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Abstract

This report establishes the conditions for monitoring the intrinsic Trp phosphorescence of proteins encapsulated in
silica hydrogels and demonstrates the usefulness of the delayed emission for examining potential perturbations of
protein structure-dynamics by the silica matrix. Phosphorescence measurements were conducted both in low
temperature(140 K) glasses and at ambient temperature on the proteins apo- and Cd-azurin, alkaline phosphatase
and liver alcohol dehydrogenase together with the complexes of liver alcohol dehydrogenase with coenzyme analogs
ADPR and H NADH. While spectral shifts and broadening indicate that alterations of the Trp microenvironment are
more marked on superficial regions of the macromolecule the decay kinetics of deeply buried chromophores show
that the internal flexibility of the polypeptide in two out of three cases is significantly affected by silica entrapment.
Both the intrinsic lifetime and the bimolecular acrylamide quenching constant confirm that, relative to the aqueous
solution, in hydrogels the globular fold is more rigid with azurin, looser with alcohol dehydrogenase and substantially
unaltered with alkaline phosphatase. It was also noted that large amplitude structural fluctuations, as those involved
in coenzyme binding to alcohol dehydrogenase or thermally activated in alkaline phosphatase, were not restricted by
gelation. Common features of the three silica entrapped proteins are pronounced conformational heterogeneity and
immobilization of rotational motions of the macromolecule in the long time scale of seconds.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction does not perturb the structural fluctuations
involved in that proces§7]. Absorption and fluo-

In the last decade the entrapment of functionally rescence of several proteins hinted at native con-
active proteins within a porous three-dimensional formations within a rigid polymer cage in which
network formed by inorganic silicate matrices has segmental motions are largely unaffected but glob-
received considerable attention for its numerous al movements, such as unfolding and rotation, are
potential applications in diverse fields such as restricted[4,9]. However, other analysis of silica
biocatalysts, biosensors and immunodiagnostics entrapped cytochrome glucose oxidase17,14
[1-4 (and references withjn Besides practical human and bovine serum albumih9] and green
applications, confinement of proteins within a rigid fluorescence protei20] have concluded that the
cage is appealing also for more basic studies. protein environment is similar to the aqueous
Confinement prevents self-aggregation reactions solution and that practically unhindered molecular
and is, therefore, attractive in fundamental inves- rotations occur.
tigations of the factors affecting the stability of The sensitivity of Trp phosphorescence to the
the native fold[5]. Furthermore, by limiting the  nature[21] and to the dynamical propertid@2—
space to extended configurations of the polypep- 28] of the Trp environment provides a potentially
tide, the solid matrix may also serve to stabilize attractive approach to address issues regarding
the more compact native structul@. perturbations of the tertiary structure, the degree

Although most enzymes maintain some catalytic of gel induced structural heterogeneity as well as
efficiency, the state of proteins entrapped in silica the effects of entrapment on both the internal
sol—gel matrices is still poorly characterized. It flexibility and the rotational mobility of the mac-
has been pointed out that several factors may romolecule up to the long, nis, time scale. The
contribute to perturb the native fold7-1d. present investigation first addresses the feasibility
Among them the direct adsorption of the macro- of monitoring the phosphorescence emission from
molecule to the inorganic matrix, its covalent proteins embedded in wet gels. Then, it examines
linkage to it, the altered properties of water in the the effects of encapsulation on the internal dynam-
pores and harsh polymerizing conditions. Accord- ics of proteins by employing two complementary
ing to spectroscopic technigues based on CD andmethods: one is based on the sharp dependence of
IR the secondary structure remains largely native the intrinsic phosphorescence lifetime of Trg,)
like although in the case of myoglobin ang on the flexibility of the polypeptide around the
lactalbumin partial unfolding was reportef]. chromophord22]. The second method determines
More subtle perturbations of tertiary and quater- the bimolecular phosphorescence quenching rate
nary structure are not as readily detected but may constant(kg), governing the diffusion of acrylam-
be inferred indirectly from the change in ligand ide through the globular fold to the site of the
binding affinity [1,3], heterogeneous enzyme triplet probe[25]. Lastly, the rotational mobility
kinetics[10,11 Trp fluorescencd3,9] and restric- of the macromolecule within the gel cage is deter-
tions on the allosteric R-T transition of hemoglobin mined from the anisotropy of the phosphorescence
[12,13. A related question is how entrapment of emission of internal, rigidly held Trp residdag].
biopolymers in rigid cages, which are characterized The proteins chosen for this enquiry are mono-
by a relatively high solvent viscosity14-14, meric apoazurifAz), dimeric liver alcohol dehy-
may affect protein dynamics both with respect to drogenase (LADH) and dimeric alkaline
the flexibility /conformational freedom of the poly- phosphatas€ AP). They exhibit a long(~1 9)
peptide and the rotational mobility of the whole phosphorescence lifetime even in fluid solutions at
macromolecule. To date there is no direct measure ambient temperature, and in each case the emission
of the internal flexibility of proteins in hydrogels. originates from a single well identified Trp residue
The R-T conformational isomerization in hemoglo- [23], a feature that is important for evaluating the
bin is drastically slowed dowr{12,13 but the homogeneity of the protein sample inside silica
kinetics of ligand rebinding suggest that the gel gels. We find that under suitable conditions protein
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phosphorescence is readily detected in wet silica 0.1 mM CdC}, was added to the buffer. For all
gels. The triplet state probe reveals that structural proteins, the final concentration ranged from 5 to

perturbations by the gel are more pronounced in
superficial regions of the macromolecule although
changes in segmental flexibility are found even for
internal, rigid cores of the globular structure. Other

