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Abstract

Recombination of carbon monoxide to myoglobin mutants YQR and YQRF was studied using transient infrared
absorption spectroscopy and Fourier transform infrared—temperature derivative spectidsSEdRpyTDS). Photo-
product states B, 'CC” and D associated with ligands residing in different protein cavities have been identified. After
photolysis, ligands migrate to primary docking site B and subsequently rebind or escape to a second&y site
within the Xe4 cavity. For YQR, a global analysis of the isothermal rebinding kinetics below 160 K and the TDS
data reveal a correlation between the enthalpy barriers governing the two processes. Above 120 K, a protein
conformational change in both YQR and YQRF converts photoprodudnt@ C’ with markedly slowed kinetics.
Above ~180 K, ligands migrate to the proximal Xel sit®) and also exit into the solvent, from where they rebind
in a bimolecular reaction.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction pathways for ligand migration. Detailed investi-

] ) ) gations over large ranges in temperature, pH,
~ Myoglobin (Mb) is a globular protein present pressure, viscosity and ionic strength carried out
in muscle that reversibly binds small ligan{is. on a wide variety of mutants and different ligands
The X-ray structure of sperm whale MB2]  paye led to complex reaction schemes and a deeper
revealed that there is no open pathway connecting understanding of protein dynamigd—11. Carbon
the active site in the interior of the protein to the mgnoxide(CO) has been preferred as a ligand in
surrounding solvent. Over the last 40 years, various many studies because of its high nanosecond

conjectures have been made concerning pOSSiblephotolysis quantum yielfl2—14 and its relatively
*Corresponding author. Tel+49-731-502-3050; fax+-49-  SUONg stretch absorption in the infrare@R),

731-502-3059. which allows one to observe the CO in the heme-
E-mail address: uli@uiuc.edu(G.U. Nienhaus bound and in the photodissociated states within
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the protein[15]. The CO bands are sensitive to
electrostatic interactions with the surrounding pro-
tein matrix and, therefore, can be used as a marker
of ligand location[16,17. Reorientation, rebind-
ing, CO migration and even CO dynamics within
a cavity can be followed directlj17-19.

In the ligand bound state, multiple CO absorp-
tion bands are observed due to different protein
conformations, referred to as taxonomic or A
substate$8,2d. Upon photolysis, the Fe—CO bond
is broken and the CO docks in the B state above
the heme pyrrole C with its molecular axis parallel
to the heme plane[21-23. From there, CO
molecules can migrate to secondary docking sites
within internal protein cavities. This process can Fig. 1. Structural model of the heme pocket of Y@Rutated
be induced either by thermal activation or by residues in dark grayand YQRF(mutated residues in light
extended illumination with visible light at low  9r@: The CO is included at various sites: bound to the heme
temperatures, where thermal energy is insufficient iron (A) 28, at the primary docking site g2, in the Xe4

’ . - cavity (C') [30] and in Xel(D) [30].
to overcome the barrief4,24. Cryo- and time-

resolved _crystallographi_es have led to structural haonts are necessary to obtain the temperature
characterization of various pho';oproduct states dependence of the dynamics of ligand migration
[21-23,26-30 Apart from the primary docking g binding and thus to analyze the energetics of

site, CO molecules were also detected in two of heqe processes. In this paper, we investigate cor-
the four xenon(Xe) pockets observed by Tilton ya|ations between structure and enthalpy barrier

et al. [31], who measured the crystal structure of yictributions for mutant YQR by globally fitting

metMb under several atmospheres of Xe. g |ow temperature data from both methods with
Previously, we have investigated ligand binding 4 single model. In YQRF, ligand rebinding at low

in triple mutant  YQR_ with  substitutions  emperatures is faster and more heterogeneous than
L29(B10)Y, H64(E7)Q, TEAELOR and quadru- i, YQR, due to the presence of the bulky F107
ple mutant YQRF with the additional mutation sidechain, and cannot be described by a simple
1107(G8)F using Fourier transform infrared—tem-  inetic model. While the interpretation of the
perature  derivative spectroscopFTIR-TDS)  gpectroscopic and crystallographic data on the
[18]. Fig. 1 shows essential features of the active jytermediate states provides a picture of ligand
site of YQR and YQRF with the CO bound to the - igration in the protein matrix, the present kinetic

heme iron. Additionally, the CO ligand is included 41 ysis allows an estimate of the relevant enthalpy

at the primary docking sit¢B), and within the 5 rjers and thus provides the energetics of the
Xe4 (C') and Xel(D) cavities. YQR was initially migration landscape.

designed[32] to mimic Ascaris suum hemoglobin
[33,34. In our previous work, we were able t0 2 Materials and methods

distinguish four different intermediates, B,,C"

and D, based on the CO spectra and the tempera=2.]. Sample preparation

ture at which ligand recombination from these

intermediates occurreld 8]. Here, we complement The YOQR and YQRF mutants of sperm whale
these results using transient absorption spectros-Mb were expressed ischerichia coli and puri-
copy measurements with monitoring in the IR fied as described previousfi32]. The lyophilized
from 12 to 300 K on time scales from 100 ns to protein was dissolved in 75% glycef@5% potas-
100 s. While FTIR-TDS is a superb method for sium phosphate buffdiv/v) (pH 8) at concentra-
identifying photoproducts, time-resolved experi- tions of 17 and 15 mM for YQR and YQRF,
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respectively. The sample solutions were stirred for
1 h under one atmosphere of CO. Then, the
samples were reduced with twofold excess of
sodium dithionite added anaerobically and stirred
for another 15 min. Approximately 2l of the
protein solution were sandwiched between two
CaF, windows separated by a g%n-thick Mylar
spacer and mounted in an oxygen-free high con-
ductivity copper sample cell. The Mylar spacer
was coated with a thin layer of silicon grease to
prevent dehydration of the sample during the
measurement. The liquid aliquot did not come in
contact with the spacer.

2.2. Infrared transient absorption spectroscopy

Rebinding kinetics data were collected with a
home-built transient absorption spectrometer with
monitoring in the mid-IR. The instrument consists
of a photolysis laser, a monitoring beam and a
detection system. The photolysis source is a fre-
guency-doubled Nd:YAG lasdiContinuum, Sure-
lite 1). The output of the laser was adjusted to 30
mJ per pulse with a pulse width of 6 riull-
width half-maximum at a wavelength of 532 nm.
The monitoring IR source is a tunable lead-salt
diode laser(Laser Photonics, L5622-193Zon-
nected to a closed cycle refrigerat@€TI Cryo-
genics, compressor/€ 21, cold head M22 DD
and vibration isolation systerLaser Photonics,
L5733). The output of the IR laser, tunable over
a range of~100 cm !, is controlled by a current
source (Laser Photonics, 501and temperature
stabilizer (Laser Photonics, 531 The laser emis-
sion is collimated by a parabolic mirror with high

numerical aperture, focused on the sample, passed

through a monochromator, and finally focused on
an InSb detectofInfraRed Associates, 1S}1The
output was amplified and split between two digi-
tizers. The fast signal(100 ns—300ws) was
recorded using a digital storage oscilloscdpek-
tronix, TDS 430A. The second digitize{Won-
dertoy 1) operates with a logarithmic time base,
recording data from s to 100 s. The instrument
control and data collection program was written in
LAaBviEw (National Instruments Several kinetic
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averaged. Analysis was performed using software
routines written inPvwave (Visual Numerics.

