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Abstract

Ferricytochromec encapsulated in silica hydrogels has been prepared by the sol-gel technique following, with
some modifications, the procedure originally developed by Ellerby efSidience 255 11131992). A suitable
preparation of hydrogels enables having both ‘wet’ and ‘dry’ samples. Wet samples have a high water content: as the
temperature is lowered below 260 K, water freezes and the samples crack. On the contrary, dry samples have a
low water contenthydrationx ~0.35): in these conditions water does not freeze even at cryogenic temperatures and
the samples remain transparent and non-cracking. The dynamics of ferricytochrang its dependence on the
surrounding medium have been studied by optical absorption spectroscopy in the temperature range 10—-300 K. At
each temperature, spectra were collected both in the Soret region and in the near infrated5pt.m (the water
overtone bany this enables probing the local dynamics of the protein active site as well as the ‘structure’ of water
molecules present in the sample. The data show that sol-gel encapsulation ‘per se’ does not alter the protein active
site dynamics, but rather introduces an increased local heterogeneity. We find a correlation between active site
dynamics and water structure: in the wet hydrogel, freezing of water quenches the ensemble of soft modes linearly
coupled to the Soret transition; while, in the dry hydrogel, water does not freeze and an active site dynamic
behavior—similar to the non-freezing watgtycerol solution—is observed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction encapsulated proteins show enhanced stability
while retaining almost completely their functional
Encapsulation of proteins in porous silica hydro- @nd spectral propertietl—4], and are thus good
gels derived from tetramethylorthosilicdfEMOS) candidates for use as biosensors and optical gas
through the sol—gel technique is being widely used sensorg5]. From the point of view of fundamental

in both biotechnology and basic research. In fact, féSearch, it has been shown that sol-gel encapsu-
lation sizably limits the degree of conformational
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guaternary transition of hemoglobin, and to study In this work, we report the temperature depend-

the equilibrium and the kinetics of ligand binding ence of the Soret band of ferric cytochrome

to this protein in a given quaternary conformation encapsulated in silica hydrogels of different aging

[6-1d. The unfolding and refolding of encapsu- periods, in comparison with the behavior in water

lated myoglobin has also been studied using sev-and watefglycerol solutions. In the same hydro-

eral optical techniques together with different gels, we measure also the temperature dependence

unfolding/refolding protocolg11]. of the NIR absorption bands of water trapped in
On the other hand, proteins are widely recog- the silica matrix.

nized as dynamic entities characterized by a largely  The purpose of the work is twofold:

degenerate ground state and, therefore, fluctuating_ to characterize the active site dynamics of the

at room temperature, among a large subset of gso|_gel encapsulated protein, also in connection
conformational substatd42]. Protein equilibrium with the aging of the gel;

fluctuations have also been shown to have a _ to exploit the possibility of measuring, in the

relevant role in determining protein functionality same sample, the Soret band and the water near
[13-14. Studies on protein dynamics are, there-  infrared spectra in order to study the relation of
fore, necessary to obtain a deeper understanding protein active site dynamics with the structure
on protein stability and function; dynamics studies  of water trapped in the hydrogel.
of encapsulated proteins, however, although highly
desirable, are at present lacking. 2. Materials and methods

It is now widely accepted that the local equilib-
rium dynamics of the active site of metalloproteins 2.1- Samples preparation
can be studied through the temperature dependence
of the optical spectra. In fact, it has been shown
that analysis of the thermal behavior of the Soret
band line-shape of heme-proteins gives informa-
tion on the ensemble of low frequency vibrational
modes that are coupled to the electronic transition
responsible for the Soret band. Since this transition
'i localized 3t the heme, but grer?tly |nflluer_1ceq| by buffer at pH 5. Our sample in glycertlater
the surrounding environment, this analysis gives o iqn s different from that used in the work by
information on the local dynamic properties of the Militello et al. [22], since we use 65% Av
heme’heme-pocketsolvent  system [17-20. glycerol/water at pH 5 instead of 70%)/v glyc-
However, the ab_ove approach requires having Sam-gol/water at pH 7. Use of a buffer at pH 5 is due
ples that remain homogeneous and transparénty, he fact that the pH of the sol—gel encapsulated
down to cryogenic temperatures and, therefore, the samples is approximately 5, as measured in the sol
studies referred to above were performed using pefore gelification. The sol—gel encapsulated cyto-
water/cryoprotectan{usually glycero] solutions. chromec samples were prepared by mixing, in a

