contrast, the decrease in lifetime does not begin in trp-cage until T, + 10°C (-94°C) and in
HSA until T, + 30°C (-74°C). In both of these cases, the trp residue is shielded from direct solvent
exposure and thus cannot sense the glass transition in the same direct fashion as dispersed trp. The folded
polypeptide plus solvent shell acts as an apparent buffer to the increased motions in the bulk. It is observed

that the order of shielding scales with the size of the polypeptide (HSA: 63 kDa; trp-cage: 2.1 kDa).
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Discussion

Non-radiative rate of relaxation: The trend in lifetimes vs. temperature qualitatively establishes the
relationship between the bulk solvent viscosity and local probe mobility, but what quantitative information
can tryptophan phosphorescence provide about the different systems being studied? For more detailed
understanding, Arrhenius analysis can extract the activation energies of the motions responsible for the

change in tryptophan phosphorescence lifetime.

In the absence of quencher molecules, phosphorescence lifetime is dependent upon the rate of non-radiative
transition from the excited triplet state to the ground state (kng, see material and methods for details). In
the non-radiative process the electronic energy of the excited state is lost to the surroundings as heat in the
form of vibrational energys; its rate is directly dependent on the motions of the atoms that make up the
chromophore center[41]. In the case of tryptophan, various bending and twisting motions of the aromatic
indole ring may bring about the non-radiative transition. Briefly, there are three necessary conditions for
radiationless transition, all of which are dependent on molecular mobility: (1) the nuclear geometry of the
excited triplet state must closely match that of the ground singlet state; (2) some fluctuation must create a
vibronic force to promote spin flip; and (3) the excess electronic energy must be able to be dissipated to the
surroundings through coupled vibrations. Since the process involves an electron spin flip, it is considered
forbidden, such that even when all three conditions are met the probability remains low; thus many
promoting fluctuations are often required to effect a triplet to singlet transition. It is for this reason that
phosphorescent lifetimes can be so long, and what makes phosphorescent molecules suitable probes of

slower motions.

The rate kyg was determined from the phosphorescent lifetime (see methods) and its logarithm plotted
versus inverse temperature is shown in Fig. 6. The slope of the plot yields the activation energy (E,) of the
various motions surrounding the tryptophan molecule that promote the non-radiative transition. Analysis

of the changing slope suggests three distinct temperature regimes:
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Behavior in glass, T < T,: The plots in Fig. 6 show kyg to be a low energy processes in the cold
temperature regime; fits to an Arrhenius model (kg = Aexp®*"), shown as dashed lines in the figure,
yield similar activation energies: 1.2 + 0.3 kJ/mol for free-trp, 1.0 + 0.18 kJ/mol for trp-cage, and 0.9 +
0.09 kJ/mol for HSA. The low E, indicates that kyy is the product of small-amplitude vibrational motions
of the indole ring, as it is too cold for any rotational or translational co-operative fluctuations in the glassy
matrix. The pre-exponential value of A is highest in HSA (0.084 s™); it is roughly twice that of trp-cage

(0.040 s™) and four times that of free-trp (0.021 s™).

The subtle differences in magnitude and slope seen in kyr at low temperatures are not easy to
unambiguously resolve. Two plausible arguments can be made to explain the observation that the
tryptophan residue behaves differently in a polypeptide: the presence of static quenchers and/or increased
site mobility. First, static quenching by nearby amino acids is considered. A series of experiments
conducted to evaluate tryptophan phosphorescence quenching by other amino acids have established basic
guidelines[37, 42]. Four amino acids were shown to quench tryptophan phosphorescence (in order of
efficacy): Cys >> His+ > Tyr ~ Trp. Quenching by cysteine (or cystine) is the most effective, and has been
shown to operate with exponential distance dependence and with little dependence on orientation. In
contrast, the aromatic amino acids need to be in virtual direct contact in a co-planar/stacked relationship to
the indole ring to have noticeable effect. In the free-trp sample the only potential quenchers are other
tryptophan molecules, but probe concentration is sufficiently low to preclude this possibility, therefore
there should be no quenching of free-trp. For trp-cage, there is a single tyrosine residue (Y3) that is near
the tryptophan (W6); the nearest edges are 3.5 A apart, but the orientation of the tyrosine phenol ring is
both perpendicular and edge-to edge with the indole ring, a highly inefficient arrangement and thus
unlikely to act as a quencher. For HSA there is a cysteine-cysteine disulfide bond in proximity to W214,
roughly 11A from the tryptophan nearest edge. The disulfide bond likely has no quenching effect in HSA:
the single-trp protein azurin also has a disulfide bridge 11 A away from the trp residue whose removal via
site-directed mutagenesis had no effect on tryptophan lifetime[37]. Finally it is noted that the quenching
reaction has temperature dependence, and that quenching at temperatures below -130°C is undetectable

small[37]. It is thus doubtful that quenching accounts for the differences in kyr observed in the glass.
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More likely the different values of kyr are due to variations in site mobility. The small and soluble free
tryptophan molecule is expected to tightly integrate into a rigid site in the glycerol/water glass-forming
matrix. On the other hand, the tryptophan residue in HSA and trp-cage is not in intimate contact with the
solvent, but is instead covalently bonded into the polypeptide chain and folded into some low energy
conformation; its immediate neighbors are other amino acids, all of which are subject to constraints of the
polypeptide backbone, which greatly limits the ability of the adjacent residues to pack tightly around the
trp. This theory is supported by a series of infrared and luminescence spectroscopy experiments on free
tryptophan dispersed in glycerol/water solvent, which demonstrated the ability of solvent molecules to
relax about the solvated tryptophan at temperatures as low as 20K[43]; in contrast, the buried tryptophan
residue of single-trp proteins (parvalbumin and aldolase) showed no evidence of relaxation about the
tryptophan with lowering temperature[18]. Tighter integration of free-trp into the matrix may also explain
the slightly higher E,: some participation of closely associated water molecules may be required to effect
the non-radiative transition. Finally, examination of HSA crystal structure reveals W214 in a cavity with

considerably fewer atoms located with a 4 A radius (29 atoms) as compared to W6 of trp-cage (57 atoms).

Behavior in the melt, T >> T,: A number of studies in viscous environments have demonstrated the
modulation of tryptophan phosphorescence lifetime by viscosity[8, 44-47]. Since viscosity is a
macroscopic manifestation of the rate of solvent relaxation—the fluctuations of solvent molecules that
permit flow—it is reasonable to presume that above T, the triplet state non-radiative mechanism involves
solvent fluctuations. More specifically, it is proposed that at the microscopic level solvent fluctuations in
the tryptophan environment promote the bending and twisting of the indole ring that determine k.