The sample cell was masked from both sides
using copper tape to ensure that the monitoring
beam and photolysis beam impinged on the same
sector of the sample. The sample was mounted on
the cold finger of a closed cycle refrigerat@CTI
Cryogenic$ and oriented at 45with respect to
the monitoring beam. It was photolyzed from both
sides with the photolysis beam perpendicular to
the surface of the windows, due to the high optical
density of the sample at 532 nm. The temperature
was controlled to within 1 K using a silicon diode
(Lakeshore Cryotronics, DT-470 CUL&nd tem-
perature controller(Lakeshore Cryotronics, TC-
930).

2.3. Modeling low-temperature rebinding kinetics

Below the glass transition temperature of the
cryosolvent(~ 180 K), global protein motions are
frozen out [8]. After photodissociation, ligands
cannot escape from the protein; they rebind gem-
inately in a first-order reaction. The kinetics is
non-exponential because the protein ensemble is
structurally heterogeneous and consists of mole-
cules in different conformational substates, in
which CO rebinds with different ratefs]. The
simplest scheme to describe the kinetics is a two-
well model with bound state A and photoproduct
state B and a temperature-independent distribution
of enthalpy barrierg(H), which reflects the func-
tional heterogeneity. The fraction of molecules still
in the photolyzed state B at time after the
photolysis pulseN(z), is given by

N(t)=JdH g(H) exp(—k(H, T)t). D

Frequently, one uses model distributions for
g(H), such as a Gaussian, when fitting kinetic data

[35],
1 ;{
c exg —
\;’2frr0'2

g(H)= (2)

(H—Hp)zJ

20°?

traces were measured at each temperature andvhereH, is the peak enthalpy and is the width
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schematically in Fig. 2. Consequently, a multitude
of different reaction surfaces exists. The dynamics
is governed by four microscopic rate coefficients,
ksa, kag, ksc @andkcg, which are assumed to vary
with temperature according to an Arrhenius
relation.

The general solution for a sequential three-well
model is given below for the following conditions:
kag is negligible and the initial fractional popula-
tions of A, B and C aref,, fz and fe=1—fa—

f&, respectively:

Enthalpy

N(@®)=Ng(®)+Nc(t)=1—N A1),

Reaction Coordinate No(t) = 1
" A= Ao
X{(Feh1—(1—f a)kce)EXP — N1t
~(feka— (1= a)kce)eXP —N2f)}

Nc()=

Fig. 2. Rebinding schematic and energy levels of a three-well
model describing the dynamics of ligand rebinding in YQR
below the dynamical glass transition temperature of the
cryosolvent.

Ni—N,
X {(fB(kBA — 7\1) +(1—=fa)(kcg— )\2))exp( —\if)
— (fa(ksa—N2) + (1 =fa)(kcs = Na))@XP( — Nof) }

of the enthalpy distribution. At temperatures where
guantum tunneling can be neglectéfi>50 K),

the temperature dependence of the rebinding rate
coefficientk is described by the Arrhenius relation,

. (kga+ ke tkcg)
T H o 2
k(fL T)=ﬂ4__'ex —— 1, (3) Akank 1/2
To RT X(1+{l— BAKCB } J
(kpa +kgc+ kCB)2
whereA is the attempt frequency, is a reference (kea +ksc+kca)

temperature(chosen to be 100 Kand R is the A= >
gas constant. 1/2
In principle, the energy minimum of each well x(l—{l— } J
and the enthalpy barriers between wells may be (kea+kac +kcp)”
distributed. However, since thermal dissociation is
negligible (i.e. kag <<kgn), the enthalpy distribu-  where\, and X\, are the apparent, or macroscopic,
tion in state A can be ignored. Moreover, in the rate coefficients that are observed experimentally.
two-well model, the difference in enthalpy between There are a total of five energy distributions, the
the barrier separating wells A and B and the distributions in the depths of wells A, B and C,
bottom of well B can be treated as a single and distributions in the barriers separating the
enthalpy distribution. wells (Fig. 2). Again, because thermal dissociation
This simplification is no longer feasible if the is negligible, the distribution in the depth of well
ligand can migrate to an alternative location C A can be ignored. As our kinetic experiments are
within the protein after photodissociation, which only sensitive to energy differences, we can refer
is the case for the mutant proteins in this study. all reaction surfaces to one of the four remaining
Then it becomes necessary to use a three-wellenergy levels, for instance, the B or C state, and
model with distributed energies of wells A, B and the reaction surface can be specified by three
C, and the connecting transition states, as shownbarrier distributionsg(Hg,), g(Hac) and g(Hcg).

4kBAkCB

4)
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If the energy barriers are uncorrelated, meaning
that the height of each barrier is independent of
the height of other barriers, the survival probability
N(#) is obtained by integrating over all three

distributions:

N1 g= f f j AH oadH sc0H cug(H o) g(Ho)s(H co)

X[Ng(®) +Nc(@)]. (5)

The barriers, however, may be correlated. It is
easy to see from Fig. 2 how correlations can arise.
If, for instance, the dispersion in enthalpy of well
B, g(Eg), is large compared with that of the
transition states,g(Ega), g(Egc), the enthalpy
distribution for escape from B to A is given by
g(Hgp) =Egp—g(Eg), and the one for escape to
C is given by g(Hgc) =Egc—g(Eg) =g(Hga) +
AH, where AH=Eg-—Eg, iS approximately a
constant. Hence, the distributiong(Hg,) and
g(Hgc) are correlated. The opposite case, namely
that the distributions in the bottom of wells B and
C are small with respect to the distribution in the
transition state energies also leads to correlated
barriers, with g(Hep) =g(Egc) —Eq,
g(Hgc) =g(Egc) —Eg=g(Hcp) —AH', where
AH' =Eg—E.. Here, there is a linear correlation
between enthalpy barrier distributiomds. and
Hes. In yet another scenario, the structural deter-
minants that are primarily responsible for the
enthalpy barrier between B and A may also govern
the enthalpy distribution between B and C. In
general, the widths of the distributions may be
different. For exampleg(Egs) = Kg(Egc), Where
K is a constant. IfiK is positive, the barriers are
correlated and ifK is negative, the barriers are
anticorrelated. In the analysis performed here, we
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where H? and ¢; are the peak and width of the
Gaussian enthalpy distribution. The ratio of the
widths provides the proportionality constark,
Because of the correlation, one less distribution of
protein conformations is needed for calculating
N(1), and Eq.(5) reduces to

N() = j j dH pa0H cpg(Hon)2(Hes)

X [Ng(t) + N(1)]. (5)

A protein containing two conformations, one
where escape to state C is allowed and another
one where escape is blocked, can be modeled by
a linear combination of the two-well mod€Eq.