Recently, we have developed a sol—gel protocol 1:1 proportion, a cytochromesolution(~ 20 wM
that enables samples of vitreous transparent mate-in 0.1 M phosphate buffer pH)7with a mixture
rial, after suitable aging, to remain homogeneous of 75% TMOS(Sigma), 23% deionized Millipore
and transparent even at 5 K, thus allowing optical water and 2% HCI 0.05 M previously sonicated
absorption measurements to be performed down tofor 20 min in an ice bath. After mixing, the
cryogenic temperatures. In a previous wge], resulting sol(pH~5) was poured into semi-micro
we have exploited this new protocol to study the methacrylate cuvette&artell, 1-cm path length
temperature dependence of the NIR absorption and, within some minutes, the gel was formed.
bands of water trapped in our silica hydrogels and After approximately 1 day the gel(a
to obtain information on its structural properties. 3.1X1.0x0.44-cm slab of vitreous transparent

Horse heart ferric cytochrome was purchased
from Sigma and used without further purification.
The cytochromec ‘solution samples’ were pre-
pared by diluting a concentrated protein stock
solution into the appropriate water—glycerol-buffer
solutions, in order to obtain a final protein concen-
tration of approximately M in 0.1 M phosphate
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materia) was taken out from the cuvette. We call
this sample ‘wet hydrogel’. A wet hydrogel sample
was left to age for several months. During the
aging process the gel lost water and contracted.
The 5-month aged sample—which we call ‘dry
hydrogel'—had final dimensions of approximately
1.7x0.5X0.24 cm and hydration leve(grams
H,O/grams SiQ) ~=0.35. All steps of gel prep-
aration, including aging, were performed at’C

in the cold room.

2.2. Absorption measurements

Absorption spectra in the range 35@80 nm
and 1.2-1.8 um were measured with a Jasco V-
570 spectrophotometer. The experimental condi-
tions were as follows: scan spee.33 nnys
(Visible) or 1.66 nny's (NIR); integration time=
1 s; bandwidtk=0.5 nm(Visible) or 2 nm(NIR);
corresponding to a spectral resolution &f30
cm~t at 400 nm and~10 cm* at 1.45um.
Measured spectra were digitized at 0.5-nm inter-
vals in the visible region, and at 1.0-nm intervals
in the near infrared region.

Samples were put on the suitably modified
copper sample holder of an Oxford Instruments
(Aldington, UK) Optistat cryostat. The tempera-

ture was measured in the copper sample holder

and was controlled to within+0.5 K with an
Oxford Instruments ITC 503 temperature control-
ler. The cooling rate was approximately ¥/ iin;

at each temperature, the sample was left to equil-
ibrate for at least 15 min prior to the spectral

measurement. Repeated scans at selected temper-

atures gave indistinguishable results, thus confirm-
ing the full thermal equilibration of the sample.
Hysteresis upon temperature cycling was not
observed.

2.3. Spectral analysis

The procedure adopted to analyze the Soret
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(from the ground to the so-called B excited s)ate
with vibrational modes of the system. Under this
hypothesis the spectral profile can be described by
the convolution of two terms:
A(v)= MZV[L(V) ®G(v)] D
where M is a constant proportional to the matrix
element of the electric dipole moment. Th®
symbol stands for the convolution operation. The
first term of the convolution(v), is a Lorentzian
line shape that takes into account the coupling
between the electronic transition and the high
frequency modes of the systdefined as normal
modes whose vibrational energy is larger than the
thermal energy in the whole temperature range
investigated, i.e. =kT). In the framework of
Franck—Condon approximatiab(v) can be writ-
ten as:

0 Np SZ”’E —Sh
1= £ 1|
r

(2

Np

{v —vo(T)— Xh:mhvhr-l- I2

where:

— N, is the number of high frequency modes
vibronically coupled to the electronic transition

— 8, is the linear coupling constant between the

electronic transition and theth high frequency

(v,) normal mode

vo Is the frequency of the purely electronic

transition

— I' is the homogeneouslLorentzian width of
the band

In analogy with the work by Militello et al.
[22], only the high frequency vibrational modes at
v;=681 cnt! andv,=1372 cnmm® were consid-
ered in the fitting procedure. These are the most
coupled vibrational modes to the electronic tran-

band profiles at various temperatures has beensition as determined by resonance Raman spec-

reported in previous publicatior{§8,23 and only
the principal aspects of the analysis are given here.