8 wM. To slow down the polymerization process
all solutions were kept in ice. After mixing, the
sol—gel was placed to set at ambient temperature
in appositely constructed Teflon cuvettes with a

common features of entrapped proteins are a3x3Xx10 mn¥ trough at the bottom. When gela-

marked conformational heterogeneity and a com-

plete lack of rotational freedom inside the gel
cage.

2. Experimental section

All chemicals were of the highest purity grade

tion was complete( ~2—-5 min 1 ml of Hepes

buffer was layered on top of the gel to remove the
methanol produced during polymerization. The
washing was repeated at regular intervétsx

time9) during the first day. Later, the monolith was
removed from the Teflon mould and placed in a
test tube with 2 ml of buffer. During the first week

available from commercial sources and were used of aging the gel was washed with 2 ml of buffer

without further purification. Tetramethyl orthosili-
cate (TMOS), ADPR and alkaline phosphatase
from Escherichia coli were purchased from Sigma
Chemical Co(St. Louis, MO. Liver alcohol dehy-
drogenase from horséLADH) was supplied by
Boehringer (Mannheim, Germany Copper-free
azurin (Az) from Pseudomonas aeruginosa Was a
gift from Prof. Desideri, University of Romé&Tor
Vergata, Italy. Cd-azurin (CdAz) was prepared
by the addition of a slight excess of CdCIl to 2.1
mg/ml copper-free azurin solution and then dia-
lyzed overnight into 0.1 mM CdgGl[29]. 1,4,5,6-
Tetrahydronic nicotinamide adenine dinucleotide
(H,NADH) was synthesized as described before
[30]. Acrylamide(>99.9% electrophoresis purity
was from Bio-Rad LaboratoriedRichmond, CA.
Spectroscopic grade propylene glycol was from
Merck (Darmstad:. Water, doubly distilled over
quartz, was purified by using a Milli-Q Plus system
(Millipore Corp., Bedford, MA. All glassware
used for sample preparation was conditioned in
advance by standing for 24 h in 10% HCI suprapur
(Merck, Darmstadt

2.1. Preparation of sol—gels

two times a day and after that the gel was stored
in buffer until used. In the case of Az, the
procedure for the initial 2 days was slightly mod-
ified to avoid leakage of the small protein before
complete gelation. During the first 2 days the
volume of washing buffer was reducé@00 1)

and the time of soaking was cut to ordy10 min
each time, after which most of the supernatant was
removed. In this way over 90% of the protein
remained permanently trapped. During aging and
successive storage the gels were maintained at 4
°C a temperature at the proteins in solution are
stable for several weeks. All phosphorescence
measurements were conducted with gels from 1 to
2 weeks old, although it was found that the
emission is largely unaltered during the first
month.

To test for possible structural perturbations by
the temporary accumulation of free methanol, the
phosphorescence spectrum and lifetime of each
protein was recorded in agueous solution before
and after the addition of 20% methanol. We found
practically no alteration of the phosphorescence
features by methanol. Likewise, the enzymatic
activity of LADH and AP, after standing a few
hours in 20% methanol and successive dialysis,

The silica sol was prepared using a standard showed no detectable losses.

protocol [1]. Typically 7.61 g TMOS, 1.69 ml of
water and 0.11 ml of 0.04 N HCI were mixed and
sonicated for 15 min. The sonicated &0 )
was first mixed with 20 mM Hepes buffer pH 7.5
(60 wl) and, subsequently, added to the protein
solution in the same buffe30 wl). For CdAz,

2.2. Sample preparation for phosphorescence
measurements

For phosphorescence measurements at ambient
temperature it is paramount to rid the solution of
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all O, traces. Protein gel monolithgoughly of
dimensions 2.%2.5x8 mm®) were placed in
appositely constructed quartz cuvettegsund, 4
mm |.D. cell9 and were deoxygenated by repeated
cycles of mild evacuation followed by inlet of
pure nitrogen as described befd@4]. Relative to
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sion spectra, continuous excitation is provided by
a Cermax xenon lampLX150UV, ILC Technolo-
gy, Sunnyvale, CA whose output is selectetb
nm bandpassby a 0.23-m double grating mon-
ochromator(SPEX, Model 1680, Spex Industries,
Edison, NJ optimized for maximum stray light

agueous protein samples satisfactory deoxygena-rejection. The emission collected at°9om the

tion required longer equilibration times, typically
4-5 h.