(1)) and a three-well moddlEq. (5)).

2.4. Temperature derivative spectroscopy

To complement the isothermal kinetics measure-
ments, temperature derivative spectroscopy was
performed on the identical samples. The sample
cell was mounted on the cold-finger of a closed-
cycle helium refrigerator (Sumitomo, SRDK-
205AW), which allowed regulation of the sample
temperature from 3 to 320 K. The sample temper-
ature was measured with a silicon diode and
controlled by a temperature controllérakeshore
Cryotronics, 330. With a Fourier transform IR
spectrometeKBruker, IFS 66ys), the IR spectra
were collected in the mid-IR region between 1800
and 2400 cm! using an InSb detector at a
resolution of 2 cm* . The sample was photolyzed
by a continuous-wave, frequency-doubled
Nd:YAG laser (Laser Quantum, Forte 530-3D0
with 300 mW output at 532 nm. The laser beam
was divided with a 5050 beamsplitter and the
sample was irradiated from both sides.

fit the data assuming three possible scenarios: a ETiR—_TDS is a very powerful method for inves-

linear correlation betweelz, and Hgc, a linear
correlation betweeRllz- andHg, and uncorrelated
barriers. In the case of correlated barriers, the
value of Hg. was derived from the correlated
enthalpyH;, with i equal to BA or CB, using the
relation

OBc
HBC:(H_HP)T +H§c,

1

(6)

tigating thermally activated processes involving
barrier distributions in proteins[17,18,24,25
Here, we give only a brief description of the
technique. For a more detailed description, we
refer the readers to Ref[36]. In temperature
derivative spectroscopy, the sample is perturbed
from equilibrium, for instance by photolysis. In
the measurements discussed here, we used different
illumination protocols to vary the initial condition
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of the sample before starting the experiment. After between wells B and C. The isothermal three-well
photolysis, the temperature of the sample was model is solved for the first time interval dt=
ramped linearly with time at a warming rate of (7T,+7T,)/2 and the populations o,, Ng and
B=5 mK s, and transmission spectra were col- N. at T, are determined. For the subsequent
lected every 200 s or 1 K. Consecutive absorption temperature intervalsy,, Ng and N at tempera-
difference spectra were calculated from transmis- tureT;_, are used as initial populations to calculate
sion spectra. FTIR-TDS data are presented asN,, Ng and N¢ at T,.. We then calculatévg and
contour plots of the absorbance changes within 1 N. sequentially at each kelvin:

K on a surface spanned by temperature and wav-

enumber. Hence, only molecules that have under- J

gone a spectral change between consecutive a(T))= Z )\1_)\2{[NB(T"*1)7\1

measurements contribute to a signal in the TDS

map. As the relation between temperature and time _(N a(Ti-1)
is linear, the temperature derivative of the popu- +N(T;—1))kcslexp(— N i)
lation for a first-order process is given by —[Ne(Tr- )N a— (Ne(Ti_s)
dN N, +N(T;—1))kcslexXp(—\ o (10
o —Ek(H, T)exp(—0), @) olTi-a)kcalexA =)}
S 1
(T))= Z {[NB(Tifl)(kBA_ \y)

Ni—Ao
Ng(T;—1) +N(T;-1))

with initial populationN; and resolution function A
—(
(kce—N2)]exp(—Naf) =[N o(T;—1)
(
(

k(H, T)exp(—®), where

T

X X
0= dr’—. (8) X (kga—N2) = (Ng(T;-1) +N(T;_1))
X

kea—Na)|exXp(—\2)}

T'min B

Here, the rate coefficiem(H, T) is assumed to
vary according to the Arrhenius laWEq. (3)). wheret=(T,—T,_,)/B or 200 s for 1 K intervals.
The temperature at which a process peaks in the The fraction of molecules that rebind during each
TDS contours is approximately proportional to the temperature interval, M, /dT, is determined from
enthalpy of the process. consecutive differences &g (T) +N(T):

For distributed processes, the temperature
dependence of rebinding over each enthalpy barrier dNA((Ti+Ti,1)/2)
is multiplied by the probability of a conformational =

substate having that enthalgf(H) (given by Eqg. dr
(2)), integrated over all enthalpies: [Ne(T:)+No(T:)|—[Ne(Ti-1) + No(T:-1)]

- - Ti_Ti—l .
w__ &J dH g(H)k(H, T) exp(—0©). (9) (11
ar~ g Jo

For distributed barriers, the solution is integrated
Assuming that the absorption is proportional to according to Eq(5) or according to Eq(5’) with
the population, &/dT is proportional to the inte-  the appropriate correlations.
gral of the absorbances in the FTIR-TDS map
calculated across the wavelength region of interest. 2.5. Isothermal kinetics above the dynamical tran-

For a three-well model, an analytical closed- sition temperature

form solution for a&v/dT does not exist. However,
dN/dT can be determined numerically. The exper-  Above the dynamical transition temperature at
iment starts af,= 3 K with the ligands distributed @ ~180 K, the protein can undergo global fluctua-
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the dynamical transition temperature of 180 K. In
panels C and D, we plot data taken above 180 K.
At lower temperatures, the time traces of YQR
and YQRF indicate a very different behavior. In
YQR, rebinding between 60 and 120 K appears as
a single, distributed process with an enthalpy
barrier of 13.4 kJ mol* . An additional, fast pro-
cess with 10% amplitude is observed at the lowest
temperatures. The overall absorbance change at
early times is similar for all kinetic traces. Rebind-
ing speeds up with temperature, and at 140 K a
separate, slower process becomes observable on
the time scale of 1 s. This process, which will
later be assigned to rebinding from the intermedi-
(measured in the A substaten 20 K intervals plotted on a ate Cf bec.:omes more pronounced as the temper-
double logarithmic scale. AB) YQR (YQRF) kinetics from ature is raised to 180 K. L.
60 to 180 K and QD) from 180 to 280 K. The three-well fit In contrast, YQRF shows two distinct processes.
for YQR is shown as solid lines. Fits of the’ Gtate using a At 60 K, the fast process is observed on times
three-well model an_d grquping the internal barriers together are scales below~1 ms, the slower process extends
shown as dashed lines in the upper panels. out to kiloseconds. Approximately 40% of the
ligands rebind via the fast process at 60 K. With
tions [8,30. These conformational changes affect increasing temperature, these fast-rebinding
ligand migration and rebinding barriers and cause |igands shift out of the time window of our system,
kinetic averaging of the distributions. Therefore, a a5 indicated by the loss of overall absorption at
description of the data with a temperature-inde- the earliest times. In addition, the fractional con-
pendent three-wellor in general multi-well mod-  ripution of the fast rebinding state increases from
el with distributed barriers is no longer feasible. g0 to 100 K, implying the availability of both fast
Instead, we have calculated the inverse Laplace gnd slow rebinding pathways within each mole-
transform of the rebinding kinetics to obtain the cule. The fast process has a power_law behavior,
distribution of rate coefficients using the maximum appearing as a straight line on the double logarith-
entropy methodMEM) [35]. The MEM finds the  mjc plot. The kinetic of the slower process can be
most likely distribution that fits the data to the described with Eq(1), using a single, Gaussian-
required precision. Temporally well-separated pro- shaped barrier distribution, with a peak enthalpy
cesses are characterized by their average ratesf 6 kJ mol 2. As in YQR, a slow procegsebind-
coefficients. The temperature dependence of theing from C’) becomes observable at 140 K and