The frequency of the alpha fluctuations in glycerol/water at different temperatures has been determined by
dielectric relaxation spectroscopy (kgi.1)[30]. This relaxation follows a super-Arrhenius process and is well
described by the Vogel-Fulcher-Tamman equation: kg (T) = A exp[H/kg(T — Ty)]. The VFT fit of kg4 has
been included in the Arrhenius plot of kyg for free trp, trp-cage, and HSA in Fig. 6. While the solvent

fluctuations are considerably faster than kyg, the slope of the kg plots closely follow that of kg at some T
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>T,. The dashed lines included in the figure are VFT fits shifted downwards by adjustment of the pre-

exponential factor A.

The similar temperature dependence of kg and kngr suggests kg is slaved to the solvent fluctuations. The
concept of solvent slaving has largely been developed around the observation that various rate coefficients
in myoglobin similarly follow bulk solvent fluctuations[3, 48]. According to the theory, the protein is
dynamically passive while fluctuations of the surrounding solvent drive large-scale conformational
changes; it is for this reason that the activation enthalpy of many observed rates follows that of the solvent.
The rate of the observed protein process is proportionately smaller than the rate of solvent fluctuations by a
factor n = kgiey / kobs, Which gives the average number of solvent fluctuations required to bring about the
observed process. The values of log(n) for the tryptophan non-radiative transition are 4.4 for free-trp, 4.6
for trp-cage, and 5.7 for HSA (Table 1). These numbers reflect the magnitude of downward shift of the
dashed-line VFT fits in Fig. 6. Thus, it requires about 10** =~ 25,000 solvent fluctuations to effect the non-
radiative transition of free-trp; because the free trp is in direct contact with the solvent, the inefficiency of
the linkage largely reflects the forbidden nature of the non-radiative transition. On the other hand, roughly
1.6 times as many solvent fluctuations are required to effect non-radiative transition of the buried
tryptophan residue in trp-cage, and 16 times as many for the trp in HSA. It is apparent that a fraction of
solvent fluctuations are transmitted to the tryptophan site in the polypeptide interior. Furthermore, it is
noted that the ratio of 1.6/16 = 0.1 is almost identical to the ratio of surface area between trp cage and HSA,
suggesting the size of the interface between protein and solvent is a crucial determinant in how fluctuations

are transmitted from the bulk to the interior of the protein.

Behavior at T between T, and T, + 40K: The sizeable temperature window between the region where
vibrational motions dominate kyg (T < T,) and the region where kyr closely follows the bulk alpha
fluctuations (T >> T,) suggests secondary relaxations in the matrixes affect kyg. In the vicinity of T, knr
must undergo a transition from a low E, vibration process to a higher E,  process. Since normal-mode
vibrations and B fluctuations are independent motions, their contributions to kxg are separable; thus &ng

consists of a vibrational and a non-vibrational component:
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kNR = kvib + knonviba [3]
At T << T,, the matrix is “frozen” with respect to o motions while 3 fluctuations are too weak to compete
with vibrations, i.e. kyonviy — 0 and &y, = kwr. Since &y, is an Arrhenius process it can be extrapolated to

higher temperatures and subtracted from kyg to yield &nonviv (Fig. 7).

Free tryptophan: With the vibrational component of kyr subtracted out, a clear Arrhenius process is
revealed in the free-trp plot from -110°C to -77°C with an E, of 46.7 = 1.1 kJ/mol. The energy matches
that of the beta relaxation of the solvent as determined by dielectric relaxation[30]. This provides further
evidence that the dispersed tryptophan molecule is tightly integrated into the glycerol/water matrix such
that kyg reflects the various fluctuations in the bulk. At -77°C is a second crossover, from - to a-
controlled. However, the bulk B and a relaxations are not separable in a straightforward way; they exist
independently at Tg, and with increasing temperature § weakens until roughly -70°C where it disappears
and merges into the primary o relaxation[30]. Thus the transition from B to a as reflected in iyg is @ more
complicated function of temperature and the extrapolated B component cannot be subtracted out to yield £,

as was done for the vibrational component.

Trp-cage: A clear Arrhenius process is also revealed for trp-cage from -108°C to -75°C in Fig. 7. In
contrast to free-trp, the E, is 37 kJ/mol, notably less than the 47 kJ/mol B relaxation of the bulk. According
to the solvent slaving model, internal protein motions are coupled to the protein hydration shell fluctuations
and not the B fluctuations of the bulk, though the composition of the solvent ultimately determines the level
of hydration[49]. The result supports the model, as the measured E, value is within range of hydration
water B fluctuations of various proteins in similar solvent compositions as determined by dielectric

relaxation[50, 51].

The onset of the transition of kyr from B- to a-controlled occurs at a similar temperature as it does for free-
trp, roughly -75°C. However, the issue of separation of the two processes is in this case different. The o
originates from the bulk, whereas the B originates from the solvent shell. They are thus statistically

independent from one another, and there is no merging of § into a[3]. Rather what is observed is the sum
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effect of the crossing of two distinct processes on the Arrhenius plot, and thus: kyonvip = ko + k. At T <
Tonset, Since the a process is too slow to affect kxg, k, = 0. Extrapolating ks to warmer temperatures and
subtracting from k;oqyib, yields &, in the transition region (Fig. 8). The downward shifted VFT fit of the

solvent a relaxation now fits smoothly across all of the temperature points.

HSA: In contrast to free-trp and trp-cage, no B-dominated kyg regime is evident for HSA in Fig. 7.
Presumably because of the higher plateau of Ay in the glass, and the delayed onset of the non-vibrational
effects (Tonset = -80°C), knr moves from the vibration controlled regime to the a-controlled regime within a
narrow temperature range of ~20°C. This is not to say that hydration shell coupled fluctuations are not
present and affecting kng, but rather that the transition on the Arrhenius plot from &y, to k is closely
followed by the transition from k to k,. Without enough information to fit the data points, k3 has been
assumed to be a 40 kJ/mol Arrhenius process. The estimation was made based on information obtained
from various dielectric relaxation studies of proteins in glycerol/water[15, 16, 49]. In Fig. 7 the estimated
ky is plotted to intersect the lowest temperature point. As was done for trp-cage, kj is subtracted from kyonyib

to yield k, (Fig. 8) to yield similar results: the smooth fit of all points to the solvent o relaxation.
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Conclusion

This study has demonstrated that the temperature dependence of the phosphorescence lifetimes from a
single-tryptophan protein can be used to systematically investigate coupling between internal protein
dynamics and the dynamics associated with both surface hydration waters and the bulk solvent. The results
are consistent with the solvent slaving model in that the activation energy for the observed rate of non-
radiative transition (kyg) for the tryptophan residue matches that of specific solvent motions. In the glassy
state, Arrhenius-like behavior reveals that kyr is dominated by a low-energy vibrational process. As
temperature is raised above T, kygr becomes increasingly driven first by B-fluctuations of the protein

hydration shell, and eventually by a fluctuations of the bulk solvent.



