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Quantum-mechanical tunneling of water in heme proteins
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ABSTRACT: Heme proteins are nanolaboratories that can be used to investigate chemical and biochemical
phenomena. For example, the rebinding of carbon monoxide to fHe-@toporphyrin-1X prosthetic group in heme
proteins after photodissociation at low temperatuwe{ K) proceeds predominantly via quantum-mechanical
tunneling, as implied by the presence of an isotope effect on the recombination rate coefficients. Heme proteins are
among the few systems where the tunneling of entire molecules has been studied in depth. Recently, we have showr
that aquometmyoglobin, which has an®Feheme with a water molecule at the sixth coordination, can be
photoreduced at 80 K, yielding a myoglobin with a photodissociable water ligand bound to the ferrous heme iron
(FE#™). We have investigated the rebinding of the water ligand after laser flash excitation using transient absorption
spectroscopy with monitoring in the Soret band from 12 to 150 K and 10 ns to 10 s. The kinetics are non-exponential,
owing to the heterogeneous nature of the protein ensemble investigated, and are described with a kinetic model
involving an enthalpy barrier distribution. Above 50 K, the temperature dependence of the kinetics follows the
Arrhenius law, implying that ligand rebinding occurs by classical barrier crossing. Below 50 K, the rebinding occurs
markedly faster than predicted from the Arrhenius law, suggestive of molecular tunneling through the barrier. We
have used a simple model to describe the kinetics, and fitting of this model to the experimental data allowed us to

determine the model parameters governing the tunneling rate coefficient. Copy2@i®0 John Wiley & Sons, Ltd.
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INTRODUCTION tunneling mechanism.The relevance of tunneling for
biological reactions has been known for a long tifria.
Transition state theory (TST) is most commonly used to recent years, tunneling has been implied in enzymatic
describe chemical reaction rates. Reactant molecules areatalysis of hydrogen-transfer reactioh&ven entire
treated as an ensemble of classical particles vibrating inmolecules can tunnel through a reaction barti@prime
the reactant well, having a Boltzmann distribution of example of molecular tunneling occurs in the rebinding
energies. They turn into product molecules by over- of carbon monoxide (CO) to the Fe-protoporphyrin-IX
coming an energy barrier, the highest point of which prosthetic group in heme proteins after photodissociation
specifies the transition state. Classically, only reactantsbelow 50 K’
with energies equal to or larger than the transition state In this paper, we present a study of the tunnel effect of
energy are able to surmount the barrier. There exists,water ligands in myoglobin, a small heme protein. In
however, another mechanism by which chemical reac- aquometmyoglobin, the heme iron is in the’Fetate and
tions can occur that involves quantum-mechanical a water ligand is bound at the sixth coordination, the
tunneling through the barriér® This phenomenon is ligand binding site. The iron can be photoredut2dnd
based on the particle-wave duality of matter, which at temperatures below 150K an intermediate state
implies a non-zero probability of finding a particle under forms'®*'where the water ligand is bound to the reduced
the barrier, thus having a net negative energy. The tunnelheme iron (F&") in a photolyzable comple¥ A water
effect is relevant for systems with small mass so that the ligand is particularly convenient for studying tunneling,
de-Broglie wavelength may become comparable to the since the isotope effect can easily be observed by
barrier width. Indeed, electron-transfer reactions are replacing the HO solvent with BO. Using time-resolved
described by Marcus theory in terms of an electron spectroscopy, we have measured ligand binding after
photodissociation from 10ns to 10s for temperatures
between 12 and 150 K. We observed that the kinetics
*Correspondence toG. U. Nienhaus, Department of Biophysics, D€low 50K are much faster than predicted from the
University of Ulm, D-89069 Ulm, Germany. Arrhenius law and can be explained by quantum-
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Figure 1. Absorption spectrum of aguometmyoglobin (Fe**
with H,O ligand) at room temperature (solid line) and
partially reduced sample before (dashed line) and after
(dotted line) illumination with white light for 5 min at 12 K

mechanicaltunneling. A simple model, introducedby
Frauenfeldef? was usedto describethe data and to
extractmodelparametergoverningthe kinetics.