YQR YQRF

log N(t)

log N(t)

Fig. 3. Isothermal rebinding kinetics of YQR and YQRF

different processes was analyzed. increases in rate and amplitude as the temperature
approaches 180 K.

3. Results Above 180 K, the rebinding kinetics of YQR
and YQRF are very similagFig. 3, lower panels

3.1. Overview of kinetics At 180 and 200 K, fast geminate rebinding is

observed at the earliest times and followed by an
Ligand rebinding has been monitored as a func- abrupt change in slope, at which point the ligands
tion of temperature from 12 to 300 K in the;A  have either rebound or escaped tb &fterwards,
substates of YQR and YQRF using transient return from C is again observed. Above 200 K,
absorption spectroscopy. The photolysis laser pow- the photolyzed ligands can escape to an additional
er was adjusted such that it provided maximum intermediate D and then into the solvent, as indi-
signal while minimizing laser-heating artifacts. cated by the appearance of a bimolecular rebinding
Panels A and B in Fig. 3 show rebinding below process. The amplitude of the geminate process
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Fig. 4. FTIR-TDS contour maps ¢A) YQR and(B) YQRF. The top panels show the absorbance changes in IR bands of heme-
bound CO. Absorbance changes of the photoproduct bands are seen in the bottom panels. Contours are spaced logarithmically; soli
(dashed lines represent an absorbance incre@sserease

decreases substantially between 200 and 240 K.heme pocket that need to be taken into account
Rebinding rates of the solvent processes in YQR for a complete analysis of our transient kinetics
and YQRF are comparable; YQRF rebinds slightly data. In the TDS data in Fig. 4, positive contours
more slowly. In YQRF, the amplitude of the solvent (solid line9 represent an increase in absorbance,

process is smaller than that in YQR. whereas negative contoufgotted lineg indicate
decaying peak amplitudes.
3.2. TDS experiments after 1-s illumination at 3 K In the maps of heme-bound CO, two distinct

bands are observed, corresponding to discrete pro-

The kinetics data from the time-resolved IR tein conformations(taxonomic substates The
experiments can be described satisfactorily with a dominant band, 4 , is at 1933 cm (1929 cm' %)
two-well model for YQR and two independent in YQR (YQRF); a minority band A is observable
two-well models for the fast and slow processes at 1964 cm® (1963 cn1). Parameters of Gaus-
of YQRF. The FTIR-TDS maps of YQR and sian fits to the A substate bands are given in Table
YQRF after 1-s illumination at 3 H18], however, 1. The additional 4 cm® red shift of A in YQRF
reveal complicated ligand dynamics within the with respect to YQR suggests that the F mutation

Table 1
IR stretch frequencies of heme-bound CO in Mb mutants YQR and YQRF at 3 K and Gaussian fits to the bands

Substate YQR YQRF
Peak position Sigma FWHM Fraction Peak position Sigma FWHM Fraction
(cm™Y) (cm™4) (cm™) (%) (cm™Y) (cm™) (em™h) (%)

Ao 1964 8 15.7 8 1963 15 8.0 8

As 1933 4.1 8.0 92 1929 4.5 8.8 92
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changes the protein structure and, concomitantly, the doublet of bands at 2123 and 2130¢m  with
the electric field at the binding site. CO in the photoproduct intermediate state C

In YOQR, rebinding in the A conformation peaks
at 17 K, with an additional long tail extending out 3.3. Global low-temperature fit
to ~90 K. Rebinding in A has maxima at 40 and
60 K. Both Ay and A exhibit a small fraction that Thermally-induced CO migration from one loca-
rebinds quickly below 10 K. In the contour map tion to another at 20—50 KFig. 4, lower panels
of photodissociated CQFig. 4A, lower pane), implies that a minimum of threéfour) wells are
there are four IR bands at 2119, 2127, 2135 and necessary to describe the low-temperature rebind-
2142 cnt! . Below 20 K, the peak at 2119 tfn ing kinetics of YQR(YQRF). For YQR, we have
(B,) disappears; and the peak at 2142¢n6B,) globally fitted the transient absorption and FTIR—
increases. In the same temperature region, veryTDS data collected after 1-s illumination with a
little rebinding is visible in the A substate bands, three-well mode{Fig. 5A and B. The temperature
suggesting that the spectroscopic changes in thederivative of the population;-dN/dT, was deter-
photoproduct bands reflect rotation of the CO in mined by integrating the absorbance difference
the primary docking site B, leading to population spectra in the FTIR-TDS contour mapsig. 4)
transfer from B to B . This exchange has also along the wavenumber axis, from 1915 to 1950
been observed in wt Mip16,17,36. Above 20 K, cm~? for A;, from 2140 to 2148 cm* for B and
B, loses population at~40 K for two reasons: from 2124 to 2135 cm® for C In the global
(1) rebinding of CO, as seen by the increase in analysis, data points were not taken into account
absorption in the A substate bands, af@) for those times and temperatures where escape to
exchange to a doublet of bands at 2127 and 2135and rebinding from C are observable. We note
cm~1, associated with a secondary docking site of that, after 1-s photolysis, not all ligands are found
the CO, which we call photoproduct site¢ (18]. in B; a small fraction has already escaped to C
Above 55 K, B is depleted, and rebinding to; A (Fig. 4). The initial subpopulations in B and’'C
at 60 K occurs from the doublet at 2127 and 2135 (82.5 and 17.5%were estimated by decomposing
cm~*. Photoproduct bands of,A are not resolved the 3 K light-over-dark spectrum of photodisso-
due to the small fraction in that substate. ciated CO from the FTIR-TDS measurement.