Figure I11-1

Figure I1I-1: Structure of (A) tryptophan, (B) 20 amino acid trp-cage miniprotein, and (C)
human serum albumin (HSA), where the buried tryptophan residue is colored red.
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Figure I1I-2: Phosphorescence emission decays of dispersed free tryptophan (blue circles) and
the single tryptophan (W214) of human serum albumin (HSA, black triangles) in glycerol/water
(3:1 vol/vol) at 77K.
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Figure I11I-3: Maximum entropy method (MEM) distribution analysis of the data shown in Fig.

1. The small peak at log t = 3.3 is due to tyrosine phosphorescence.
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Figure I11-4
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Figure I11-4: Thermal evolution of the free tryptophan MEM peak. The T, of the glycerol/water
solvent is -103°C.
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Figure I11-6

—3&}959697&80—99—10&110—120—_130 —140 —-130 —160 —170
5 [* ‘:. ® Free Trp
5 o = Cage
1t 4
1 ¢ HSA
a4 15 (Y
< ol * 5
< % ue
an *me
< b AL N
— [ ]
-1t \
h¢ *
—2f o o
®
TE
—3L . I . . . .
0.004 0.005 0.006 0.007 0.008 0.009 0.010
K/T

Figure III-6: Arrhenius plot of the tryptophan non-radiate transition rate (kng,as determined
from data in Fig. 4) of dispersed free-trp (blue), trp-cage (red), and HSA (black). Dashed lines
are Arrhenius fits to the low temperature data, where kyr is a vibrationally controlled process.
Dotted lines are VFT fits to high temperature data; the fits follow the dielectric a fluctuations in
the solvent.
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Figure 1lI-7
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Figure I1I-7: Subtraction of the vibrational component from Fig. 5 yields the non-vibrational
component of kyg, which can be further broken down into B and o components. The dashed lines
for free-trp and trp cage are Arrhenius fits (E, of 45.6 and 37.2 kJ/mol) to the data where Ay is
driven by P fluctuations. The § regime is hidden in HSA; the dashed line is generated assuming
an E, of 40 kJ/mol.
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Figure 111-8
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Figure I1I-8: Subtraction of the  component yields the a component of kyg for trp-cage and
HSA; the  and o fluctuations are not separable for free-trp (see text for details). The bold green
line is the VFT fit of the primary relaxation in the bulk solvent as determined by dielectric
relaxation spectroscopy. The dashed lines are the VFT fit shifted vertically down showing the
fluctuations in the bulk drive Axg.



Table III-1: Activation energy of vibrational and beta components of kwg, and the ratio (kgic /

knr) for free-trp, trp-cage, and HSA.
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Ea,vib / kJ/mol Ea,beta / kJ/mol lOg (kdiel / kNR)
Free-trp 1.16+0.13 45.6+3.0 -4.4+0.22
Trp-cage 0.60+0.18 372406 4.6+ 0.09
HSA 0.97 +£0.09 40.0 = 0* -5.7+0.24
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CHAPTER 1IV: Protein dynamics in glassy sugar matrixes via human serum albumin single-
tryptophan phosphorescence.

Introduction

Preservation of proteins and other biological materials is often realized when stored in a dry, glassy state[1-
3]. When a protein is embedded in a glass-forming solvent at a temperature below T,, solvent relaxations
are too slow to drive any large-amplitude protein conformational motions. At cold temperatures the rates
of various processes such as enzymatic activity and degradation are greatly reduced; thus protein stability is
improved [4]. It is an especially challenging problem to achieve room-temperature stabilization of proteins
and other biological materials, as the macroscopic attainment of the glassy state is not in itself a sufficient
condition. Slow degradation processes can still occur [5] and mounting evidence suggests that the requisite
mobility is provided by small-amplitude fluctuations that can persist in the glassy state [6, 7]. Minimization
of these motions is a challenge: in addition to surrounding the protein with a sufficiently rigid matrix, its
surface must be well integrated into that matrix. Small saccharides, which are often used as excipients in
lyopholization treatments of pharmaceuticals, are preferentially excluded from the protein surface [8].
Even when embedded in a dry amorphous solid, significant amounts of water may remain in the protein’s
hydration shell [9]. If there are several layers of water that are not tightly integrated into the hydrogen-
bonded network of the surrounding matrix, the protein and its hydration shell will to some degree fluctuate
independently of the relatively rigid bulk matrix [7, 10]. To effectively minimize these motions, a glassy
matrix should replace [11] and/or immobilize [10, 12, 13] water at the surface of the protein. Thus a basic
first step in developing formulations for long-term storage of a protein at room temperature is monitoring
and establishing the extent to which the protein surface and its hydration shell are integrated into its
surrounding rigid matrix. This objective is experimentally challenging as the amorphous solid state is

especially difficult to characterize.

In this study, the kinetics of phosphorescent optical probes are demonstrated to provide an effective
approach to the problem. While phosphorescence is a complex phenomenon that does not directly measure
local fluctuations, it is well established that the rate of non-radiative decay from the triplet state (kng) is

highly sensitive to local environmental fluctuations [14, 15]. By measuring kg as a function of
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temperature, tryptophan can be utilized as a long-lived and site-specific probe of local dynamics. With
single-Trp proteins (wild type or mutant), local mobility can be probed at a variety of sites along the
polypeptide chain (e.g., surface or buried), revealing the energetics of motions at different locales within

proteins

The internal dynamics of human serum albumin (HSA) embedded in sugar glasses (glucose, sucrose,
maltose, and trehalose) are monitored by measuring phosphorescence decays of the single tryptophan
residue as a function of temperature. To explore the relation between internal protein motions and those in
the bulk, the dynamics of the sugar glass have been monitored via phosphorescence of dispersed free
tryptophan. To establish the presence or absence of water in the hydration shell of the protein, and to
demonstrate what effects surface water has on internal protein dynamics, the water-sensitive charge transfer
probe pyranine (8-hydroxypyrene 1,3,7-trisulfonate) has been employed. The fluorescence emission of
pyranine depends on its protonation state[16] and thus when bound to HSA probes the interface between
the binding site and local solvent shell[17]. HSA is an important protein whose function as a carrier of
hydrophobic molecules in the bloodstream is well characterized [18]. Its structure is established (a three
domain heart-shaped 66 kDa globular protein, with multiple ligand binding sites) [19]. HSA contains a
single tryptophan residue at position 214, which has been used extensively as an intrinsic probe of HSA
structure and binding properties [20]. The residue in HSA is near the surface of the protein but inaccessible

to solvent, and therefore monitors mobility at an internal site.
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Materials and Methods