EXPERIMENTAL

Freeze-driedsperm whale myoglobin (Mb) was pur-
chasedrom Sigma(St Louis, MO, USA) anddissolved
in 75% glycerol-25% 200mm potassium phosphate
buffer, pH 6.6. The final protein concentrationwas
10mm. The samplewascentrifugedat 16000 g at room
temperaturdor 8 min. Approximately2 ul of thesolution
weresandwichedetweera microscopecoverslipandan
optical window which were separatedy a 15um thick
Mylar spacethatdefineshe samplethicknessTheroom
temperaturespectrunof the metmyoglobinsamplen the
visible region showsa strongabsorptionat 410nm, the
Soretband,which arisesfrom a n—n* transitionof the
heme group (Fig. 1, solid line). The sample was
subsequentlyoadedin a closed-cyclerefrigerator(CTI
CryogenicsSC& M22CP).Thesampleemperaturevas
measuredwith a silicon diode sensorand kept at the
desired value with a digital temperature controller
(LakeshoreDRC 93C). The cryostathad four windows,
two of which (alongone axis) were madeof Mylar and
theothertwo (alongthe perpendiculaaxis) of glass.The
samplewas mountedat 45° with respectto the cryostat
windows so that it could be irradiatedwith x-rays and
also photodissociatedthrough the Mylar windows,
whereaghe absorptionchangesvere monitoredthrough
the glasswindows.

After coolingthe sampleto 80K, it wasirradiatedfor
48h with polychromatic x-rays from a copper anode
running at 40 kV and 30 mA. Color centersgenerated
from this procedurewere removed by warming the
sampleto 140K for 10min. Approximately50% of the
protein moleculeswere reducedduring the irradiation.
The narrow spectraof the irradiated samplein Fig. 1
indicate that radiation damageis insignificantat 80K
evenafter x-ray exposurefor 48 h. The spectrumof the
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partially reducedsampleat 12K (dashedine in Fig. 1)
showsthe characteristicabsorptionof the intermediate
stateMb*H 0 at 428 nm %2 Upon illumination with
white light at 12K, this line decreasesanda new Soret
bandappearst ~437nm, nearthe maximumabsorption
of (unligated) deoxymyoglobin. Moreover, a charge-
transferbandat 770nm is observableafter photolysist®
verifying the presenceof a high-spin unligated Fe*"
hemeiron.

The rebinding kinetics were monitored using a
transient absorption spectrometer.The sample was
photolyzedwith an 80mJ, 6 ns pulse of a frequency-
doubledNd:YAG laser(Continuum,NY61). Thechange
in absorption was monitored at 440nm using an
incandescentlamp and monochromator (Instruments
SA, H10 1200VIS)for the monitoring illumination and
an additional monochromator(Instruments SA, H10
800VIS),filters and photomultipliertube (PMT) (Hama-
matsu, R5600U) for detection. The PMT output was
amplified and recorded with a digital oscilloscope
(Tektronix, TDS 520) for the fast time-scaleg10ns to
100us)andalaboratory-builtdigitizer with alogarithmic
time basefor the slowertime-scaleq1 psto 10 s). The
rebindingkineticswere measuredrom 12 to 150K.

RESULTS AND DISCUSSION

Below 160K in 75% (v/v) glycerol-buffer,it hasbeen
well establishedhat global protein motions are frozen
out,andtheligandscannotescapdrom the hemepocket,
aninternal cavity in ligand-bindinghemeproteins,after
photodissociation?*>Thekineticsof ligand recombina-
tion after photolysiscanbe describedwvith a simpletwo-
state model, where rebinding can occur via two
mechanisms{(1) thermally activated crossingover an
enthalpybarrierof heightH and(2) quantum-mechanical
tunnelingthroughthe barrier. The ratecoefficientfor the
first mechanisnis given by the Arrheniusrelation:

a(H.T) = A exp{ — M
0

whereA, is the (Arrhenius) pre-exponentiafactor, T is

the absolutetemperature]y is setto 100K andR is the

universalgasconstant.In the simplestfashion,the rate

coefficientfor moleculartunnelingcanbe parameterized

by the Gamovexpressior;*3

kr = Ar(T) exp{f%[ZM(H - E)]l/zd} 2)

with tunnelingprefactorA(T), y beingageometridactor
of orderunity, h Planck’sconstantM tunnelingmassand
H—E the energydeficit of the particle underthe barrier.
In accordancevith Ref. 13, we takethe prefactorA+(T) to

be the only temperature-dependetgrm in the expres-
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Figure 2. Rebinding kinetics of Mb*H,0 from 60 to 150K,
showing a fast (I*) and slow component. Symbols, experi-
mental data; lines, fit of the slower kinetic component with
the Arrhenius law and a distribution of enthalpy barriers
(shown in the inset) according to Eqns ((2)-(4))

sion, lumping togetherthe attempt frequencyand the
phononcoupling.