In the FTIR-TDS plots of YQRF in Fig. 4B  Upon photolysis at higher temperatures, e.g. in the
rebinding to the A substate is similar to YQR, isothermal kinetics experiments, we expect more
peaking at 20 K, and a long tail is observable out ligands to escape to’@n very short time scales.
to 80 K. The data for A , however, deviate signif- Since the remaining ligands in B will preferentially
icantly from those of YQR. Two rebinding peaks escape to Cbefore rebinding from therdFig.
are visible, one near 10 K and a second peak at5C), this uncertainty in the initial population of C
30 K. Moreover, a shoulder appears at65 K can be ignored. Fit results are included as lines in
upon closer inspection. In the TDS plot of the Fig. 5A and B; fit parameters are given in Table
photodissociated states, a dominant band is seen2. The errors quoted in the table are standard
at 2144 cm! together with a myriad of absorption errors, assuming a normal error distribution and a
bands below 30 K associated with low temperature weak correlation between parameters.
rebinding to A . Unlike YOR, YOQRF does not A minimum of four wells is necessary to
show the typical B/B, exchange feature below describe the low-temperature rebinding kinetics of
20 K, most likely because of the large amount of YQRF. All our attempts to fit the YQRF kinetics
rebinding. Above 35 K, exchange from the domi- globally were unsatisfactory. This is due to the
nant photoproduct band at 2144 tin into a complex dynamics in YQRF and the sensitivity of
doublet at 2123 and 2130 cmh  is visible. This YQRF to light-induced changes in the kinetics,
exchange is partially masked by rebinding. Above sometimes referred to as ‘pumpinf24,37. Our
60 K, rebinding occurs from the doublet at 2123 difficulties with YQRF show that a global fit
and 2130 cm? . In analogy to YQR, we associate places stringent criteria on the model and para-
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meters used and give us more confidence in our Table 2

results for YOQR.
3.4. The C" state

At 140 K and above, the additional process

observed in the kinetic traces is assigned to recom-

bination from yet another intermediate state, C
To obtain an estimate of the enthalpy barrier
distributions governing escape from and rebinding
to C', g(Hoor) andg(He o), the rebinding kinetics
were fitted from 60 to 160 K. The data points
relevant for determination of "Care in the kinetic
traces at 140 and 160 K. In this kinetics calcula-
tion, B and C were treated as a single state, which
is justified, as rebinding from 'Cis much slower
than rebinding from B or C Initially, fits were
restricted to those times where the influence 6f C
was negligible. After determining the Arrhenius
parameters of the internal barrieAg,c)» and

H g cHa, With a two-well model, these values were
fixed, and the rebinding kinetics were refitted with
a three-well model, now including the” @rocess.

0.15

0.12
~ 0.09}
[m]

2 0.06}
0.03}

0.00
0.15

012l o
Q 0.09f
< 0.6

0.03

0.00

Arrhenius parameters describing the rebinding kinetics in YQR
MbCO below 150 K, calculated with a global three-well model

Log(A/s) H, (kJ mol~1) o, (kJmol™1)
oo, 12 2.440.1 1.0+0.1
kgea 8.6+0.1 7.8+0.9 7.9+0.7
ko 8.4+0.3 7.9+0.2 1.9+0.1
kec 10.9+0.3 9.8+0.2 2.4+0.1
11.7+0.2 16.0+0.2 2.6+0.1

CcB

aThe parameter was fixed during the fitting procedure.

Because of the narrow temperature interval in
which C’ could be fit, it was not possible to
determine both the pre-exponentials and the enthal-
py distribution simultaneously. Hence, the pre-
exponentials were fixed at the canonical value of
102 s71[38,39. A linear correlation was assumed
betweenH-c and Ho. The calculated kinetics
traces are shown as dashed lines in Fig. 3; the fit
parameters are compiled in Table 3.

Escape to Cwas not apparent in the FTIR—
TDS data in Fig. 4. It is, however, possible to
populate C in TDS measurements by cooling the

25
20
15
10

A3 state

B , statej

C' state

o
0 20 40 60 80 100120
Temperature (K)

Fig. 5. (A) Isothermal kinetics at 14, 60, 80, 100, 120 and 14dftom slowest to fastestfor recombination of CO to YQR
measured at 1933 cmt (B) Integrated absorbance changes calculated across the FTIR-TDS data in Fig. 4,(i§20A-1950
cm™1); middle: B, (2140-2148 cm?); bottom: C (2125-2137 cm?). Global fits to the data ifA) and (B) were performed
assuming a linear correlation betwelg. andHg, (solid line), uncorrelated barrier@ashed ling and a linear correlation between
Hge and Heg (dotted ling. (C) Isothermal rebinding kinetics at 60 K. Components of the fit are inclugedid line: total fit;
dash-dotted line: rebinding of independent Gaussian,; dashed line\,; dotted: line,\,).
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Table 3
Arrhenius parameters describing escape to and rebinding from intermediateM® mutants YQR and YQRF
YQR A, YQRF Ag
Log(A/s) H, o, Log(A/s) H, oy
(kJ mol™?) (kJ mol™1) (kJ mol™?) (kJ mol™1)
ke 122 38+4 6+1 1z 35+3 5.1+0.8
kee 122 4643 6+1 1z 4342 5.1+0.8
kcc (TDS) 12 35.4+0.2 4.7+0.2 12 35.9+0.2 5.3+0.2
koo (MEM) 122 41 - 12 41 -
2The parameter was fixed during the fitting procedure.
6} oo, nw lB!C'
g — 4 I A‘:“‘ N ==
= - <\ 4, 0 YQR
: g 22 Mmool T
o)) ~ [@)] " Wild Type
o S 0t AN AN 1
solvent v~ AN
2l /D A" \\\ |
-8 6 -4 -2 0 2 New .
-4

log(t/s)

Fig. 6. Isothermal rebinding kinetid$eft axis) of YQR at 220
K monitored at 1933 cm! (shown as open circl@s The fit
with MEM is shown as a solid line through the data points.
The lifetime distribution(right axis) resulting from the MEM

3 4 5 6 7 8
1000/T (K")

Fig. 7. Arrhenius plot of the apparent rate coefficients deter-
mined using MEM: rebinding from B and’ ], B), rebinding

analysis is included. The left-most peak arises from escape and from C’" (O, @) and the solvent process, v). Open(closed

rebinding from B'C’, the middle peak from escape and rebind-
ing from C’, and the right most peak from rebinding from
solvent.

sample under illumination from 140 to 3 KL§].
The resulting absorbance changes in A were
integrated along the wavenumber axigig. 4A
and B in Ref.[18]) and fitted with two independ-
ent Gaussian distributions. The parameters
obtained from this calculation fot..« have been
included in Table 3.