The acrylamide quenching rate constdfty)
was obtained as described bef¢2s] from meas-

excitation is dispersed by a 0.25 m grating mono-
chromator(Jobin-Yvon, H-23 set to a bandpass
of 1 nm. A two positions light chopper intersects
either the excitation beam onlyfluorescence

urements of the phosphorescence decay at variousmode or both excitation and emission beams in

acrylamide concentrations to the

equation:

according

1/7=(1/7o) +kg[acrylamidé

where 7, and 7 are the phosphorescence lifetime

alternate fashion in such a way that only delayed
emission gets through to the detectphosphores-
cence mode A low-noise current preamplifier
(Standford, Model SR570, Sunnyvale, CAol-
lowed by a lock-in amplifier(( THACO Model
393, Ithaca, NYoperated at the chopper frequency

in the absence and in the presence of a givenare used to amplify the photomultiplie(EMI

[acrylamidé in the solution surrounding the gel.
At each acrylamide concentration the gels
(Viot~ 50 wl) were allowed to equilibrate in a large
volume (~3 ml) of quencher solution for 16—24
h, a time that was found sufficient for acrylamide

96350B current. The output is digitized and
stored by a multifunction boardPCI-20428W,
Intelligent Instrumentation Inc., Tucson, AZitil-
izing visual Designer softwaréPCI-20901S Ver.
3.0, Intelligent Instrumentation Inc., Tucson, AZ

to reach a constant concentration inside the gel. In Spectra are acquired at a scan rate of 0.5 nth s
estimating the quenching constant the acrylamide and with a time constanfLock-in amplifier) of

concentration inside the pores of the silica glass

was assumed to equal that in the external solution.

In general, Stern—Volmer plots were constructed
with only three acrylamide concentrations, chosen

125 ms.

For phosphorescence decays, pulsed excitation
is provided by a frequency-doubled, Nhg-
pumped dye lasefQuanta Systems, Milan, Italy

so that the largest concentration caused up to a(A.=293 nm with a pulse duration of 5 ns and

roughly four-fold reduction of the lifetime.

Gels of LADH complexed to ADPR or to
H,NADH were obtained in two ways: one con-
sisted in forming the complex before gelation; the
other in soaking for 24 h already formed LADH
gels in a buffer containing the coenzyme analogs.
In both procedures, the final concentration was
600 wM for ADPR and 200pM for H.NADH,
values that according to the respectKigof these
complexes in solution would lead to over 90%
saturation.

2.3. Fluorescence and
measurements

phosphorescence

a typical energy per pulse of 0.5-1 mJ. The
phosphorescence emitted af ®m the excitation

is selected by an interference filtéDTblau, Bal-
zer, Milan, ltaly) with a transmission window
between 410 and 450 nm. A gating circuit that
inverts the polarity of dynodes 1 and 3, for up to
1.5 ms after the laser pulse, protects the photo-
multiplier (Hamamatsu R928, Hamamatsu, Jgpan
from the intense excitation-fluorescence light
pulse. Alternatively, in the case of continuous
excitation by the xenon lamp, a mechanical shutter
(Uniblitz VS 25, Vincent Associates, Rochester,
NY), that opens in approximately 4 ms, blocks
light during the excitation period from reaching
the photomultiplier. As for spectral measurements,

All luminescence measurements were conductedthe photocurrent signal is amplified, digitized and

on home made instrumentation. Briefly, for emis-

multiple sweeps averaged by the same computer-
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Fig. 1. High-resolution Trp phosphorescence spectra, in the region of the 0,0 vibrational band, of wet-gel encapsulated proteins
(—) soaked in propylene glycdlPG)/buffer (50 mM Hepes pH ¥, at 140 K. The spectrum of each protein, free in the solvent
(----), is shown for comparisomq,=290 nm. The small Tyr component was subtracted from each spectrum.

scope system. All phosphorescence decays were3. Results

analyzed in terms of a sum of exponential com-

ponents by a non-linear least-squares fitting algo- 3.7. Low temperature Trp phosphorescence from
rithm (Global Unlimited, LFD, University of proteins in wet gels

lllinois). No signal deterioration was observed on

successive laser pulses. . In low temperature glasses, the phosphorescence
Anisotropy (r) measurements were carried out spectrum of Trp exhibits a pronounced vibronic
by inserting linear polarizers, Polaroid type structure with a relatively narrow 0,0 vibrational
HNP'B, in both excitation and emission beams. hand. The wavelength of the 0,0 bafid, o) is
To get the largest limiting anisotropyro, the  related to the polarity of the indole environment
excitation wavelength was set to the red edge of [21] and its bandwidth(BW) reports on the
the absorption spectrum while the emission was structural homogeneity of the site. Often, two or
centered on the 0,0 vibronic band of the phospho- more Trp residues in the same protein exhibit well
rescence spectrum. The anisotropy was calculatedresplved 0,0 vibrational band81], in which case

in the usual way from the formula: their emission can be studied individually.
Protein containing hydrogels were soaked in
r=(1,_GI,)/(I,.+2GI,) glass forming propylene glycgbuffer (50:50, V/