Preparation of glassy protein/sugar samples: Purified human serum albumin (HSA), pyranine, maltose,
and glucose were obtained from Sigma (St. Louis, MO, USA) and used as received. Purified sucrose was
obtained from Fisher Scientific (Fair Lawn, NJ, USA); L(-)-tryptophan and trehalose were obtained from
Acros Organics (New Jersey, USA). Glass transition temperatures (T,) for glucose (32°C) [25-28], sucrose
(67°C) [27-29], maltose (92°C) [25, 26], and trehalose (114°C) [27-29] are averages of experimental

studies from the literature.

To make samples of HSA in sugar glasses, HSA was dissolved in distilled deionized water to make a
12.5% (w/v) solution that was passed through a 0.2 um Puradisc™ nylon membrane filter (Whatman Inc.,
Florham Park, NJ, USA). To assure complete loss of the crystalline state, sugars were dissolved in distilled
deionized water by gentle heating to concentrations just below saturation (glucose = 44 wt. %, sucrose = 64
wt. %, maltose = 44 wt. %, trehalose = 48 wt. %); final concentration at room temperature was checked
with an Atago hand-held refractometer (Tokyo, Japan). To minimize the potential for protein-protein
contact in the amorphous samples and maximize phosphorescence signal, protein was added to sugar in the
ratio of 1:10 HSA:sugar by weight and thoroughly mixed. Protein and sugar amorphous films were then
made by pipetting 8 puL of the solution onto quartz slides (13 x 30 x 0.6 mm; custom made by NSG
Precision Cells, Farmingdale, NY, USA) and spreading over an area approximately 15 mm x 10 mm. After
spreading, the slides were dried for ~1 hour under a steady stream of room temperature air and then
checked for the formation of sugar crystals by viewing through a dissecting microscope under cross
polarized light. The slides were then transferred to a desiccator over phosphorous pentoxide at ~23°C and
protected from light to prevent any photobleaching from occurring. Samples were stored for a minimum of

two weeks, and desiccant was refreshed as needed to maintain a relative humidity close to 0%.

The same procedure as above was followed in preparing samples of pyranine bound HSA in sugar glasses,
with the additional step of adding a I mM aqueous solution of pyranine to the 12 % (w) HSA solution in a
1:1 molar ratio. From titration of bovine serum albumin by pyranine, pyranine has been shown to bind to

serum albumin at three distinct sites{Clement, 1981 #476}. The experiment was repeated with HSA with
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nearly identical results. It was found that all added pyranine was bound to HSA, with none free in solution,
at a probe to protein ratio below 1.5:1. Thus the ratio of 1:1 was chosen to ensure that pyranine

fluorescence only probes the binding sites of HSA and not the bulk sugar phase.

The procedure for preparing samples of free tryptophan in sugar glasses was similar to the above, with a
few important modifications. In the absence of protein, the pure sugar systems more readily crystallized
upon drying. The sugar solutions also tended to bead up upon spreading on slides, due to an apparently
higher surface tension in the absence of protein, which slowed the drying time and thus increased
crystallization. The problem was solved by working at about 60°C which allowed for a greater solubility
(glucose = 66 wt. %, sucrose = 70 wt. %, maltose = 58 wt. %, trehalose = 64 wt. %). A 50 mM aqueous
stock solution of tryptophan was made and added to the sugars at a probe to sugar monomer ratio of 1:1000
(i.e. a mole ratio of 1:1000 to the monosaccharide glucose, and 1:500 to the disaccharides sucrose, maltose,
and trehalose). Slides were placed on a heated dry bath after spreading with sugar solutions, and hot air was

blown from a heat gun across the surface to quickly evaporate water. Slides were then stored desiccated.

Luminescence measurements: To prevent oxygen quenching of the triplet state, a steady stream of high
purity nitrogen gas flushed the quartz cuvette throughout the experiment. To ensure oxygen was eliminated,
the sample was purged with nitrogen for a period of at least 30 minutes. At low temperatures, a stream of
dry air was used to prevent condensation on the cuvette faces. Measurements were made on a Cary Eclipse
fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA, USA) equipped with a
temperature controlled multicell holder. The instrument contains a high-intensity pulsed lamp and collects

in analog mode.

Phosphorescence decays of tryptophan were collected with an excitation wavelength of 280 nm and
emission wavelength of 450 nm, with slit widths of both monochromators set at 20 nm. A 0.2 ms delay was
used to avoid any fluorescence during the lamp pulse. To maximize the signal to noise ratio of the longest-
lived component of the decay, the photomultiplier tube voltage was set to high (800 V). Decays were

collected over the temperature range from -10°C to 130°C with increments of 10°C. Total decay times
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varied greatly over this range, from as long as 35 s at low temperatures to as short as 200 ms at high
temperatures. In all cases the gate time was equal to the decay time divided by 1000; this procedure
produced decays with 1000 data points. Each measurement was an average of decays typically collected
over 5 minutes; thus for a 30 second decay time, the measurement was an average of 10 cycles. This
technique consistently provided an acceptable signal to noise ratio, as the faster decays needed more cycles

due to decreased signal levels.

Pyranine fluorescence emission spectra were measured from 400 to 600 nm, with an excitation wavelength
of 350 nm, a 0.5 s averaging time, and 2.5 nm slit widths of both monochromators. The excitation

wavelength, which is between the two major excitation peaks at 290 nm and 415, was chosen to not excite
tryptophan while minimizing scattering, especially water Raman. Because scattering was still prevalent in
measuring fluorescence in the solid state, spectra of sample blanks (HSA in sugars without pyranine) were

subtracted.