3.5. Ligand rebinding above the dynamical tran-
sition temperature

Between 180 and 300 K, the rebinding kinetics
of YQR and YQRF(Fig. 3, lower panels are
qualitatively similar. When the temperature is
increased above 180 K, rebinding from” C
becomes more pronounced. At 190 K, the CO
escapes even further away from the binding site

symbols represent YQRYQRF). Rate coefficients determined
from TDS experiments are shown in gray. For comparison, the
rate coefficients of the solvent process in native sperm whale
Mb are included A). Dashed linegsolid line9 are fits of the
YQR (YQRF) data to the Arrhenius equatidiq. (3)).

to another intermediate state D, as shown by
FTIR-TDS [18]. Above 200 K, bimolecular CO
recombination from the solvent is observed.
Because of protein relaxations and conformational
fluctuations, the data in the temperature region
from 180 to 290 K were fitted individually to a
distribution of lifetimes using the MEM rather
than to a temperature-independent distribution of
enthalpies. In Fig. 6, we plot the rebinding kinetics
of YQR at 220 K as an example, together with
the MEM fit to the data and the distribution of
lifetimes, which shows three pronounced peaks.
The peak at 10°° s corresponds to rebinding to
and escape from'Cthe one at 103! s is associ-
ated with rebinding to and escape fronf, @Gnd
the peak at 19° s represents rebinding from the
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Table 4
Pre-exponentials and enthalpy distributions for the D and S states in Mb mutants YQR and YQRF
YOR A; YORF A,
Log(A/s) H, o, Log(A/s) H, o,

(kJ mol™%) (kJ mol™1) (kJ mol™%) (kJ mol™%)
kers (MEM) 22 92 - 23 95 -
kse (MEM) 16.7 76 - 17.7 8t -
kpe (TDS) 16.7 73.4+0.2 2.2+0.2 17.7 77.7+£0.2 2.8+0.2

Fits were performed in the temperature intervals 220-300 K, 210-290 K, 180-200 K, 195-205 K, 160-223K and 160-
220 K.
2The parameter was fixed during the fitting procedure.

solvent. A small peak at 16 s cannot be attributed previously determined values fotg,c\a, ke
to a particular process at this time. The peak koo andkp s were fixed. The resulting para-
maxima of all lifetime distributions\ are plotted meters are given in Table 4.
vs. 1000Q'T in Fig. 7. For comparison, the apparent ~ For comparison, effective rebinding rates were
rate coefficients measured in the, A substate of also estimated directly from FTIR-TDS dd&6].
wild type sperm whale MbCO at pH 7 are included A pre-exponential of 1 s' was used to estimate
in Fig. 7. the kinetics parameters for rebinding fronf @
The apparent rate coefficienis were fitted to both YQR and YQRF, and pre-exponentials of
the Arrhenius lawm(Eq. (3)), yielding an effective ~ 10'®7 and 1677 s! obtained from MEM for
enthalpy barrier and attempt frequency. In a three- rebinding from IS for YQR and YQRF, respec-
well model, \, is equal to the rate of return from tively (Fig. 7, gray symbols
the third well whenever escape from the middle  Rebinding from intermediate D has been studied
well to the third one is small[40]. We have earlier using FTIR-TD$[18], Fig. 4). The enthal-
estimated ko, by fitting A, to an Arrhenius  py distribution,g(Hpc), was determined by inte-
temperature dependence at those temperaturegrating the absorbances in the FTIR-TDS maps
where escape to'Ccan be neglected and escape of bound CO over the entire A state regicd880—
to D is not observed. Because of the narrow 1980 cmi! for YQR and 1905-1980 crh  for
temperature interval in which reliable data exist, it YQRF) and fitting the results with Eq(9). With
was again necessary to fix the pre-exponential to pre-exponentials taken from the Arrhenius plot
10%? s * [38,39. For both YQR and YQRF, the (Fig. 7) and assuming a GaussigH) distribu-
calculated enthalpy barriéf.. is identical within tion, we obtain kinetic parametedable 4 for
error (Table 3. In an analogous fashion, we have rebinding from D that are indistinguishable from
estimated the rates of ligand entry from the solvent, those describing the solvent process.
taking only the data at those temperatures where
little CO escape to the solvent is observed. Para- 4. Discussion
meters are given in Table 4. Below 240 K, a linear
fit to the data yields an enthalpy barriéfs ¢ /p), As is evident from both the isothermal kinetics
of ~80 kJmol!. Above 240 K, the slope of, (Fig. 3) and the TDS measuremer(ig. 4), the
changes, and we obtain an effective internal enthal- details of ligand rebinding in YQR and YQRF are
py barrier for rebinding of 35 and 41 kI mdl  for markedly different at low temperature, whereas the
YQR and YQREF, respectively. These values are kinetic traces above 180 K are very similar. Several
similar to those for rebinding from'CThe enthal- intermediate states can be distinguished in both
py barrier for escape from "Cto S could be  YQR and YQRF: state B(the primary docking
estimated by fitting the rates of ligand rebinding site in distal heme pockktstate C, state C, state
from the solvent to a four-well model, where the D and state Sthe solvent.
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4.1. Ligand dynamics in the distal heme pocket

The complexity of the CO dynamics within the
heme pocket is hidden in the isothermal rebinding
kinetics measured in the A absorption band, but
clearly observable in the FTIR-TDS map of pho-
todissociated CQFig. 4). The isothermal rebind-
ing kinetics of YQR can be fitted with a simple
two-well model. This is, however, not in agreement
with the FTIR-TDS data, which clearly show
rebinding from two distinct CO locations. A reli-
able fit of the kinetics with a more complex model
requires additional information. On the other hand,
for the determination of enthalpy barriers from
FTIR-TDS data, the attempt frequencies of the
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from the primary docking site B to a new location
C' for the following reasons: After illuminating
the sample at 30 K for 1 h, the majority of ligands
populated Cwith photoproduct bands at 2127 and
2135 cn1! (data not showh The low-temperature
photoproduct structure of a YQR MbCO crystal
after photolysis at 40 K shows the majority of CO
molecules in the Xe4 sitg28,44. Thus, we
associate intermediate staté @®ith a molecule
having CO in the Xe4 cavity. The stretch bands at
2127 and 2135 cm' represent opposite orienta-
tions of the CO at C the splitting into two bands
arises from different interactions of the CO dipole
moment with the internal electric field at the
docking site[19,43,44. The orientation of the CO

processes involved have to be known. Hence, eachhas essentially no effect on the kinetics, as the

technique by itself is insufficient for a quantitative
description of the dynamics of ligand rebinding.
By globally fitting the isothermal kinetics and the
FTIR-TDS data, however, we can reliably deter-
mine the kinetic parameters of the model and
check the validity of more complex kinetic models.
The first dynamic process observed in the
FTIR-TDS photoproduct map of YQRFig. 4A)
is an exchange in population from,B to,B .
Anfinrud and coworkers have conjectured from
their femtosecond IR studies on wild type Mb at

temperature dependence of the two bands is iden-
tical within experimental error.