V) and their phosphorescence emission was mon-

itored at 140 K. When compared to that of the
wherel, and I, are the emission intensities polar- protein free in the same solvent distinct alterations
ized parallel and perpendicular, respectively, to the were observed in the Trp phosphorescence spec-
vertically polarized exciting beam. The correction trum of each protei(Fig. 1). For single Trp Az,
factor G is the ratio of the vertically to horizontally  encapsulation of the metal free protein causes a
polarized emission intensities obtained with hori- red shift(0.5 nm) and broadening of the 0,0 band
zontal excitation. (the BW increasing from 5.8 to 7.0 nmThis
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implies a rearrangement of the structure about internal Trp residues and the decay rate, when not
buried Trp-48 and a concomitant increase in con- influenced by internal quenching reactions with
formational heterogeneity. Interestingly, the spec- proximal Cys, His or Tyr side chains, as is the
trum of the more stable CdAz is less affected by case with the proteins examined here, is related to
encapsulation in that the red shift is less than 0.2 the local flexibility of the polypeptidd23].
nm and the change in BW is merely from 5.7 to Long-lived phosphorescence from Az, LADH
5.9 nm(data not shown and AP at ambient temperature was readily detect-
LADH has two Trp residues per subunit, with ed in wet gels. An example of raw data is given
distinct 0,0 vibrational bands centered at 405.5 in Fig. 2, which reports the spectrum and decay
nm, for solvent exposed Trp-15, and at 410.6 nm, kinetics of AP at 20°C. Before dwelling on the
for deeply buried Trp-31431]. Upon gel encap- effects of silica entrapment on the RTP emission
sulation the blue band shifts to the red so that the we notice that the gel exhibits background phos-
two components of the spectrum are no longer phorescence that under certain conditions may give
resolved(Fig. 1). From the spectral red shift of a non-negligible contribution. As indicated in the
Trp-15 we infer that its aromatic ring is no longer right hand panel of Fig. 2, the gel background is
exposed to the aqueous pha&g,, of solvent relatively weak under continuous excitation and
exposed Trp is 406 njn Selective excitation of  with relatively long phosphorescence lifetinfglse
buried Trp-314, at 305nni31], emphasizes also steady state intensity is proportional to the life-
that the spectrum of the internal residue is red- time) but makes a substantial contribution on
shifted by 1.0 nm(data not showhn pulsed excitation. For typical micromolar protein
AP has three Trp residues per subunit, two of concentrations, the gel background can reach
which are on the surface of the macromolecule amplitudes up to 50-60% of the total initial
and one(Trp-109 is deeply buried[32]. Com- phosphorescence intensity. This background cannot
pared to the protein in solution, the spectrum in be spectrally discriminated from Trp phosphores-
wet gels exhibits a less intense shoulder at 410 cence and attempts to diminish it through alterna-
nm. This shoulder is assigned to one of the tive gel preparation procedures have failed. The
superficial residuef33] and, therefore, the spectral spurious emission is characterized by a markedly
alteration indicates that the emission of this com- non-exponential decay with lifetime components
ponent is either red shifted or quenched. At warmer ranging from 3 to 50 ms. It is partially quenched
temperatures, above 220 K, where the remaining by atmospheric oxygen but is rather insensitive to
phosphorescence is due entirely to Trp-109 the temperature or prolonged excitation. With the pres-
Moo Was found to be 414.2 nm both in solution ent experimental set up blank subtraction using an
and in hydrogels. Overall, high-resolution spectral empty gel was not sufficiently reproducible
data indicate that alterations are particularly pro- because the background intensity varied from gel
nounced for Trp residues on the surface of theseto gel and, perhaps, also with the kind of protein
macromolecules implying that their microenviron- incorporated. Naturally, this unwanted component
ment undergoes considerable changes on encap€omplicates the analysis of dilute protein samples
sulation. In comparison, the structure about buried when the phosphorescence lifetime is comparable
Trp residues is less affected by gel entrapment to or shorter than the background. Because of this
although, in the case of apoazurin, spectral broad- limitation, the present report restricts the analysis
ening attests to a certain degree of heterogeneityof protein phosphorescence decays to the time

also on the internal structure. range for which the background is negligible, i.e.
only to lifetimes distinctly longer than the main

3.2. Room-temperature phosphorescence (RTP) gel component. For shorter lifetimes we merely

from proteins in hydrogels estimate their expected amplitudexs) utilizing

the constancy of the phosphorescence to fluores-
In fluid solutions long-lived phosphorescence cence intensity ratioP,/F, between solution and
(0.1-1 s lifetime$ is detected exclusively from gel and the observation that the empty gel is not
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Fig. 2. Phosphorescence emission from AP in hydrogels soaked in buffer, °&. Z0eft pane): spectrum(—) shown together
with the empty gel background---) 10 fold amplified.A.,=290 nm.(Right pane): phosphorescence decay upon steady-$tate
and laser pulsed excitatidi) (A.,=293 nm. The decay of the gel background obtained with pulsed excit&tpis also included

(..).

fluorescent [Po/F (solution=(as+a,) Po/F
(geD] where P, is the phosphorescence intensity
extrapolated to time zerd; the integrated fluores-
cence intensity obtained in the same excitation
pulse ande, is the amplitude of the phosphores-
cence intensity with lifetimes longer than the gel
backgroungt

Pulsed phosphorescence decays of Az, LADH
and AP in hydrogels, at 1 and 2Q, are compared
to the corresponding decays in buffer in Fig. 3.
The average lifetimez,, = X o;7;, of the emission
that is free from the gel background and its
amplitude, o, are collected in Table 1. For AP,
the decay at EC is strictly exponential, after the
short-lived contribution of the gel, and the lifetime
is identical, within the experimental error, to that
in solution. Furthermore, the long lifetime com-