Arrhenius regime

To analyzethe influenceof moleculartunnelingon the
rebinding, it was necessaryfirst to determine the
parametersthat govern rebinding in the region of
classical barrier crossing. In Fig. 2, we show the
rebinding kinetics of Mb*H ,O from 60 to 150K. Two
processeareobservableafastprocesslabeled*, thatis
observedrom 10nsto 10us,andasloweronefollowing
I* on the longer time-scales.Both processesre non-
exponentialin time. The fraction of proteinsthat rebind
throughl* increasesvith temperaturaup to about60K,
and their rebinding rates speed up with increasing
temperature.This fast processis not relevantfor the
tunneling processwe are investigatingand we do not
considerit herein moredetail, but only notethatsimilar
fast processeshave also been observedin dioxygen
binding to myoglobin'® andin otherhemeproteins'’

Frauenfeldeandco-workershaveshownthatthe non-
exponentiakineticsof the slow processanbe explained
by a classical, thermally activated barrier crossing,
involving aheterogeneousnsemblef proteinmolecules
in differentconformationakubstatesvith similar overall
structure but markedly different rebinding barriers'®
With respectto ligand recombinationthe ensembleis
characterizedy an enthalpybarrier distribution, g(H),
whichis takenasindependenof temperaturgbelow 150
K) andgivesthe probability thata proteinmoleculehas
an enthalpybarrier betweenH and H + dH. Then, the
fractionof proteinsthathavenotrebouncdaligandattime
t afterthe photolysispulseis given by

N(t) = / dH gH) exi—ka(H, T (3)

The solid lines in Fig. 2 are fits of Eqgn. (3) to the
Copyright0 2000JohnWiley & Sons,Ltd.

rebinding kinetics of Mb*H,O. We modeledg(H) asa
gammadistribution:

(Hpk—Hmin)
g(H) = constantx (H — Hmin)pk—
g (4)
X exp[— W}

where the peak position Hp, = 7.7kJ mol~*, minimum

barrier Hmin =0, width parameter§ =0.6kJmol™* and
pre-exponentiafactorA, = 1.6 x 10'° s~ wereobtained
from thefit. Thedistributionis plottedin theinsetof Fig.

2. Datapointswhererebindingfrom I* wasvisible were
not included during the fitting procedure We note that
theg(H) parametergivenherediffer from thosereported
earlier’* presumablybecauseof the different photo-
reductiontechniqueapplied.

Tunneling regime

The excellentagreemenbetweerkinetic dataandmodel
[Egns(1), (3) and(4)] above50K doesnotextendto the
lower temperaturesThe kinetics betweenl12 and 30K
(Fig. 3, top panel) are markedly faster than would be
expectedrom the spectrunof barriersdeterminecabove
50K andthe Arrheniusrelation. This is exemplifiedin
the lower panelof Fig. 3, which comparesthe experi-
mentaldataat 15K with the kineticscalculatedrom the
Arrhenius relation. Obviously, quantum-mechanita
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Figure 3. Top: rebinding kinetics of Mb*H,0 at 12, 15, 20,
25, and 30 K. Symbols, experimental data, with error bars
shown only for the 12K trace; solid lines, fits using the
tunneling model (shown schematically in the inset) described
in the text. Bottom: An expanded plot of the rebinding
kinetics of Mb*H,0 at 15 K. Symbols, experimental data;
solid line, fit using the tunneling model described in the text;
dashed line, fit using the Arrhenius law
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tunneling plays a significantrole in the rate of ligand
recombination. To determine the relevant tunneling
parameters,we used a simple model proposed by
Frauenfeldetto describethe temperaturedependencef
tunnelingof COin myoglobin®® A schematialiagramof
themodelis shownin theinsetof thelower panelof Fig.
3. The state from which recombination occurs, the
photodissociatedstate (well B), is approximatedby a
harmonicpotential,leadingto energylevels, E;, thatare
evenlyspacedThe shapeof the potentialis governedoy
the frequencywg, which is takenasa fit parameterThe
massof the tunneling particle is assumedto be the
reduced mass of the heme iron and the ligand. To
recombine the systemhasto move throughthe barrier
into the ligand-boundstate, denotedby A. At T >0,
tunnelingwill not only occur from the lowest level in
well B, but alsofrom the higherlevelsof the vibrational
manifold, with a probability given by Boltzmann
statistics. The total tunneling rate coefficient is thus
givenby

kT(H,T):ZkT(Ei,H,T)

x expl~E/(RT)]/ Y _ exp[~Ei/(RT)] ()

where k{(E;, H, T) was calculatedby integrating the

actionalongthetunnelingpathat eachenergylevel E; for

the barrier shapedepictedin Fig. 3 (inset). The spatial
separatiorbetweerthe two wellswasassumedo depend
linearly on the height of the barrier H, and therefore
d(H) = doH/H, whered, wastreatedasa free parameter
in the fit.