Analysis of luminescence data: Phosphorescence decays were analyzed by nonlinear least-squares fitting
with the statistical curve fitting program Igor (Wavemetrics, Inc., Lake Oswego, OR, USA). Because the
decays were highly non-exponential (e.g., see Fig. 1), a sum of exponentials model was used to fit the
curves:

1(t) =1(0) X5 aiexp[-(t/1))] + c. 1]
Here I(t) is the intensity as a function of time following excitation, I(0) is the initial intensity at time zero,
and o; and t; are the individual normalized pre-exponential and lifetime components. As fits were judged to
be adequate when the modified residual was seen to vary randomly about zero, it was found necessary to fit
almost all decays to a sum of five exponentials. In a few cases at high temperature the shorter decays fit
well to a sum of four exponentials. The amplitude-weighted average was used to calculate the average
lifetimes:

<t =2 T/ X0 2]
The pre-exponential values represent the relative number of chromophores in a given environment [30],

and weighting by o; gives equal weight to each chromophore. The phosphorescence average lifetime is the
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inverse sum of the average rate constants associated with the various processes that depopulate the excited
triplet state [31]:

<> = kp = kyp + <> + <ko[QI>. 131
The brackets <> indicate that both the non-radiative decay and collisional quenching are average
quantities. This equation can be used to calculate <kyr>, the average rate of non-radiative transition to the
ground state due to vibrational losses to the medium, if kgp and <kq[Q]> are known; kgp is the intrinsic
radiative rate of the triplet state, known from measurements in low-temperature glass to be 1/6 s™* for
tryptophan [32, 33], and <ko[Q]> is the average value of the product of the bimolecular quenching constant
and the quencher concentration. There are two potential quenchers: oxygen, which has been purged from
the system, and the sulfur containing amino acids [34], which in the native folded state of HSA are no
closer than 1.0 nm to W214 making their effective concentration zero[35, 36]. Therefore, <ko[Q]> = 0 for

all quenchers and <kyxg> may be calculated directly.
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Results

Tryptophan phosphorescence decays: Tryptophan phosphorescence intensity decays of HSA (HSA-Trp)
and free amino acid (free-Trp) dispersed in amorphous glucose, maltose, sucrose, and trehalose were
collected from -10°C to 130°C at 10°C intervals. The decays were without exception non-exponential
which reflects a heterogeneous distribution of probe site mobilities. This behavior is typical for relaxation
processes in glasses [37] and for tryptophan phosphorescence in proteins where heterogeneity is attributed
to the ensemble of conformational substates that the protein can assume [33]. A representative decay and fit
for HSA-Trp in sucrose at 0°C are plotted in log fashion in Fig. 1. As the plot is clearly non-linear, a
distribution of rates is appropriate to describe the decay [38]. At the lowest temperatures, in the high
viscosity regime, the decays were well fit to a stretched exponential function. With increasing temperature,
the stretching exponent decreased indicating an increase of the width of the distribution. At temperatures
approaching the matrix T,, where the a process became significant on the experimental timescale, the decay
became too complex to fit with a simple distribution function. In the interest of consistency, a sum of five
exponential terms (Eq. 1, see Methods) has been used to fit the data at all temperatures. The function used
fit all decays well, and thus provided an acceptable approximation for a distribution of rates from which the
average rate may be calculated; this approach has been used in previous studies of protein phosphorescence
[33, 34]. For each fit, the normalized pre-exponential value ai can be considered to represent the fraction
of chromophores occupying local environments of similar mobility as characterized by the corresponding

lifetime t; [30].

Lifetime distributions: In the glassy state of all four sugars, the distribution of free-Trp lifetimes (t;) is
extremely broad with lifetimes ranging over 2.5 orders of magnitude (from ~ 25 ms to 4 s) and
approximately equal fractional amplitudes (pre-exponentials); that is, a; ~ 0, ~ 03 ~ 04 ~ a5 ~ 0.2. Due to
extensive dynamic heterogeneity in the glassy matrix, it appears that probes are evenly distributed among
highly mobile (short lifetime) and highly rigid (long lifetime) sites. At temperatures near the sugar glass
transition temperature (T), the temperature at which the a-fluctuations exceed ~0.01 s, the lifetime
distribution narrows as the fraction of probes in more mobile environments (shorter lifetimes) increases.

This change in the distribution of lifetime components occurs over a narrow temperature range of about
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30K in both glucose and sucrose. However, in maltose and trehalose the lifetime distribution from 30°C to
90°C is of intermediate and constant heterogeneity. In contrast, the distribution of fit lifetimes for HSA-Trp
in the sugar matrices did not change as the temperature (and the rate of a-fluctuations) increased through

the sugar T,.

Average lifetimes: The amplitude-average lifetime <t> for each phosphorescence decay was calculated
from the fit coefficients o; and t; (Eq. 2, see Methods). In Fig. 2a the average lifetimes of free-Trp dispersed
in glassy sugar matrices are plotted as a function of temperature. The value of <t> provides an ensemble
average measure of local site mobility as seen by the probe in the bulk sugar matrix. In all cases <t>
decreased with increasing temperature, with a sharp decrease seen around each sugar’s T, where sugar .-
fluctuation rates sharply increase. The lifetime plots of HSA-Trp in sugar matrices are presented in Fig. 2b.
As for free-Trp, <t> for HSA-Trp decreased with temperature in all matrices; however, there is no sharp
decrease around the T, of the embedding sugar. Nevertheless, despite the difference in the rate of change
near T,, the <t> values of HSA-Trp loosely tracked those of free-Trp. This correspondence indicates that
the surrounding sugar matrix has a modulated effect on the internal mobility of the protein as detected by

W214.

Non-radiative rates: Average non-radiative decay rates of dispersed free-Trp (<kng pui>) and intrinsic
HSA-Trp (<Kng protein>) have been calculated (Eq. 3, see Methods). The rate of triplet state deactivation is
sensitive to the local site mobility of each probe [14, 15, 39]. The mobility is due to an assortment of
thermally activated modes of motion and therefore the slope of an Arrhenius plot of <kng> reveals the
average activation energy of these motions [40]. For each sugar matrix, the rate in the bulk <kyg pui> and in
the protein <kng protein™> have been plotted in Arrhenius fashion (Figs. 3a-d). These plots allow for direct
comparison of the motions detected by tryptophan in the bulk matrix with motions detected by tryptophan

inside the protein. Each pair of Arrhenius curves exhibits similar general trends.