troscopy[23,24. Indeed, coupling with the modes
at 1503, 1583 and 1636 cm is not detected with

The absorption line shape of the Soret band resultsour techniqug22]; moreover, in view of the rather

from a Franck—Condon type coupling of a fully
allowed electronic transition of the porphyrin

large I' values, we are not able to resolve any
coupling to the vibrational modes detected by
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resonance Raman spectroscopy in the range 25
350=-550 cnTt. TheS,s,, values were found to (a)
be temperature independent;~a20% increase of 20k 15&"((
Ses1 Was present at high temperatures. 250 K
The second termG(v), describes the coupling 3
. " . c 15
of the electronic transition with a bath of soft s
modes(hv of the same order of or smaller than S ol
kT). It can be shown that;(v), in the so called <
‘short times approximation[25,24 is a Gaussian: 265K
05 295 K
1
=———2exp —v3/203 3
’) o (2m)Y? H=v/200) ® 0.0 T T T T T

. . . . . . 350 375 400 425 450 475
Using the harmonic Einstein approximation for

the bath of low frequency modes, the temperature
dependence of Gaussian width is given by:

Wavelength (nm)

(b)
2 2 ’_{h<v>J 2 or
=NS(v)“cot +0; 4
(7)) <V> 2T T inn ( )
whereN, S, {v) are, respectively, the total number, g 30F  sesk
the effective linear coupling constant and the =
frequency of the Einstein oscillator representing £
the soft modes bath. In Eq4), o;,, accounts for 2 295K
the temperature independent inhomogeneous < 18F 235K
broadening. T
160 K
3. Results and discussion 0.0 T T T
13 14 15 1.6

The Soret spectra at various temperatures meas-
ured with our ‘solution samples’ are very similar
to those reported by Militello et al22] and are, Fig. 1. (a) Soret band of encapsulated ferric cytochrantery

ther_efore, not shown in this work. _ hydroge) at selected temperatureid) Near infrared absorp-
Fig. la reports the Soret spectra of ferric cyto- tion spectra(~1.45 um overtone bandof water trapped in

chromec encapsulated in a wet hydrogel, measured _the_ wet silica hydrogel at selected temperatures. The arrow
at selected temperatures. The NIR spectra of waterindicates the wavelength of 1.43dm, where ‘weakly bonded’

. . . water molecules absorb.
trapped in the same hydrogel are reported in Fig.
1b. Between 265 and 250 K the water in the wet
hydrogel freezes and the sample cracks. This isat 1.41 um (see the arrow in Fig. Db where
clearly shown by the baseline increase of approx- ‘weakly bonded’ water molecules are reported to
imately 1.2 absorbance units, due to scattering, absorb [27,29. Fig. la shows that, despite the
and by the appearance of a NIR spectrum typical baseline jump and increased noise, it is still pos-
of ice [27] (see Fig. 1b (Fig. 2). Due to excessive  sible to measure the Soret band of cytochrame
noise and spectral distortions arising from the large encapsulated in the wet hydrogel down to cryo-
absorption, it is not possible to analyze quantita- genic temperatures. This implies that it is possible
tively the water NIR spectra in Fig. 3b. We note, to follow the protein active site dynamics in a
however, that the band at 1.39n—typical of Si- completely frozen matrix.
OH groups [28]—is not detected, and that the Fig. 2a reports the Soret spectra of ferric cyto-
crystallized sample does not exhibit any absorption chromec encapsulated in a ‘dry’ hydrogéhging

Wavelength (um)
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Fig. 2. Same as Fig. 3, for the ‘dry’ hydrogel.

time ~5 monthg, measured at selected tempera-

tures in the range 290-10 K; the NIR spectra of

water trapped in the same hydrogel are reported in
Fig. 2b. In the dry hydrogel, no water freezing and

sample cracking occurs in the whole temperature
range investigated: the dry hydrogel remains
homogeneous and transparent down to 10 K and
no baseline increase due to scattering is observed
both in the NIR and Soret spectral regions.