Az, the decay becomes distinctly heterogeneous in
the gel matrix and the average lifetime increases
by 50% at 1°C, and 75% at 20C. At the higher
temperature, however, is only 0.56 implying
that 44% of the intensity decays within the time
range of the gel background so that the lifetime of
this fraction is considerably smaller than that of
the protein free in solution. The lifetime multiplic-
ity of azurin shows that in wet gels the protein
adopts a variety of conformations. When translated
in terms of structural flexibility we see that at 1
°C the majority of protein molecules have a more
compact, rigid structure compared to the native
state. At 20°C, however, a sizable fraction of the
sample exhibits a more flexible internal core which
is consistent with a looser globular fold. Practical-
ly, the same lifetime variations are observed with

ponent accounts for the entire protein sample as CdAz in spite of the greater thermal stability of

«y is practically 1. Increasing the temperature to
20 °C, the average lifetime remains essentially the

the latter as evidenced by the 3Q increase in
melting temperatur¢35).

same as in solution but the decay becomes slightly Greater lifetime heterogeneity in hydrogels than

non-uniform. Based on the lifetime of Trp-109 the
AP sample in wet gels is homogeneous atC
but exhibits evidence of conformational heteroge-
neity at ambient temperature.

in solution is also observed for the phosphores-
cence of LADH. Unlike azurin, for this protein all

lifetime components are shorter-lived than in solu-
tion, indicating a reduced compactness of the

Perturbations of the phosphorescence lifetime intersubunit region hosting the phosphorescence

by the gel are marked with Az and LADH. For

probe. Overall, the intrinsic phosphorescence life-
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Fig. 3. Comparison between the laser pulsed phosphorescence decay of the proteins itHepksr 50 mM pH 7.0 (----) and
encapsulated in wet-gé—), at 1 and 20°C. The short decay of the gel background is also included.

time of the proteins examined in this study dem- phosphorescence could be easily discriminated
onstrates that their encapsulation in wet gels tendsfrom the gel background well above room temper-
to stabilize a range of different conformations of ature, was measured up to 80. The results show
the macromolecule which remain distinct in the that between 20 and 60C 7 decreases 16-fold
second time scale of phosphorescence and forboth in gel and in solution and, therefore, this
which the internal flexibility of the polypeptide is parameter gives no evidence of gel-induced damp-
either damped or enhanced relative to the native ening of structural fluctuations in AP.
state in solution. LADH undergoes a substantial structural isom-
Large amplitude structural fluctuations in glob- erization upon binding of the nicotinamide coen-
ular proteins generally set in above room temper- zyme or coenzyme analod80]. In response to
ature. They are characterized by a sharp gain in ligation of the analogs ADPR and,H NADH the
conformational flexibility and a concomitant phosphorescence lifetime of LADH increases by
reduction of the phosphorescence lifetifi3®]. To at least two fold[37]. It should be noted that the
test for a potentially inhibitory effect of the gel delayed emission from the coenzyme complexes
matrix on these large amplitude fluctuations, the is exclusively Trp phosphorescence as no phospho-
lifetime of AP, the only protein for which Trp  rescence is detected from the coenzymes in fluid
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Table 1
Time-resolved phosphorescence decay parameters in wet ge

Protein T, °C aLb 'Tavb (mS) Tav/Tsol
AP 1 1.00 3600 1.05
« 20 1.00 2080 1.01
ApoAZ 1 1.00 2250 1.36
« 20 0.56 980 1.81
CdAz 1 1 2300 1.39
« 20 0.55 1032 1.91
LADH 1 0.62 1015 0.64
« 20 0.59 450 0.72
LADH :ADPR 1 0.65 1622 1.03
LADH :ADPR? 1 0.60 1700 1.08
LADH:H NADH 1 0.63 2190 0.89
LADH:H NADH? 1 0.58 2141 0.87

2These complexes were formed by diffusion of the coen-
zyme analogue from the soaking buffetata of Fig. 4.

®The standard deviatiofiS.D.) in these parameters is less
than 6%.

solutions [37]. To verify if LADH entrapped in

ical Chemistry 104 (2003) 155-169 163
results show that the characteristic lengthening of

Is 7 of the complexes in solution is observed also in
wet gels(Fig. 4) and that the change in lifetime
is independent of whether the complexes are
formed before or after gelatiofiTable 1. These
findings confirm that the analogs can diffuse to
every protein-containing pore and, furthermore,
demonstrate that entrapped LADH maintains suf-
ficient conformational freedom to undergo the
characteristic isomerization.

