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ABSTRACT: We have studied carbon monoxide (CO) migration and binding in the nonsymbiotic hemoglobins
AHDbI and AHDb2 of Arabidopsis thaliana using Fourier transform infrared (FTIR) spectroscopy combined
with temperature derivative spectroscopy (TDS) at cryogenic temperatures. Both proteins have similar amino
acid sequences but display pronounced differences in ligand binding properties, at both physiological and
cryogenic temperatures. Near neutral pH, the distal HisE7 side chain is close to the heme-bound ligand in the
majority of AHb1-CO molecules, as indicated by alow CO stretching frequency at 1921 cm ™. In this fraction,
two CO docking sites can be populated, the prlmary site B and the secondary site C. When the pH is lowered, a
high-frequency stretching band at ~1964 cm ™" grows at the expense of the low-frequency band, indicating
that HisE7 protonates and, concomitantly, moves away from the bound ligand. Geminate rebinding barriers
are markedly different for the two conformations, and docking site C is not accessible in the low-pH
conformation. Rebinding of NO ligands was observed only from site B of AHb1, regardless of conformation.
In AHb2, the HisE7 side chain is removed from the bound ligand; rebinding barriers are low, and CO
molecules can populate only primary docking site B. These results are interpreted in terms of differences in the

active site structures and physiological functions.

The flowering plant Arabidopsis thaliana is a dicot from the
mustard family that has been widely used as a model organism in
studies of plant development. In 1997, two hemoglobins (Hbs)"
from A. thaliana, AHb1 and AHb2, were cloned and character-
ized (1). AHb1 was assigned to the class 1 family of nonsymbiotic
Hbs previously found in a number of plant species (2, 3), whereas
AHD2 belongs to the nonsymbiotic Hbs of class 2 (4), which share
similarities with symbiotic Hbs of legumes and Casuarina ever-
greens (/). AHb1 expression is induced in roots and rosette leaves
by low dioxygen (O,) levels; AHb2 expression is restricted to
rosette leaves and induced by low temperatures (5). The two Hbs
also differ markedly in their ligand binding properties, suggesting
different physiological roles. AHbl has an extremely high O,
affinity that excludes a function as an O, carrier. It has been
proposed to be a NO dioxygenase, instead (6). By contrast, AHb2
displays a moderate oxygen affinity, but likewise, a function as an
O, carrier appears unlikely because of its unusually low O, off
rate (1).!

Equilibrium and kinetics of ligand binding to heme proteins
are governed by structural properties of the active site, the
availability of ligand docking sites within the protein matrix,
and pathways for ligand migration between internal sites and the
solvent environment. Two key residues, B10 and E7 (in myo-
globin residue numbering), at the active site strongly modulate
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ligand binding to Hbs. The leucine B10/histidine E7 (LeuB10/
HisE7) amino acid pair, predominantly found in vertebrate
oxygen storage and transport proteins, appears optimally suited
for reversible binding of O, (7, §). Other members of the globin
family carry the tyrosine B10/glutamine E7 (TyrB10/GInE7)
combination at the active site; among these are the truncated
Hbs (5). O, affinities in this subfamily are typically too high to
allow for reversible ligand binding in an O, transport protein, due
to the strong stabilization of the heme-bound O, by both GInE7
and TyrB10. However, this pair of residues appears well suited
for NO scavenging and detoxification (9). Plant Hbs including
AHDI1 and AHb2 have phenylalanine B10/histidine E7 (PheB10/
HisE?7) in their distal pockets (10).