To achieve a satisfactory global fit of the YQR
data(Fig. 5A and B, it was necessary to include
an additional photoproduct state B*. The corre-
sponding kinetic process described by rate coeffi-
cient kg«n is shown as a dash-dotted line in Fig.
5C. In general, the process is broadly distributed,
showing characteristics similar to recombination to
Ao, One possible explanation is an additional
conformational substate lying underneath the A

room temperature that,B and,B are associated band. The existence of spectrally overlapping CO
with opposite orientations of the CO in the primary bands related to conformational substates with
docking site B[41]. They suggested that,B refers different structural and kinetic properties has been
to a CO in state B with the carbon facing towards reported previously for wild type Md45]. The

the heme iron and B to the opposite orientation. additional process B*> A is not well character-
Upon photolysis, states,B and,B are populated ized, as seen from the larger error bars in Table 2.
according to their accessibilities. They repopulate The other kinetic parameters are, however, insen-
according to their free energy difference when sitive to the precise values of the Arrhenius

sufficient thermal energy becomes available. The
enthalpy distribution for the exchangg(Hgs,),

parameters.
Fig. 5C shows the rebinding kinetics of YQR at

was calculated by fitting the integrated absorbance 60 K and the relative contributions of;, A\, and

of B, along the wavenumber axis with E€9),
assuming a pre-exponential at10 K of 10
s~ ! (Table 2 [16]. During the exchange, relatively
little rebinding is observed in A . The enhancement
in population of B is only 15%. Hence, the,B>

B, exchange will not have a significant impact on
the isothermal rebinding kinetics.

A second exchange is observed in the photo-

product map of YQR between 20 and 50(Kig.
4). We attribute these features to CO migration

kg«a. If Ay >N,, N\, corresponds to the escape of
ligands from B to either A or C whereash\,
characterizes rebinding from'.CAs seen from the
relative amplitudes, the majority of molecules
rebind from C. This explains why the low tem-
perature isothermal kinetiogg=ig. 3) can be fitted
with a two-well model with bound state A and
photolyzed state C

The best global fit of the low temperature data
was achieved by assuming a positive linear corre-
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lation betweenHgc and Hg,. Fits based on a
linear correlation betweeHgc and Hog Or uncor-
related barriers were significantly worgEig. 5).
Additionally, the attempt frequencies fég- and
kes, Age and Acg, were unphysically high. The
enthalpy distribution for rebinding from B,
g(Hg,p), agrees within error with results published
earlier [18]. The value of 16.0 kJ molt foHcp,
however, differs from the previously published
value of 13.5 kd moi* due to the different models
used in the analysefl8]. The different attempt
frequencies in the independent two-well models

D.C. Lamb et al. / Biophysical Chemistry 109 (2004) 41-58

product bands(Fig. 4) likely arise from CO
ligands at a number of additional weak binding
sites in the heme pocket that—apart from docking
site B—can be populated. Because the fast popu-
lation rebinds on the submillisecond time scale,
the 1-s illumination protocol provides multiple
chances for a ligand to find one of these weak
binding sites.

4.2. The C" state

Recombination from intermediate” as been

and the three-well model analysis account for most characterized based ofi) the 140 K slow cool

of the discrepancy.

The linear correlation betweeHz- and Hga
can arise from a large distribution in the depth of
well B relative to the activation enthalpies for
escape from EFig. 2) or a structural determinant
that influences both transition state enthalpies,
Esan and Egc, in a similar fashion. Although a
large distribution in B provides a simple explana-
tion, the width of the distribution, 3.2 kJ mot
full-width half-maximum, may be of the same
order as the binding energy of well B. Moreover,
if the distribution in Eg were the source of the
correlation, we would expegt(Hg,) and g(Hgc')
to have similar widths. In a more likely scenario,
the Y29 sidechain might influence escape from B
to both A and C The 3D structure shows tyrosine
Y29 in close contact to the CO in state B, and
slightly different conformations could lead to cor-
related distributions.

TDS experiment published previousidg], (ii)
isothermal rebinding kinetics at 140 and 160 K
and(iii) MEM analysis of the isothermal rebinding
kinetics between 180 and 205 K. In YQR and
YQREF, rebinding from C is kinetically identical
within error, but the amplitude of the process is
lower in YQRF. This implies that docking site”"C
is less accessible in YQRF. The photoproduct
spectra of C differ considerably for the two
mutants(2128 and 2133 cm! in YOR vs. 2122
and 2128 cm?! in YQRH18]), indicating that
residue 107 is either in close contact with the
ligand in C' or changes the protein structure dt C
In a FTIR-TDS study on a family of Mb mutants,
each containing the L29W substitution, the acces-
sibility of the internal cavities was changed by
additional mutationg49]. None of the introduced
bulky amino acids successfully blocked th¢ C
site. However, mutations that significantly altered

Elber and Karplus have proposed that access tothe photoproduct spectra of Gined the Xe4 cavity

the Xe4 cavity is gated by residues 68 and 107
[4€]. Indeed, in YQRF, F107 protrudes into the
distal heme pocketFig. 1), pointing towards the
primary docking site(B) and hindering ligand

and changed the spectra of & well. This implies
that the CO resides in the Xe4 cavity in both C
and C.

By analogy, we suggest that a protein relaxation

escape to remote sites, as verified for photolyzed converts photoproduct state’ @ito C’, with the

CO at cryogenic temperatureld8]. The same
phenomenon was observed by Ishikawa e{4i]

on human Mb mutants and Scott et 0] on a
sperm whale mutant having tryptophan at position
107. Its voluminous sidechain was found to desta-

bilize site B, to enhance the amplitude of nanosec-

ond geminate rebinding48] and to increase the
rebinding rate as compared to YQ®&his work).
The fast rebinders are very susceptible to light-

induced changes of the barriers. The many photo-

ligand remaining in the Xe4 cavity also in
YQR(F). Preliminary cryo-crystallographic meas-
urements of the Cphotoproduct structure on YQR
MbCO crystals have indeed recovered the ligand
in Xe4 (Vallone et al., unpublished Compared
with C', the sidechain of tyrosine Y29 had moved
slightly towards the deoxy position, thus trapping
the ligand[42], and the Q64 sidechain had swung
deeper into the distal cavity partially occluding the
binding site. Because of this steric hindrance,
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ligand rebinding from Cis proposed to depend
on a concerted conformational motion of the Y29

55

the temperature range between 180 and 240 K. A
fit of these data to the Arrhenius relation yielded

and Q64 sidechains to reopen access to the activea barrierHsc of ~80 kJ mol! and a pre-expo-

site. Supporting evidence comes from the unusu-

ally large and very slow component of geminate
NO rebinding in YQR at ambient temperature
[42]. The decreased occupancy of Cand C,

compare Ref[18]) in YQRF underscores again

nentialA of ~10'7 s71. Attempt frequencies larger

than 16° may imply temperature dependent
enthalpy barrier heights that are not described
adequately by the Arrhenius relation. Rebinding
from D has been studied earlier by FTIR-TDS

the role of F107 as a roadblock against escape tomeasurements under extended illuminatighg],

secondary site Xe4.