3.3. Acrylamide quenching of protein phosphores-
cence in wet gels

In addition tor,, an alternative and complemen-
tary way to assess the flexibility of globular
proteins is by monitoring the diffusion of small
guenching molecules through the protein matrix to
the site of the chromophore. In particular, quench-
ing of protein phosphorescence by acrylamide was
shown to be a sensitive indicator of their flexibility,

wet gels can still undergo these structural rear- the bimolecular quenching rate constariy,

rangements the two complexes were formed bot

h derived from the gradient of the lifetime Stern—

prior to and after gelation, in the latter case by Volmer plot[1/7=1/7,+kqg(acrylamide] provid-
diffusion of the coenzyme analogs from the outside ing a measure of the average acrylamide diffusion

buffer through an LADH containing gel. The

coefficient inside the macromolecul2s].

e
-

Phosphorescence Intensity

LADH

0.01

+H,NADH

2000 4000

6000

Time (ms)

Fig. 4. Phosphorescence decay of LADH in hydrogels before and after equilibration of the gel with a(blgjiess 50 mM pH

7.0) containing either 60guM ADPR or 200uM H,NADH. Mea:

surements were carried out af@.
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The addition of acrylamide to protein gels

reduced the phosphorescence lifetime of each pro-tion

tein examined. To minimize the interference from

M. Gonnelli, G.B. Strambini / Biophysical Chemistry 104 (2003) 155-169

pylene glycofbuffer, which forms a viscous solu-
at low temperature, and in buffer.
Measurements in rigid solutiordow temperature

the gel background, experiments were conducted glasse} yield the limiting anisotropy,r,, which

at a temperaturé¢l °C for Az and LADH and at

20 °C for AP) and at acrylamide concentrations
for which protein phosphorescence could still be
distinguished from the gel background. While the
decay of AP was a single exponential at all
acrylamide concentrations that of LADH and Az,
which are initially heterogeneous, were found to

depends on both the protein and the optical quality
of the gel. The latter is probably the cause of a
20% lower ro of LADH in hydrogels than in
solution, a phenomenon reported also in fluores-
cence polarization studies of other prote[8%.

Fig. 5 compares the thermal profile effor AP
free in solution and in hydrogels. At approximately

remain so even when the quencher considerably 200 K, the glass softens into a fluid solution and
reduced the average For convenience, lifetime the increased tumbling rate of the free protein
Stern—Volmer plots were constructed from the results in a complete loss of its steady-state ani-
average lifetime obtained from a biexponential fit sotropy. Comparative studies with other globular
of phosphorescence decays. Consequently, the valproteins show that the rotational correlation time,

ue derived forkg is an average quantity. In the
evaluation ofkg it was assumed that the acrylam-

0, derived by approximating the macromolecule to
a rigid sphere(6=Vn/kT, V=volume of the

ide concentration in the aqueous pores of the gel spherem=solvent viscosity and=the Boltzmann
is the same as that in the outside buffer. The resultsconstant is in agreement with the hydrodynamic

indicate that, relative to the proteins in buffer, the
magnitude of kg decreases from 2:$80.3 to
0.74+0.2 M™* s' for Az, increases from
0.4(+0.1)x10* to 1.§4+0.2x10* M~ * s for
LADH and remains practically unaltered at
0.1+0.03 M~ * s°* for AP. The roughly three-fold
reductioryenhancement okg with Az/LADH is
significantly larger than the 10—20% experimental
error and implies that in hydrogels acrylamide
migration through the globular fold of these pro-
teins is slowed down in the case of Az but
facilitated in the case of LADH. No significant
effects of encapsulation were found with the very
compact AP. Significantly, these alterations kgf
?correlate with the change in internal flexibili¢ga
tighter/looser structure for AZ_ADH) inferred
from 7.

3.4. Phosphorescence anisotropy and protein rota-
tional mobility in wet gels

volume of the hydrated macromolecy®6,39. In
contrast to the behavior in solution, the anisotropy
of AP in wet gels remains largely unchanged,
decreasing by less than 10% even at the highest
temperature examingd@ °C). The same anisotropy
is confirmed when the gel is placed in pure buffer
(2 °C). In the spherical approximatiomy/r=(7/

0 +1)], values ofr/r,=0.94 andr=3 s yield
0>10 s, from which it is evident that any rota-
tional motion of AP in wet gels is fully blocked
even in the remarkably long time scale of seconds.
This conclusion applies equally to Az, CdAz and
LADH (Table 2, which exhibit practically the
same degree of immobilization as AP, even if the
size of azurin is six times smaller than that of
LADH or AP. A comparable immobilization was
observed only for LADH in the crystalline state
[39]. It should be noted that these conclusions,
based on an intrinsic probe deeply buried in the
rigid core of the macromolecule, are in net contrast
with the nanosecongdsub-nanoseconds rotational

The phosphorescence anisotropy was measuredcorrelation times inferred from some fluorescence
with continuous excitation because under these polarization studies of labeled proteifis7,19.

conditions the short-lived emission from the gel
makes a negligible contribution to the total phos-

4, Discussion

phorescence intensity. The steady-state phospho-

rescence anisotropyy;; of each protein was

measured in wet gels both soaked in 50:50 pro-

This report demonstrates that long-lived Trp
phosphorescence can be readily detected from
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Fig. 5. Phosphorescence anisotropy-temperature profile for AP, free in so(ipand in hydrogel<Hl), in 50:50 PGbuffer. The
anisotropy profile of the Trp derivative NATA®) in the same solvent is included for comparison.

proteins entrapped in silica sol-gel matrices. It larly during the last stages of shrinkafie below
also points out that, unfortunately, the gel itself one fifth of the original volumg and water
contributes a non-negligible delayed background removal.