As the temperature is lowered, the NIR spectra
of water trapped in the dry hydrogel monotonously
move toward an ‘ice-like’ spectrum, with, howev-
er, one relevant difference: in fact, the absorption
band at ~1.41 wm—which is characteristic of
‘weakly bonded’ water molecules, and is totally
absent in the low temperature spectra of the

o

(=]

o - eseosecooon s TR Ry P oy |

g 0

'g T 1 1 1

o (a)
15

®

Q

c

&

0

[

o

(7]

e

<<

Wavenumber (um™)

Residualsx100
o

Absorbance

Wavenumber (um™)

Fig. 3. Deconvolution of the Soret band of ferricytochrome ¢
encapsulated within a ‘dry’ hydrogel &) 295 K and(b) 10

K. For the sake of clarity, not all the experimental points are
reported. Dotted lines represent the spectral contribution of the
main Soret band in terms of E€l), of the N band(blue side
region and of the low frequency band; the continuous lines
represent the overall profiles synthesized. For each deconvo-
lution, the residuals are also shown in the upper panels, on an
expanded scale.
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Table 1 To257K
Values of the homogeneous width) and linear coupling con- 1.20-3 — .
stant(S,,) obtained from the analysis of the Soret band in terms ' |
of Eq. (1) and Eq.(2) :
9.0e-4 |- |
Conditions '/em—* Ses1 S1372 |
- L + ++++% +
Solution 500t 20 0.15+0.05 0.1+0.03 g . + .
Wet hydrogel ~ 50@20  0.18+0.05 0.1+0.03 3 6041
Dry hydrogel 50620 0.27+0.07 0.0A0.03 | |
3.0e-4 |- {
|
. . |
cracked wet hydroge(see Fig. 1b—is detected 0.0 1 I -
at all temperatures, even at 10 K. 0 100 200 300
A more quantitative analysis of the NIR spectra Temperature (K)

of water trapped in wet and dry silica hydrogels,
has been reported in a previous work of our group Fig. 4. Temperature dependence of paramefefor the wet
[21]. Independent of any quantitative analysis, hydrogel(crossey, dry hydrogel(open symbols water and
however, the spectra in Fig. 2b show that in the water/glyce_rc_)l sol_utions(closed symbols Continuous lines
dry hydrogel the constraints imposed by the silica "ePresent fittings in terms of Eq4).

matrix on the trapped water molecules prevent the

formation of an extended ice-like structure and . .
the squared Gaussian widtparameteis?) of the

crystallization of the sample. Analysis of the tem- Soret band of ferricvtochrome encansulated in a
perature dependence of the Soret spectra shown in_ " . . ,y_ . .p ;
wet’ and in a ‘dry’ silica hydrogel; data relative

Fig. 2a therefore allows investigation of the active : . )
: . o .~ to ferric cytochromer in solution (both water and
site dynamics of the protein in a non-frozen matrix :
: . . , water/glycerol) are also reported for comparison.
in which a small percentage of ‘weakly bonded Th | lati uti I !
water molecules is still present even at 10 K e results relative to solution samples are in
Fig. 3 shows the deconvolution of the é‘,oret agreement with previous data of Militello et al.
%‘ £ torri toch lated in th [22], in that they show that active site dynamics
‘sdpe’c r_? 0 he:jrlc Cyl oc i rome efnéagsil; a(g) I'Ir']h € of ferric cytochromer (as monitored by the Gaus-
ry”stiica nydrogel in terms of £Egs.L)=(3). 'he sian broadening of the Soret banfdllows, in the

deconvolutlon_|s similar to that us_ed by Militello o nyire temperature interval 10-300 K, a harmonic
et al.[22] and includes two Gaussian components, behavior Eq.(4) in Section 2. The o2 thermal

-1 .

centered at 2.9 and 2.76m™", that take INto  papavior of the ‘dry’ sample is similar to that of
account spectral contributions of the N band and 1o golution. A monotonouss? decrease is
of the shoulder on the red side of the spectra. As gpserved upon lowering the temperature and the
shown in Fig. 3, the quality of the fitis excellent, 4ata are in good agreement with the predictions of
as demonstrated also by the residuals, reported intne narmonic Einstein approximation in the whole

the upper panel; fittings of analogoder betted, temperature range investigated parameters
quality are obtained for each temperature. Values gptained by fitting the solution, and ‘dry’ hydrogel

of the homogeneous widttparameter’) and of  gata in terms of Eq(4) are reported in Table 2.
the coupling constants to the high frequency modes