The behavior at temperatures well below the sugar T, is considered first. At -10°C <kyg protein™ 1S about 6

times larger than <kyg pu™, indicating that in the glassy state the protein interior is more mobile than in the
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bulk. However, the Arrhenius curves have similar slopes, implying that the energetics of probe deactivation
are similar despite the significant difference in <kyg>. The matching slopes are especially evident in the
trehalose and maltose samples. The plots are also concave upward, which is common behavior for
relaxation processes in glassy systems [40]. At low temperatures the rate of the a-fluctuation in the glass is
very slow relative to the tryptophan triplet state lifetime; consequently, only lower energy/lower amplitude
yet faster B-type relaxations deactivate the triplet state. The change in slope with increasing temperature
indicates that no single Arrhenius process is responsible for probe deactivation, but rather a collection of
processes, that is, secondary relaxations, having a distribution of activation energies. Increasing
temperature increases the relative contribution to <kyg> from higher energy relaxations of the distribution.
Such a scenario is expected for these highly heterogeneous protein/sugar systems, which are characterized
by a broad distribution of phosphorescence lifetimes representative of a broad distribution of mobile

environments.

At some point, typically near the sugar T, <kng pui> grows larger than <kg protein, indicating that the bulk
matrix has become more mobile than the interior of the protein. At higher temperatures in glucose and
sucrose, but not in maltose or trehalose, the plots become concave downwards, indicative of a temperature
regime where triplet state deactivation is dominated by a-fluctuations [41]. The overall shape of each plot
demonstrates the separability of o and B fluctuations as seen in previous works [42]: B-fluctuations at low
temperatures have Arrhenius temperature dependence while a-fluctuations at high temperatures may be
approximated with a Vogel-Tammann-Fulcher relation [43]. The increasing influence of the o relaxation as
T, is approached is further demonstrated by the increasing complexity of the phosphorescence decays (as
discussed above). The behavior at high temperatures (above T,) is not the subject of this study due to low
signal levels in these highly mobile environments; this topic will be the focus of a future study designed to

generate the required signal/noise levels.

Activation Energies: Activation energies have been calculated at each temperature by measuring the slope
of the Arrhenius plots using the points T-10°C, T, and T+10°C. In Fig. 4A E, versus temperature is plotted

for free-Trp dispersed in glucose, sucrose, maltose, and trehalose. At 0°C in all four sugars, the value
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converges to about 25 kJ/mol, indicating that the probe responds similarly to the bulk glassy matrix
regardless of composition. The value in glucose is likely higher because at this temperature the probe can
already sense the a-relaxation whose rate is rapidly increasing with temperature. The E, values gradually
increase with temperature with a jump to higher values as the temperature approaches T,. The E, at T ~ T,
peaks at about 120 kJ/mol for glucose, 140 kJ/mol for sucrose, 160 kJ/mol for maltose, and 190 kJ/mol for

trehalose. At temperatures above T, E, decreases as evident in the E, plots of glucose and sucrose.

In Fig. 4B E, is plotted versus temperature for <kng proein™> in glucose, sucrose, maltose, and trehalose.
Similar to the E, ui values, the E, proein Values converge to about 22 kJ/mol at 0°C. This is within the range
of typical values reported for the B-fluctuations in proteins of 10-30 kJ/mol [43]. In the glass, E, yrotein als0
increases with temperature in similar fashion to E, y,x. Notably, in maltose and trehalose the activation
energies for bulk and protein are almost identical from 0°C to 50°C. This is a significant result that
indicates that the dynamics of the dispersed tryptophan and the protein tryptophan are governed by the
same processes over this temperature range, despite their entirely different local environments. Finally, as
exemplified by the glucose and sucrose systems, as temperature approaches T, E, jroein increases but to a
smaller extent than E, y,x. The motion of the protein’s internal tryptophan responds to the onset of the bulk

a-relaxations, yet to a smaller degree than the motions of the dispersed tryptophan.

Several of these results lead to the important conclusion that many of the same processes are operative in
both HSA and the bulk matrix. This point is primarily demonstrated by the matching slopes of the
Arrhenius plots, and hence activation energies, at low temperature. Additionally, as the sugar glass
transition temperature is approached, the E, for the protein and bulk rise in similar fashion towards their

peak values.

Analysis of pyranine fluorescence shows water at surface of protein: EXcitation of pyranine to its first
excited singlet state converts the compound from a weak base to a strong acid. The dissociation of the
proton is a fast reaction (k = 1 x 10'° s™) in pure water, and is slowed (via an exponential function) by the

chemical activity of water, as demonstrated in concentrated salt solutions [44]. As fluorescence occurs on a
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similar timescale, pyranine emission from both protonated (ROH*; A, = 425 nm) and unprotonated (RO
*; Amax = S11) species may be observed, and the relative height of the two peak intensities provides a
qualitative measure of microenvironment water activity. When added to HSA prior to embedding in sugar
glasses, pyranine is tightly bound to the protein (see materials and methods), and probes the activity of

water at a site on the surface of the protein.

Figure 5 shows the emission spectra of pyranine in various environments (free in water, bound to HSA in
water, HSA-bound in 66% sucrose, and HSA-bound in amorphous sucrose). When free in solution,
because the acidic proton is readily accepted by water, the O” peak dominates the spectrum at 511 nm
while the OH peak at 425 nm is about 30 times as small. When bound to HSA in solution, the spectrum
changes significantly: the ratio of O" to OH peak decreases to about 2 and both peaks are significantly blue-
shifted. These are indications that the bound probe is in a site that is only partially accessible to water and
of lower polarity. Both trends continue when the water is replaced by 66% sucrose solution, and even
further after desiccation at 0% RH for 2 weeks where the ratio of O" to OH peaks has decreased to 0.61 and

the O™ peak has blue shifted some 30 nm.

In Fig. 6 is plotted the normalized pyranine emission bound to HSA embedded in each of the sugar
matrices as well as free pyranine dispersed in amorphous sucrose (spectra of free pyranine in all four sugars
are indistinguishable from each other). Evidence of the dryness of the sugar glass is established by the
absence of any O™ peak at 511 nm in the pyranine emission. In comparison, when HSA is embedded in this
bone-dry sugar matrix, there is water that remains bound to the surface of the protein. There is also a clear
difference, as shown by the differing O/OH peak ratios, in the amount of surface-bound water when the
protein is dried in different sugars. In order of “wettest” to “driest”: maltose = 0.77, sucrose =0.61,

trehalose = 0.59, and glucose = 0.35.