emission, a complication that is not generally

encountered with the much more intense fluores- 4.7. How native are protein structures in
cence signal. The gel background is not easily hydrogels?

subtracted from Trp phosphorescence and, there-

fore, poses some limitations in the characterization  Trapping of proteins in silica matrices may alter
of dilute proteins samples with relatively short the native fold and in cases of marginally stable
triplet lifetimes (<20 m9. A preliminary report  macromolecules it has led to loss of secondary
of the supposed phosphorescence of Ca parvalbu-structure and unfoldind5]. Changes of tertiary
min in hydrogels did exhibit a spectrum and decay structure are more difficult to detect but may be
kinetics that are, in all respects, very similar to the equally important for the possible deleterious
background reported in this stud¢0]. We found  effects on the catalytic efficiency of enzymes. We
that the gel luminescence can be excited even athave addressed the issue of changes in tertiary
315 nm, outside the absorption spectrum of Trp structure exploiting the sensitivity of the intrinsic
and, therefore, its contribution can potentially be phosphorescence emission to alterations of the
estimated by a double excitation experiment. At polypeptide'solvent configuration about Trp resi-
this stage it is not known whether the spurious dues. Low temperature high-resolution spectra
emission is due to impurities in the TMOS stock have shown that the Trp residues, of LADH and
or if chromophoric centers are generated in the AP, lying on the surface of the macromolecule in
silica matrix during the polymerization process. It contact with the solvent undergo a remarkable red
was observed that the gel background increasedshift upon silica entrapment. This suggests that
several fold on the formation of xerogels, particu- their environment is less polar in the silica matrix,
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Table 2
Steady state anisotropy parameters of proteins in wet gels

M. Gonnelli, G.B. Strambini / Biophysical Chemistry 104 (2003) 155-169

Proteins Aexe NM Aemy NM To r/ro Taw S Orots S
(160 K) (293 K) (293 K) (293 K)
AP 295 413.7 0.146 0.940.04 2.08 >10
ApoAz 295 412.8 0.092 0.980.05 0.98 >19
CdAz 295 412.8 0.092 0.970.03 1.03 >15
LADH 300 412.7 0.120 1.080.05 0.45 >28

an effect that may in part be ascribed to a decreasefreezing out of distinct conformation that are nor-

in the extent of hydration but not to the direct
contact of the indole ring with the inorganic
polymer as, at neutral pH, the latter is negatively

mally present in solution, owing to the high vis-
cosity of water in the poregl4—164 and/or steric
constraints imposed by the rigid polymer cage

charged. Because small spectral changes occur alsgreventing rapid interconversion. An example of

with deeply buried W48 of Az and W314 of
LADH, the structural alterations of superficial
regions are presumably responsible for the modi-
fication of these buried Trp sites. Certainly, the

the latter appears to be the allosteric R-T isomer-
ization of hemoglobin that is drastically slowed
down in silica gels[12,13,2Q. However, both the
magnitude ofr average and the distribution in

changes detected by internal residues entail thatphosphorescence lifetimes suggest that the hetero-

subtle reorganizations of the structure occur over
large regions of the macromolecule.

Another salient feature of silica entrapment is
the emergence of conformational heterogeneity.
This was inferred from both the broadening of the
vibrational bands in the spectrum of single Trp
Az, and more generally, from the multiplicity in
phosphorescence lifetimes of the internal Trp res-
idue in each protein studied. The extent of the
perturbation varies among proteins and might be
related to stability of the native fold. Indeed,

geneity reported here is not merely of a dynamic
nature. For Az and LADH, the average lifetime in
hydrogels, which relates to the average structure
of the protein, differs considerably from the value
in solution. More significantly, raising the temper-
ature the distribution in lifetimes gets wider,
instead of becoming more uniform as would be
expected from faster conformer interconversion.
Emphasizing the direct perturbation of the native
fold by the silica environment, partial removal of
water from the gel during the formation of xerogels

spectral broadening in Az decreased upon binding (data not showh caused highly non-exponential

of Cd to apoazurin(Tm increased from 65 to 95
°C) [34]. Likewise, the smallest difference in
lifetime between solution and hydrogel, as well as
the smallest lifetime heterogeneity, was found with
AP, which is the most thermally stable of the
proteins examined.

Heterogeneity in structure of entrapped proteins
has also been inferred from non-uniform enzyme
kinetics [10,11], broad denaturation transitiofh3]
and Trp fluorescenc€s3,10. Presumably, multiple
conformations reflect the distinct perturbation
induced by the variety of pore sizghapes, pH
differences among pordd1] if not from different
ways of protein silica association. An alternate
view has been put forth suggesting that confor-
mational heterogeneity in silica gels arise from the

decays and a dramatic reduction in lifetime for
each protein.

4.2. Protein dynamics in hydrogels

Under this heading it is convenient to distinguish
between small amplitude, high frequency atomic
motions, large amplitude segmental motions,
responsible for conformational isomerization or
unfolding, and the rotational freedom of the whole
macromolecule. To date, the effects of encapsula-
tion on some of these aspects of protein dynamics
are poorly characterized and still largely contro-
versial. The prevailing picture is one in which
segmental motions in both hydro and xerogels are
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largely unaffected whereas global movements are complex. Although the long dead time of these

restricted by the rigid polymer cage.