This relaxation process may explain the discrep-

Fig. 4. The enthalpy barrier for rebinding from
D, calculated from the TDS data with the pre-

ancy between the kinetic parameters describing exponential obtained from MEM, was identical to

return from C (Table 3 determined from FTIR—

that for recombination from S in both YQR and

TDS and isothermal kinetics measurements. The YQRF. Hence, for the measurements reported here,
FTIR-TDS measurements are performed below the D and S states are in fast equilibrium; they
the dynamic glass transition temperature of the constitute kinetically a single staté&ig. 7). Con-

proteiry/solvent, where global motions of the pro-
tein are frozen out. A complete relaxation fromh C

sequently, it is irrelevant whether the ligand
rebinds from C after migration via D or directly

to C’, however, is expected only above the glass from the solvent.

transition temperature. Hence, the value 985
kJ mol~! obtained from FTIR-TDS might refer to

Ligand exit and entry strongly are coupled to
the solvent dynamicd52,53. At ~240 K, a

a partially relaxed protein, whereas the estimate of distinct change appears in the slope of the Arrhe-

~43 kJmolf* from the isothermal kinetics
describes the barrier of a completely relaxed
protein.

4.3. Escape to and rebinding from D and S

The nature of intermediate D can be inferred
from work on a similar mutant, L29W, for which

nius plot of the apparent rate coefficieritsig. 7).

An analogous effect is visible in the wt dafgig.

7). Below 240 K, less than 50% of all ligands
escape into the solveKkFig. 3). Consequently, the
rebinding barrier is lower than the barrier for exit.
Ligands reentering from the solvent, will also
preferentially bind to the heme iron rather than
escape again. The recombination rate is governed

photoproduct structures have been determinedby the outer barrier. Above~240 K, efficient

[30]. In state D of L29W, the CO resides in the
Xel cavity on the proximal side of the heme plane
(Fig. 1). Identical CO stretch frequenci€2128
cm™1) in L29W [50] and YQR[18] support the
view that the CO ligands also sit in Xel in state
D of YQR. Further evidence comes from FTIR-
TDS studies on wt MbCO crystalR25] and wt
MbCO in cryosolvent[51]. They also yielded a
photoproduct band at 2128 cm* associated with

ligand escape after photodissociation indicates that
the ligand entryexit barrier becomes irrelevant
compared with the internal barrier that governs the
binding process. This raises the question as to
which structural features determine recombination.
The similar slopes of the data for ligand binding
from C”" and D/S in the Arrhenius plo{Fig. 7)
suggest that the conformational change that occurs
in the C to C’ transition governs bimolecular

D. These results are expected if we assume thatrebinding. The X-ray structure shows that the

the local electric field at the proximal site is not
affected by the distal mutation.

Upon photolysis above 180 K, ligands can
escape to state D and further into the solvEjt
The rate coefficients for rebinding from the sol-
vent, ksc, were estimated from the apparent rate
coefficients extracted from the MEM analysis in

protein rearranges into the deoxy conformation
upon ligand exit from the distal pock§42], with

the sidechains of Y29 and Q64 closing in on the
active site. Only rare fluctuations into a deoxy
conformation that has a distal pocket structure
similar to the A bound-state conformation will
allow ligands access to the active site. Consequent-
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ly, the conformational gate Y264 governs the
bimolecular ligand binding process. A similar
mechanism was observed for Mb mutant L29W
[50], where the bulky indole group at position 29
gates ligand access to the active site.

4.4. Ligand migration through the protein

YOQR and YQRF show essentially a single
bound-state conformation ;A(Table 1), which
relaxes, upon ligand escape from the distal pocket,
into the deoxy structurf42]. In this conformation,
the Y29/Q64 sidechains block access to the pri-
mary docking site B, which plays a crucial role in
bond formation[41,50. Moreover, Y29 sequesters
the distal pocket into a front haltontaining Q64
and a back halfXe4) and thus prevents migration
of ligands from the Xe4 and Xel cavities to the
front part of the distal pocket. Our kinetic analysis
shows that the enthalpy barrier associated with C
governs bimolecular rebinding. Thus, ligands
entering the protein from the solvent will not bind
immediately via the primary docking site B, but
preferentially migrate to the Xe4 location, as seen
from the isothermal kinetics and FTIR-TDS data.
There, they are trapped in a protein conformation
with blocked access to the active site. For the CO
to return to the primary docking site B from
intermediate C a conformational change is nec-

D.C. Lamb et al. / Biophysical Chemistry 109 (2004) 41-58

5. Conclusions

From isothermal kinetic and FTIR-TDS exper-
iments on the YQR and YQRF Mb mutants, we
have analyzed the energetics of CO ligand binding
and migration among internal cavities. Upon intro-
duction of the large phenyl sidechain at residue
29, photolyzed ligands efficiently escape from the
primary docking site B to the Xe4 site C. The
additional bulky F107 residue interferes with CO
escape at cryogenic temperatures, but has only a
minor effect at physiological temperatures. Room
temperature measurements of O binding corrobo-
rate our observations. The dissociation constants
for YQR and YQRF are 1.1 and 0.7%5 , respec-
tively [48], indicating that the F107 interferes very
little with O, escape to Xe4 at 26C. The distal
pocket structures of the ligated and deligated
conformations are markedly different. After ligand
escape from the active site, Y2964 block access
to the primary docking site. This conformational
relaxation leads to minimal geminate rebinding of
0, and CO in YQR at room temperatu#2]. The
kinetic analysis shows that ligands are trapped in
the Xe4 cavity before binding. The rate-limiting
step for ligand recombination, however, is the
concerted conformational fluctuation of Y29 and
Q64 into a more bound-state like distal pocket
structure so as to reopen the pathway to the active

essary that removes the steric constraints. This Site. Therefore, both ligand migration and protein

process is responsible for the substantial slowing
of CO binding compared with wt MbCQFig. 7).
The much smaller L29 sidechain does not interfere
with the docking site.

From these experiments, the nature of the entry
and exact pathwdyg) of ligands remains obscure.
In L29W MbCO, we observed very slow geminate
recombination on the time scale of 1QG [50].
This result was explained by recombination from
a secondary sit€C, D) in a protein conformation
with blocked primary docking site, analogous to
the gating scenario invoked here. It implies that
ligand migration between secondary sites and sol-
vent is rather inefficient. It appears that other
pathways are more important, such as the distal
histidine gate, which opens when the imidazole
sidechain of H64 swings out of the heme pocket
[10].

motions play crucial roles in the binding reaction
of CO to YQR and YQRF Mb.
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