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in the matrix.!4 From these values of X, the standard free energy
difference at 463 K can be obtained:!® AG®.;(2a/1) = -RT In
Ki(28/1) = 7 & 2.5 kJ /mol and AG®43(2b/1) = 13 & 4 kJ /mol.

The agreement between experimental and theoretical relative
energies of tautomers, together with the striking similarity between
the experimental and theoretical spectra, provides strong evidence
for the presence of the imino—oxo form of IMC in the weakly
interacting hydrophobic environment of the argon matrix and in
the gas phase.
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The reaction of CO, with OH" has an important biological role
in the pH regulation of blood and the transportation of CO, in
living systems.! Experiments show that the forward reaction (eq
1) in water encounters an activation barrier of 13.25 kcal/mol,?

CO, + OH- — HCO;" 1)

which leads to a reaction rate too slow to be physiologically useful.!
However, nature provides an enzyme, carbonic anhydrase (CA),
to speed up the reaction by 7 orders of magnitude, which makes
this enzyme reaction one of the fastest known.> Thus, the origin
of the aqueous-phase activation barrier is a key issue in furthering
our understanding of the catalytic action of CA.} Previous the-
oretical studies of this reaction in the gas phase showed no ac-
tivation barrier, which led to speculation that the solution-phase
barrier is induced solely by solvation effects.%* A study based
on a continuum solvation model did show qualitatively a solva-
tion-induced activation barrier.5 However, this issue still remains
open for three reasons: (1) the basis sets used in the previous ab
initio studies are relatively small for such a charged system; (2)
the effect of finite temperature was not included;*s and (3)
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Figure 1. Calculated total energy profile (solid line, MP4), gas-phase free
energy profile (dashed line, G,), solution-phase free energy profile (dotted
line, G,,), and the solution-phase potential of mean force (dash—dot line,
AG,) for CO, + OH".

solvation effects were not considered explicitly.® In this note we
have addressed all of these issues and have used this information
to better understand catalysis by CA.

Briefly, the ab initio gas-phase results were obtained as follows:
geometries used in subsequent simulations, electrostatic potential
(ESP) derived atomic point charges,” and thermodynamic cor-
rections (at 298.15 K) obtained from normal mode analysis® were
all determined at the RHF/6-31+G**//RHF/6-314+G** level.
The reaction coordinate® was identified as the distance between
the C atom of CO, and the O atom of OH".** This coordinate
was fixed, and all other variables were optimized. The normal
mode analysis was performed for all internal coordinates except
for the reaction coordinate.>!! Final refinement of the total
energy profile was accomplished at the MP4/6-311++G**//
RHF/6-3114++G** level.

We chose the zero-point reference of all thermodynamic state
functions to be the separated CO, + OH~ state. The gas-phase
energy (E) and free energy (G;) profiles are activationless (see
Figure 1). This confirms the conclusion from previous studies.*
The minimum energy structure for HCO;™ is located at R = 1.45
A with an E of -48.1 kcal/mol. The H and TS corrections are
1.2 and -8.7 kcal/mol, respectively. In conjunction with exper-
imental solvation data,'? these results enabled us to estimate the
changes in thermodynamic functions for eq 1 in both the gas and
aqueous phases.!?
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Molecular dynamics'* free energy perturbation!’ (MD-FEP)
simulations were performed in order to obtain a free energy of
solvation curve (AG,,;). Bond, angle, and torsion parameters were
chosen to make the OH~CO, complexes rigid, the atomic point
charges came from the ESP fitting procedure, and the Len-
nard-Jones parameters were tuned so that the experimental free
energies of solvation of HCO;~, OH", and CO, were reproduced.?
The TIP3P water model was used,'¢ and the nonbonded cutoff!4!3
was 8.0 A. SHAKE!” was used to constrain all bond lengths, and
the time step was 1.5 fs. Periodic boundary conditions were
employed,'4!* and the temperature and pressure were maintained
at 298.15 K and 1.0 atm.!¥ A typical run involved minimization
of the system, followed by 45.0 ps of equilibration. Electrostatic
decoupling'® was used in conjunction with a 180-ps slow-growth
MD-FEP simulation. Both forward and backward runs were
conducted to estimate the error, and longer test runs (360 ps)
indicated that the free energies using the 180-ps runs were con-
verged. Sixteen runs were carried out to assemble the free energy
profile, and ~250 water molecules were used at the starting point
(1.45 A) and ~800 water molecules at the last point (9.9 A).
Procedures similar to ours have been utilized by others to study
reactions in solution,!1!%2

The resulting AG,, and total G, profiles are shown in Figure
1. The maximum in the AG,, profile occurs at 1.8 A, which is
also the minimum point for the dipole moment of the complex
along the reaction path. G, has a pure solvation-induced free
energy barrier of 17 £ 2 kcal/mol at R = 2.0 A. We analyzed
the original experimental data® and obtained an experimental free
energy barrier of 13.5 * 0.2 kcal/mol at 298.15 K.2! In light
of the fact that we neglected solvent polarization?? in this charged
system, the agreement between experiment and theory is re-
markably good. The position of the solution-phase transition state
is similar to that observed by others for the reactions of OH" with
formaldehyde and formamide.!®? Our results indicate that the
energetic cost for the reorganization of the water molecules as
the reaction proceeds is on the order of 40 kcal/mol. This solvation
penalty combined with the activationless gas-phase potential yields
the observed free energy of activation barrier. An interesting
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experiment that could be done in order to verify this conclusion
would be to measure the CO, + OH" reaction rate in solvents less
polar than water. Our results predict that the reaction would have
a higher rate constant under these conditions.

In this work we have obtained molecular-level insights into the
hydration of CO, by hydroxide. Given this information, we can
now better understand how CA catalyzes the hydration of CO,.
CA accelerates this reaction by providing a relatively anhydrous
environment,?® which is accomplished by placing the active site
in a hydrophobic region.# Furthermore, the reaction only requires
one OH" (unlike the reaction of CO, with water, which apparently
requires two water molecules?®), and CA provides this at physi-
ological pH with the aid of a zinc ion, which reduces the pK, of
zinc-bound water.>® Finally, the CA active site places the CO,
and OH" in such a way that the reaction is greatly facilitated.?®
Whether CA renders the hydration of CO, by OH" activationless
like the gas-phase reaction is an interesting issue and is the subject
of current investigation.”’
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In a previous paper! we reported clear CD evidence that
poly(L-glutamic acid) containing spirobenzopyran units in the side
chains can undergo reversible random coil = a-helix conversions
upon exposure to sunlight and dark conditions, alternately.

Here we describe the photochromic behavior of polypeptides
obtained by attaching spirobenzopyran units to the side chains
of poly(L-lysine). In contrast to the analogous polymers derived
from poly(Glu), the spiropyran-modified poly(Lys) do not give
photoresponse effects in pure hexafluoro-2-propanol (HFP).
However, when appropriate amounts of triethylamine are added
to the HFP solutions, exposure to sunlight produces reversible helix
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