According to the variation of the RTP lifetime
and the empirical relationship betweenand the
viscosity of the medium, obtained in model studies
[22], the internal flexibility of the protein exam-

measurements prevents determination of the kinet-
ics of the conformational change induced by com-
plexation these data confirm the ability of trapped
LADH to reorganize its structure and maintain its
affinity for the coenzyme analogs.

ined has been affected by encapsulation but there The rotational freedom of trapped proteins has

is no general trend among them. Moreover, the
same protein exhibits a great variability among
different sites of the gel. Thus, the lengthening of
7 average for Az in hydrogels implies an overall
tightening of the core of the globular structure,
where the probe is located. However, a sizable
fraction of the sample shows evidence of a lifetime
much shorter than in solution, an indication that
in some pores of the gel the protein structure is

been debated and different conclusions have been
made from past assessments. Fluorescence aniso-
tropy studies of the green fluorescence profdi?]

and of labeled BSA and HSA19] and other
analysis of silica entrapped cytochrome and
glucose oxidasd17,1§ have concluded that the
protein environment is similar to the aqueous
solution and that unhindered molecular rotations
occur. On the other hand, from the fully polarized

distorted and more flexible probably through
strong interactions with the silica matrix. The

fluorescence of Mg myoglobin it was deduced that
its rotational correlation time in hydrogels is very
overall effect on the internal dynamics is opposite long, larger than the roughly 300 ns detection limit
with LADH, where Trp-314 within the larges- imposed by a 10-ns lifetimd43]. The present
sheet spanning the dimer interface shows that phosphorescence anisotropy results on three differ-
entrapment increases the local flexibility. On the ent proteins demonstrate that their immobilization
other hand, in the rigid inner core of AP the effect in wet gels is even more dramatic, the rotational
is negligible. It may be argued that, asmerely constant exceeding several second@able 2.
probes the local structure about Trp, the observed Their immobilization appears also largely inde-
variability among proteins merely reflects the site pendent of the protein size because analogous
to site variability of polypeptide structures. How- results are obtained with A¢14 kDa), which is
ever, the interesting correlation between the chang- six times smaller than LADH80 kDa and AP
es in flexibility inferred by r with those from the (84 kDa. With regards to proteins in aqueous
acrylamide diffusion coefficient suggests, that the media only the crystalline statf89] afforded a
observed alterations are not limited to the imme- comparable restriction to tumbling motions. This
diate surrounding of the probe but probably striking result may help to discriminate between
involve large domains of the globular fold. In a the kinds of possible silica matrix—protein inter-
different context, the data on acrylamide migration actions and explain the puzzling observation that
also sheds light on how the gel matrix by affecting once the gel is formed, proteins smaller than the
protein dynamics can modulate the accessibility of estimated average pore size are prevented from
substratgeffector molecules to the active site of leaching out whereas even larger particles are able
enzymatic proteins. to diffuse into the gell2,45. Among the factors
Possible restrictions on larger structural rear- that can slow down the rotational diffusion of
rangements were tested through the isomerizationentrapped proteins one may list the following: a
of LADH induced by binding of coenzyme and very high local viscosity of water inside the pore;
coenzyme analogg30]. In solution as well as in  steric restrictions imposed by a pore size not larger
hydrogels the complexes formed between LADH than the macromolecule; biomolecule directed tem-
and the analogs ADPR and,H NADH exhibit a plating of the developing sol—gel matrix or cova-
RTP lifetime that is at least two-fold larger than lent and non-covalentH-bonding protein-silica
that of the protein along37]. It was found that  surface binding interactions. The average pore
the addition of the analogs to LADH in hydrogels diameter is estimated at over 100[2,44, clearly
was able to produce the lifetime typical of the larger than the diameter of AB2 A), of AP and
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LADH (~60 A). Furthermore, the ability of rela-
tively large macromolecules to permeate wet gels
[2,46 apparently rules out factors such as viscosity
and pore size restrictions. For protein directed
templating of the growing gel to achieve this
exceptional degree of immobilization the gel must
wrap around a large portion of the macromolecule
to guarantee a close association between polypep-
tide and inorganic polymer in most protein filled
pores. Extended wrapping of the protein globule
by the polymer is not supported by experiment
because it would permit little conformational free-
dom to the biopolymer and would also inhibit the
free access of soluteésubstrates, cofactors and
guenching molecules like acrylamidéo the por-
tion of the protein surface covered by the gel. The
only alternative mechanism capable of rigidly
immobilizing proteins inside the pores would
appear to be the formation of either extensive H-
bonding or covalent bonds between surface resi-
dues of the protein and the polymer.

In conclusion, the ability to monitor the phos-
phorescence emission of encapsulated proteins will
offer an additional sensitive probe of their tertiary
structure and conformational dynamics. This tool
will be useful in the characterization of the state
of polypeptides in silica glasses, their interaction
with substrategeffectors molecules as well as for
testing the influence of stabilizinglenaturing
agents[8]. Lastly, the very long lifetime of phos-
phorescence will be particularly suitable to inves-
tigate slow diffusion processes and highly hindered
molecular reorientations in a time scale fully com-
plementary to fluorescence and ESR spectroscopy.
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