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Fig. 3 Population weight factors, Agcox, Aco, resulting from the

least-squares analysis described in the text. The wavelengths in the

key denote the dye laser excitation used to obtain the resonance
Raman spectra.

concentration was also observed in transient absorption
measurements at discrete frequencies'®. In the absorption study
it was also found® that the amount of recombination decreased
with increasing temperatures. From these dependencies we
conclude that the fast recombination is, in fact, geminate in
origin.

The deoxy-haem species appears in transient absorption
spectra within picoseconds of photolysis*®., Hence, any
geminate recombination mechanism must include some means
of trapping the CO molecule in the haem pocket after cleavage
of the Fe—CO bond for a time 7 of about 65 ns. Furthermore, this
trapping, if it involves the Fe ion, must occur in a way that does
not produce the HbCO absorption or Raman spectra. It seems
likely, then, that the trapping is related to direct interaction of
the CO molecule with the surrounding protein. This interaction
probably takes the form of CO-binding sites (or potential
minima) on the protein. This direct CO-protein interaction,
responsible indirectly for the geminate recombination, would
explain the protein and conformation dependence of the quan-
tum yield.

The difference between the MbCO and HbCO systems could
lie either in the dynamics of escape and recombination from
similar sites, or in the existence of different kinds of sites. In
either case, the a- and B-chains would be expected to exhibit
differences in their behaviour. The conformation dependence of
the quantum yield'® may also be explained on this basis.
Furthermore, the proximity of the geminate recombination
fraction to 50% in the R conformation strongly suggests that
one chain predominantly undergoes recombination and the
other does not. Indeed, experiments with isolated chains do
indicate differences'? at 290K (QY,=8%, QY,=90%).
However, because this relationship is strongly temperature
dependent, it may not hold at physiological temperatures, where
the quantum yield for HbCO is much higher, and the geminate
recombination is correspondingly reduced.

Thus, we have shown that transient resonant Raman spectra
of photodissociated HbCO support the basic features of the
suggestions made recently on the basis of transient absorption
experiments®™'?, The better separation of the transient species in
the Raman spectra has made possible a more complete deter-
mination of the populations as a function of time after photoly-
sis. Our findings indicate that differences in the quantum yield
for photodissociation of carboxyhaemoproteins can originate
from differences in geminate recombination rates.
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Correlation of IR spectroscopic, heat
capacity, diamagnetic susceptibility
and enzymatic

measurements on lysozyme powder
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The interaction between protein and water is of fundamental
importance for processes ranging from protein folding and
enzymatic activity' to anhydrobiosis®. In this letter we bring
together results from diverse types of measurements to give a
unified picture of the hydration process for lysozyme. The data
come principally from experiments with protein films and
powders. The principal aim is to examine the relationship
between the sites of water interaction, the extent of coverage,
and the enzymatic activity, thus providing a better understand-
ing of the relationship between water and enzyme dynamics’.

Figure 1 describes the results of measurements on the heat
capacity®, enzymatic activity®, IR spectroscopic properties®, and
diamagnetic susceptibility’ of lysozyme powders as a function of
hydration level (h, g of water per g of protein).

The appearance of a positive peak at 1,580 cm™ in the IR
difference spectrum (Fig. 1a) indicates the formation of car-
boxylate species®. Apparently, drying the protein below 0.054
has produced inversion of the pK order for carboxylic and basic
groups, resulting in charge neutralisation by proton transfer.
This implies that interaction with water is associated with proton
redistribution—that is, normalisation of the pK order with
deprotonation of carboxylic acid groups and protonation of
basic groups, presumably amino groups, to give the ionisation
state found for the protein in solution. A proton redistribution
process is expected to produce a rise and fall in the heat capacity,
as is observed at 0.05k (Fig. 1d).

§ To whom correspondence should be addressed.

0028-0836/80/150572—02$01.00

© 1980 Macmillan Journals Ltd



Nature Vol. 284 10 April 1980

573

The discontinuity in several properties at 0.07h must
represent at least changes in water-water and water-protein
interactions, because there are effects on the IR spectroscopic
properties of both water (Fig. 1¢) and protein (Fig. 1a, b). The
change in slope of the heat capacity function at 0.07h suggests
that the water—protein arrangements have greater freedom
above the discontinuity. In this regard, the partial specific heat
capacity of the water bound below 0.07h is similar to that of ice
or water vapour, while that above 0.07h is greater than that of
liquid water, which has twice the specific heat capacity of ice. Itis
important that the fine structure of the amide I' band is
unchanged above 0.07 h, and thus significant contributions to the
heag capacity from changes in protein conformation can be ruled
out”.