From 12 to 30K, kinetics were calculated by
essentiallyusing Eqn. (3). Therebindingrate coefficient
was,however takento be the sumof the Arrheniusand
tunnelingratecoefficient.Thetunnelingparametersvere
determinedby least-squarefitting of the modelto the
rebinding kinetics at each temperaturewith the g(H)
parametersfixed to the values determined at the
higher temperaturesThe fast rebinding I* component
was included empirically by fitting the early times
to a stretched exponential function, N.(t)=
N,.(0) exp(—kt)”.The solid lines in Fig. 3 representhe
kinetics calculatedwith the describedmodel, using the
best-fitparametersthey arein excellentagreementvith
the data.

The temperaturedependencesf the prefactor A+(T)
and the tunneling distance dy are shown in Fig. 4.
Although the temperaturedependenca&ue to tunneling
from vibrationally excitedstateds includedin themodel,
the prefactor neverthelesschanges (increases)with
temperatureThis suggestshat the phononinvolvement
in thetunnelingis nottakeninto accountproperlyby this
simplemodel. Thetemperaturelependencef A{(T) isa
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Figure 4. Temperature dependence of the tunneling
prefactor Ar and tunneling distance dy from the fits with
the tunneling model. The error bars represent the 68%
confidence level in dy. The accuracy of Ar is not well
determined because of the interdependence between A7, dp
and wg

consequencef themodelchosenin particularthebarrier
shape(Fig. 3, inset),andthereforenot very meaningful.
In a more elaboratemodel involving two bound states,
the temperaturedependencef the tunnelingwould be
governedy theoverlapof thevibrationalwavefunctions,
i.e. the Franck—Condorfactor *®

For the tunneling distanced,, the fit yielded values
around 1A, similar to the 1.2A obtained for CO
tunneling in MbCOZ® The low-temperature x-ray
structureof photodissociatedlbCO showsthat the CO
ligand movesby severalngstrams uponbinding*> Note
that this shift doesnot reflect the barrier width, but is
merely an upper limit. Assuming also a well-defined
bindingsiteof thewaterligandin thehemepocketfor our
systemonewould haveexpectedhe barrierwidth dg to
remainfairly constantHowever aglobalfit of thedatain
Fig. 3 couldonly be achievedy allowing this parameter
to vary somewhatroundl A.

From the fit, we also obtainedthe vibrational level
spacingug in well B. It decreasetom 450cm ™t at12K
to 90cm* at30K (datanotshown).Thesevaluesappear
reasonableas they are in the range of low-frequency
modes of the Fe—protoporphyrin-IXmolecule, which
havebeenimplicatedin the bondformationprocess?’

To summarize,the extremely simple kinetic model
appliedhereyieldedtunnelingparametere a physically
reasonableange.Their temperaturadependence$ow-
ever, indicate deficienciesof the model. Finally, we
mention that preliminary data have been obtained on
ligand recombination using Mb*D,0. A significant
differencein the rebinding kinetics of Mb*D,O com-
paredwith Mb*H ,O wasobservedproviding additional
evidencethattunnelingis playingasignificantrole in the
rebinding kinetics at thesetemperaturesThe observed
tunneleffectwasmuchlargerthanwe expectedrom the
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changein reducedmassof the iron-ligandsystem.This
resultwarrantsfurther investigation.

CONCLUSIONS

Quantum-mechaaal tunnelinghasbeenobservedn the
ligandrebindingkineticsof Mb*H ,O below60K. With a
simple model® it was possibleto obtain a very good
descriptionof the kinetic data, and the fit yielded the
approximatetunneling distance,attemptfrequencyand
the energylevel spacingin the reactantwell. Although
these parameterswere in a reasonablerange, their
temperaturedependencepoint to deficienciesof the
model. Note that the tunneling systemwas treatedas a
free particle after barrier penetration,as in nuclear o-
decay.In a more elaboratemodel, we will describethe
reaction as an electron—nucleartunneling transition
betweentwo harmonicwells.
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