The pyranine emission was also measured across the temperature range studied (data not included). While
the emission intensity increased with temperature, which was attributed to a blue-shift in the excitation

band, the normalized shape of the spectra did not noticeably change. This indicates that the activity of the
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bound water seen by the probe on the surface of the protein was not affected by temperature or the glass to

melt phase change.
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Discussion

Dynamic behavior in the bulk: The kyr of tryptophan phosphorescence is sensitive to various relaxation
processes that occur in the amorphous sugar environment of the probe [40]. These relaxations include the
large-scale primary a-relaxation as well as localized secondary p-relaxations [45]. Dielectric relaxation [46]
and DSC [29] studies on mono- and disaccharide sugar glasses have revealed two secondary relaxations:
the lower energy vy, with estimated average E, of ~50 kJ/mol, and the intermediate energy  with an E, of

~90 kJ/mol [46]; the primary or a-relaxation has a reported E, of >200 kJ/mol [29].

At low temperature, the observed E, i 0f 25 kJ/mol is well below the reported 50 kJ/mol of the y-
relaxation in amorphous sugars, indicating the presence of additional low energy modes of motion that
cause probe de-excitation. These motions are expected to be local, of small amplitude, and not reflective of
bulk matrix relaxation processes. Even after extensive drying, the tryptophan solvation shell will retain
some hydration waters whose number and mobility likely depend on how effectively the tryptophan
molecule is incorporated into the extended hydrogen bond network of the sugar matrix [47]. It is likely that
the fluctuations of these solvation waters enable the low energy processes detected at low temperatures.
The librational motions of water in various confined environments, monitored by IR absorption [48],
dielectric relaxation [49, 50], quasi-elastic neutron scattering [51], and molecular dynamics simulation [52],
have energies in the range 14 to 30 kJ/mol, similar to the E, observed here at low temperature. This lower-
energy process dominates kyg in extremely rigid matrixes because the higher-energy bulk relaxations occur
with very low frequency. As temperature increases, the observed E, i values increase as the rates of the y-
and B-relaxations in the amorphous sugar matrix become fast enough to deactivate the probe. Under these

conditions, the observed E, is an average of multiple processes.

Comparison with protein: The matching activation energies in bulk and in protein at low temperature,
especially evident in trehalose and maltose, suggest that the same relaxation processes drive probe
deactivation in both environments. As the protein is expected to be significantly hydrated in the glass [8, 9,
53], it is likely that small amplitude fluctuations of these waters drive internal protein dynamics that

deactivate the tryptophan triplet state in a similar fashion to the deactivation of free-Trp in the bulk. This is
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consistent with the model proposed by Cordone and others where in dry conditions an embedded protein is
tightly anchored via a hydrogen bond network to the glass and its dynamics depend on “flickering” of the
hydration shell water-dipole network [10, 13, 54]. Since the rate of probe deactivation (kyg) is ~6 times
faster in the protein than in the bulk, there are clearly differences in the efficiency of the quenching process.
The larger protein contains many more surface waters and thus provides more pathways connecting their
motions to internal protein motions that deactivate the triplet state. The result is an increase in the observed
efficiency of probe deactivation (larger <kyg>) with no change in E,. The two observations E, pux = Eq protein
and Kng puik < Kngr protein thus provide evidence for solvent slaving of protein motions. In the language of the
energy landscape, the entropic search is more rapid on the protein landscape, though in both cases the
transient lowering of enthalpic barriers is due to similar localized small amplitude water motions

(librations).

In maltose and trehalose, over the temperature range of —10°C to 50°C, E, pyx and E, prorein gradually
increase together from 25 kJ/mol to 50 kJ/mol, indicating that both the dispersed probe and the embedded
protein respond in the same way to the dynamically changing matrix. Over this temperature range, the
motions driving probe deactivation progress from solvent shell water motions (~25 kJ/mol) to local
relaxations of the sugar matrix (~50 kJ/mol). At ~50°C, the protein and its hydration shell sense the
motions in the matrix, which is no longer immobile on the lifetime of the triplet state. This protein-matrix
interaction may be through direct contact between sugar and protein or may be mediated by hydration
waters. Both situations likely exist, as molecular dynamics simulations of trehalose-myoglobin-water

systems have illustrated [9].

Above 50°C in maltose and trehalose, 10°C in sucrose, and -10°C in glucose (presumably), E; ,roin dO€S
not rise as quickly as E, i with increasing temperature, indicating that the protein begins to respond to
relaxations in the matrix to a smaller degree than does the dispersed tryptophan. This may be the result of
the free-Trp being more tightly integrated into the extensive hydrogen-bonded network of the matrix than
the protein, which is reasonable given the protein’s extensive and highly textured surface. The protein will

certainly contain more mobile waters in its hydration shell than tryptophan; this larger solvent shell may
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also dampened the larger-amplitude bulk motions, in effect decoupling them from protein motions. A
similar effect is seen at constant temperature with increasing hydration where the hydrogen bonding
network anchoring the protein to the matrix becomes softer and the coupling of protein and bulk dynamics
becomes increasingly short-lived and short-range [9, 10]. In each amorphous matrix this divergence of bulk
and protein E, occurs at a temperature approximately 50°C below the sugar T,, presumably coinciding with

the increase in the rate of larger amplitude p-relaxations of the bulk.

The trend of diverging E, continues with increasing temperature until the sugar glass transition temperature
is reached, as demonstrated in the glucose and sucrose data: at T = Ty, E, pui ~ 120 kJ/mol while E, protein ~
80 kJ/mol in both sugars. E, ;rin also reaches its peak value near the sugar T,, providing further evidence
for coupling of bulk and matrix motions. The lower E, in protein is likely due to the fundamentally
different nature of the primary a-relaxation in a folded protein versus a sugar glass. In the absence of a
physical change akin to unfolding, the limited motions within a protein cannot match the extent of co-
operative motions in the sugar matrix. Thus, the onset of translational motion in the bulk matrix may affect

the deactivation rate of free-Trp more dramatically than that of the HSA-Trp.