g H,0 per g protein

Fig. 1 Properties of the lysozyme-water system as a function of
water content. The correspondence between the vertical bar in the
figure and the units of measurement is given separately for each
curve. From top to bottom the curves are: a, Absorbance at the
carboxylate band maximum (1,580 cm"), measured at 38°C;
units, 0.35 A. b, Change in the amide I' band, measured at 38 °C as
the difference between the negative (1,690 cm™*) and positive
(1,645 cm™?) extrema about the isosbestic point of the differential
spectrum; units, 0.17 A. ¢, Frequency of the highest intensity
maximum of the OD stretching band of adsorbed D,0, measured
at 38°C. The total shift is from 2,550 cm™ to 2,580 cm™. d,
Apparent sgeciﬁc heat capacity of lysozyme, for 25°C; units,
0.2JK 'g™'. This function is a measure of the excess heat
capacity of the system per g protein. ¢, Enzymatic activity,
measured at 25°C; units, 5x107%s™!. £, Diamagnetic suscep-
tibility, measured at 25 °C and expressed as differential suscep-
tibility per g of water adsorbed; units, 0.55x10°% e.m.u. gl
The high hydration limit is equal to the value for liquid water
0.721x10" "% e.m.u. g™1).

The continuous changes in heat capacity and IR spectroscopic
properties from 0.1 to 0.2/ represent binding of water at amide
and carboxylate sites and presumably also other charged or
polar sites. Saturation of these sites, if it is complete before
significant covering of nonpolar elements, is expected to
require®® about half the water needed for monolayer coverage,
as is observed (0.2 versus 0.384). The polar atoms are largely in
the backbone and side-chain amide groups. The change in the
amide I' band is a local effect produced by association of the
amide group with water and not the result of changes in protein
conformation'®.

At 0.2-0.25h the carboxylate and carbonyl sites are saturated
(Fig. 1a, b). The full coverage of the hydrogen-bonding sites is
reflected in the differential diamagnetic susceptibility, which at
this hydration level reaches the value for liquid water. At 0.25h
the heat capacity rises (Fig. 1d) and then falls to the dilute
solution value at 0.384. This behaviour must be associated with
coverage of the nonpolar elements of the protein surface, in view
of the IR spectroscopic results that show saturation of hydrogen-
bonding sites at lower hydration. The rise and fall in the heat
capacity can be understood as a transition associated with
covering of the least-strongly interacting regions of the surface.
Statistical mechanical arguments indicate that a transition is
expected at high coverage for adsorption of water on a hetero-
geneous surface''. The magnitude of the 0.25h heat effect
indicates that as many as 100 water molecules could be
involved®.

The appearance of enzymatic activity at 0.2-0.25h (Fig. le)
coincides with the saturation of the hydrogen-bonding sites and
with the beginning of the coverage of the nonpolar regions of the
surface. The catalytic activity is not simply reflecting water as a
substrate in the hydrolytic reaction, because the dependence of
the reaction velocity on water activity is tenth order. The new
water arrangements on the protein surface that obtain above
0.25h may be required for catalysis. Spin-label studies® show
that these have greater motional freedom.

The apparent specific heat capacity shows no change between
0.384 and dilute solution. Because the heat capacity reflects all
equilibria of non-zero enthalpy as well as the heat capacities of
the components of the system, we regard this as sufficient
evidence for the statement that the changes in thermodynamic
properties associated with protein hydration are complete both
for the protein and the solvent at 0.38 4. This amount of water is
barely sufficient to constitute monolayer coverage* and cor-
responds to 300 molecules of water per protein molecule.
Higher hydration is required to establish fully the kinetic
properties for the dilute solution state.

We infer that between 0.14 and dilute solution, there can be
no substantial change in protein structure. This is concluded
from the monotonic behaviour of the IR spectroscopic proper-
ties of the amide and carboxylate groups between 0.07 and
0.25h, from the monotonic rise of the enzymatic activity obser-
ved above 0.2h, and from the constant apparent specific heat
capacity observed from 0.384 to higher levels of hydration.

The following picture of the hydration process emerges from
the findings and comments given above. The first water bound
interacts with ionisable groups to produce proton redistribution.
There is a clear transition in the hydrogen bonding between
water and protein and water and water at 0.07A. This probably
represents a change in the water molecule distribution about the
protein surface, followed by an increase in freedom of the
water—protein system. At 0.2-0.254 there is a major eventin the
hydration process, which is seen most clearly in the heat capacity
and which coincides with the onset of enzymatic activity and the
reaching of the final value of the response of the system to a
magnetic field. Completion of monolayer coverage is at 0.384, a
value substantially greater than that for first observation of
enzymatic activity. The protein with monolayer hydration shell
must mesh simply with the bulk solvent.
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