(parameterss,) are reported in Table 1. Data in  Table 2

Table 1 show that gel encapsulation does not Values of the parameters obtained by fitting t#T) thermal
introduce relevant alterations on these ‘structural’ Pehavior in terms of Eq(4)

parameters(except for an increase of thSgg,

Fig. 4 reports the temperature dependence of

i . Conditions NS wy/emt oyp/om
value in the dry hydroge) suggesting that the — YR P o
local porphyrin str re is very similar in th olution 34:0. S+ "
ocal porphyrin structure is very simila the Wet hydrogel 05006 A 100:8

three samples.
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They show that, while the values of the average

frequency of the soft modes and of the average 2.47 . 2|57K
linear coupling constant to the low frequency bath :
are very similar, the upward shift observed for the 046 b :
dry hydrogel data is essentially due to an increased . 000000, !
value of parametet,;,, i.e. of the inhomogeneous e . %0 o :
broadening. We attribute this effect to the interac- 2 295010 00 cosenngti,, b
tion of the protein with the embedding silica > oty | ©
matrix, which provides a more heterogeneous envi- 244 |- '
ronment to the chromophore. However, protein— ,”++
silica interactions are not such to alter substantially ' L
the active site dynamics of the encapsulated 2'430 100 200 300
protein.

The thermal behavior of the ‘wet’ hydrogel is Temperature (K)

strikingly different. In fact, thes? values show a

decrease upon lowering the temperature only down

to approximately 256 K. At temperatures between

265 and 250 K(i.e. when water in the ‘wet’

hydrogel freezes and the sample cracks, see Fig.

]_) a sudden increase is 0bserved1 Whi|e, at lower freezing. To rationalize this observation, we recall

temperaturespg? values remain almost constant. that the temperature dependence of the peak fre-

This shows that the active site dynamics of ferric quency is brought about by vibrational modes

cytochromec are highly dependent upon the state quadratically coupled to the Soret band transition,

of the solvent. In the ‘wet’ hydrogel freezing of While linearly coupled modes do not cause any

the water introduces an increased local heteroge-peak frequency shiftlg]. Data in Fig. 5, therefore,

neity at the chromophore and, at the same time, suggest that, for ferric cytochromethe ensemble

quenches the bath of soft modes linearly coupled of modes quadratically coupled to the Soret tran-

to the Soret band transition. sition is different from those linearly coupled, the
Conversely, in the dry hydrogel, the system former being almost independent on the interac-

exhibits increased inhomogeneity—in view of the tions between water and the active site.

locally heterogeneous constraints imposed on the

different pr(_)teins by the embedding silica matrix. 4 conclusions

However, since water is not frozen, and a percent-

age ‘weakly bonded’ water molecules is present

even at 10 K(see Fig. 2 and Cupane et §1]), The main results obtained in this work may be

the bath of soft modes linearly coupled to the summarized as follows:

Soret transition is not quenched, and the dynamic

properties of the active site are very similar to — Use of an appropriate sol—gel protein encapsu-

Fig. 5. Temperature dependence of paramegeiSymbols as
in Fig. 4.

those in solution. lation protocol enables the monitoring, in the
The temperature dependence of the Soret band same sample, of the dynamics of the protein
peak frequencyparameteny,) is reported in Fig. active site(through the temperature dependence

5. The thermal behavior observed in the dry of the Soret band and the structure of the
hydrogel is similar to the solution one, apart from solvent(through the temperature dependence of
an upward shift that can be attributed to a different  the NIR spectrum of water trapped in the
local electric field experienced by the chromophore  hydroge).

in the encapsulated protein. Surprisingly, no rele- — Sol—gel encapsulation ‘per se’ introduces an
vant effect is introduced in the thermal behavior  increased heterogeneity in the active site of
of parameterv, of the wet hydrogel by water cytochromec but does not alter its dynamic
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properties. This is clearly shown by the ‘dry’

hydrogel data in the whole temperature range
and by the ‘wet’ hydrogel data at high temper-
atures(7>260 K).

The protein active site dynamics is highly

dependent on the structure of water trapped in
the hydrogel. In particular, freezing of the water
in the wet hydrogel quenches the ensemble of
soft modes linearly coupled to the Soret transi-
tion; conversely, in the dry hydrogel, water does
not freeze, and an active site dynamics, similar
to the non-freezing watgglycerol solution is
observed. This behavior supports the suggestion,
based on computer simulation and neutron scat-
tering studies[30,31], of a strong interdepend-
ence of protein and hydration water dynamics.
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