Water in the solvation shell: In the dried amorphous state, the presence of water in a protein’s hydration
shell is believed to be a crucial determinant of fast fluctuations in the protein[55]. These are known as
hydration-shell-coupled or B-fluctuations. In the effort to monitor the presence and mobility of HSA
hydration shell water in the matrixes, pyranine was bound to HSA prior to embedding in solid amorphous
sugars. The probe is sensitive to the replacement of water by sugar molecules: the ratio of the two
fluorescence peaks changes with extent of drying, and after extensive desiccation becomes constant. The
differences in the spectra of pyranine bound to HSA in the four sugars indicate differences in the
availability of water in the protein’s solvation shell. Admittedly the ratio of the heights of the two
fluorescence peaks only provide a qualitative value of water activity at a single site (in the binding cavity or
cavities) on the surface of the protein. Despite this, there are clear and meaningful differences in the

activity of water when HSA is embedded in different sugars.
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It is evident from the small pyranine [O] peak in Fig. 6 that HSA embedded in solid amorphous glucose
has the least amount of mobile water in its hydration shell compared to HSA in the other sugars. It
therefore may be said that glucose is the most effective sugar of those studied at replacing water from the
protein’s hydration shell. Likely this is so because glucose is a monosaccharide and the other sugars are
disaccharides. The smaller sugar experiences a much greater degree of translational and rotational freedom
which allows it to more efficiently form hydrogen bonds with the polar groups on the surface of the protein.
Furthermore, the absence of a glycosidic linkage provides additional hydrogen bond donors and acceptors

on a mass basis.

There are also differences among the ability of the three disaccharides to replace water. While trehalose
and sucrose produced similar results, maltose is clearly less effective at water replacement. No readily
apparent explanation for this observation exists, however it is perhaps relevant that sucrose and trehalose
are the two sugars that are commonly found in nature that provide desiccation tolerance in a variety of
organisms[56-59]. There may be some correlation between overall stability in the dry amorphous state and
the surrounding matrix’s ability to replace water in a protein’s solvation shell.

Finally, the pyranine data was compared with the data obtained from Trp phosphorescence and no
consistent meaningful correlations were discovered. For example, when considering the pyranine data, one
might expect the maltose/HSA system with its (qualitatively) greater activity of hydration shell waters to be
more mobile as measured by <kyg> than that of the HSA/trehalose system. If this were the case, it would
stand to reason that the additional water in the protein’s hydration shell effectively plasticized the protein’s
motion, much as it has been argued that fast fluctuations in a protein’s hydration shell are coupled with
motions of hydration waters[55]. However the internal HSA motion local to the Trp residue is in fact
slightly lower in the maltose system at temperatures all the way up to T,. It thus appears that the mobility
as measured by Trp phosphorescence is not affected by the differences in hydration shell water. In
reference to the argument made by Frauenfelder, it is possible that in the solid state the effect of hydration
shell water is different, that the fast fluctuations are not detected by the tryptophan residue. It is also

possible that the fluctuations of the waters are the same in all systems, but that the pyranine—which only



measures the water in a specific local environment—does not provide a reliable measure of the entire

solvent shell.
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Conclusions

This study shows how the temperature dependence of the phosphorescence lifetimes from a buried
tryptophan within a glass-embedded protein can be used to systematically investigate coupling between
internal protein dynamics and the dynamics associated with both surface hydration waters and the bulk
glassy matrix. The results are consistent with the solvent slaving model in that the activation energy for the
protein motion matches that of specific solvent motions. In the glassy state, Arrhenius-like behavior
reveals a steady evolution of protein dynamics with temperature. Comparison of activation energies
suggests a model where protein dynamics are independent of the glassy matrix at low temperatures and are
instead driven by B-fluctuations of water molecules in the hydration shell. As temperature is raised, the
protein increasingly is driven by higher energy B-fluctuations of the bulk sugar glass. As the T, of the
matrix is approached there is a gradual climb in activation energy over a broad temperature range. The
results are also supported from comparison with other studies. Activation energies in the glassy state as
determined by Trp-phosphorescence ranged from ~20 — 50 kJ/mol. Dynamical studies over a broad
temperature range on a variety of proteins in numerous glass-forming solvents have utilized neutron-
scattering [60, 61], dielectric relaxation [42, 62, 63], CO rebinding to Mb [38, 64], Fe-Mb Mossbauer
spectroscopy [65], and IR vibrational echo [66]; these have similarly provided Ea measurements ranging

from 12 — 45 kJ/mol.
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Figure IV-1
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Figure IV-1: Phosphorescence emission decay of the single tryptophan (W214) of
human serum albumin embedded in glassy sucrose matrix at 0°C. The fit is a sum of five
exponentials.
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Figure I'V-2a
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Figure IV-2A: Amplitude-averaged phosphorescence lifetime of tryptophan amino acid
dispersed in amorphous solid glucose, sucrose, maltose, or trehalose.
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Figure IV-2b
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Figure IV-2B: Average phosphorescence lifetime of the single tryptophan of human
serum albumin embedded in amorphous solid glucose, sucrose, maltose, and trehalose.
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Figure IV-3A: Arrhenius plots of the average non-radiative decay rate <kng>
(calculated from the amplitude-averaged lifetime) for de-excitation of the tryptophan
triplet state in free amino acid (solid symbols) and in human serum albumin (open
symbols) embedded in amorphous solid glucose. Data replotted from Figure 2.
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Figure IV-3B: Arrhenius plots of the average non-radiative decay rate <kng> (calculated
from the amplitude-averaged lifetime) for de-excitation of the tryptophan triplet state in

free amino acid (solid symbols) and in human serum albumin (open symbols) embedded
in amorphous solid sucrose. Data replotted from Figure 2.
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Figure IV-3C: Arrhenius plots of the average non-radiative decay rate <kng>
(calculated from the amplitude-averaged lifetime) for de-excitation of the tryptophan
triplet state in free amino acid (solid symbols) and in human serum albumin (open
symbols) embedded in amorphous solid maltose. Data replotted from Figure 2.
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Figure IV-3D: Arrhenius plots of the average non-radiative decay rate <kng>
(calculated from the amplitude-averaged lifetime) for de-excitation of the tryptophan
triplet state in free amino acid (solid symbols) and in human serum albumin (open
symbols) embedded in amorphous solid trehalose. Data replotted from Figure 2.
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Figure IV-4a
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Figure IV-4A: Activation energy (E,) for non-radiative decay of free tryptophan amino
acid embedded in amorphous solid glucose, sucrose, maltose, and trehalose. E, values
calculated from the slopes of the Arrhenius plots of Fig. 3.
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Figure IV-4b
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Figure IV-4B: Activation energy (E,) for non-radiative decay of tryptophan in human
serum albumin embedded in amorphous solid glucose, sucrose, maltose, and trehalose.
E, values calculated from the slopes of the Arrhenius plots of Fig. 3.
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Figure IV-5: Pyranine fluorescence emission: free in water, HSA-bound in water, and

HSA-bound in sucrose at different drying times.
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Figure IV-6
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Figure IV-6: Normalized pyranine fluorescence emission bound to HSA and embedded
in glassy sugar matrices (glucose, sucrose, maltose, and trehalose).
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