In the exploration of structure—function relations in heme
proteins, X-ray crystallography has provided a wealth of
structural information, yet even at a very high resolution,
local structural details of active sites, including the presence of
subconformations, are difficult to determine accurately. Spec-
troscopic methods such as X-ray, optical, and vibrational
absorption spectroscopies probe only local features but are often
exquisitely sensitive to the finest structural details (//—15). The
interpretation of spectroscopic markers in structural terms is not
straightforward, however, and usually requires substantial efforts
in theoretical calculations (/4, 16—22). In our group, we have
extensively employed CO and NO ligands in heme proteins as
local structural probes using Fourier transform infrared (FTIR)
spectroscopy, often combined with temperature derivative spec-
troscopy (TDS), to learn a great deal about active site structures
and interactions in heme proteins (23—26). The strong infrared
absorption of the heme-bound CO ligand is sensitive to the
electric field at the binding site due to the vibrational Stark effect
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(VSE) (27—30), and thus an excellent probe of local structure. In
CO-ligated wild-type (wt) myoglobin (MbCO), multiple-CO
group stretching gave clear evidence of a discrete set of active
site conformations (3/) long before their individual structures
were revealed by X-ray crystallography (32, 33). The CO
stretching spectrum of wt MbCO at pH 7 shows two main bands,
Ajat1945cm ™" and Ay at 1930 cm™' (24). A third band emerges
at 1965 cm ™' only at low pH, representing the A, conformation,
in which the HisE7 side chain is protonated [pK, = 4.5 (34)] and
rotated toward the solvent to screen the charge (32). The
upshifted frequency of A, indicates a lack of interaction between
the HisE7 imidazole and the heme-bound CO. Accordingly,
Ag-like stretching bands are observed upon replacement of HisE7
with amino acids with aliphatic side chains (73, 35). In both the
A; and A; conformations, the hydrogen on Ne of the neutral
HisE7 donates a hydrogen bond and, thereby, stabilizes the
bound ligand, which is crucially important for the protein’s
O, binding function. The HisE7-NeH moiety is positioned
slightly closer to the bound ligand in the A3 conformation than
in A (33) and, consequently, causes a larger red shift of its
stretching band (73, 37). As-like stretching bands are enhanced in
mutant Mbs with either phenylalanine (13, 36) or tyrosine (37)
at position B10.

CO ligands can be photodissociated efficiently from the heme
iron (38). However, at temperatures below ~160 K, large-scale
protein motions are arrested (39, 40), and ligands cannot escape
into the solvent. Trapped inside the protein matrix, they fre-
quently accumulate in structurally well-defined docking sites,
where they give rise to characteristic stretching bands between
2100 and 2160 cm ™" (24, 25). Often, a doublet of IR bands is
observed because the CO can reside in such a site in opposite
orientations (41), because of vibrational Stark splitting of the CO
stretching band in the presence of a local electric field (14, 27, 42).

The X-ray structures of AHbl and AHb2 have not yet been
determined. To gain insight into the small structural differences
between these very similar proteins that give rise to markedly
different ligand binding properties, we have conducted FTIR-
TDS experiments on these proteins. By using specific sample
illumination protocols at cryogenic temperatures (43—45), we
were able to characterize and selectively populate ligand docking
sites and to observe ligand migration between them.

MATERIALS AND METHODS

Protein Expression and Purification. AHbl and AHb2
were cloned, expressed, and purified as described previously (46).
The coding sequence for AHbI, cloned into vector pGEM-T
Easy (Promega, Madison, WI), was used as a template to
introduce point mutations PheB10Leu and HisE7Leu using the
Quik-Change II mutagenesis kit (Stratagene, La Jolla, CA).
Mutants were expressed and purified as described for the wt
protein (46).

FTIR Absorption Spectroscopy. A concentrated protein
solution in 75%/25% (v/v) glycerol/buffer (potassium phos-
phate) cryosolvent was equilibrated with 1 atm of CO for 1 h.
A 2-fold molar excess of sodium dithionite was added anaerobi-
cally before the mixture was stirred for an additional 15 min
under a CO atmosphere. The sample solution was centrifuged at
5000 rpm (Eppendorf table top centrifuge) for 15 min prior to
being loaded into the sample cell to remove any undissolved
protein.

A few microliters of the protein solution was kept between two
CaF, windows (diameter of 25.4 mm) separated by a 75 um thick
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mylar washer. The windows were sandwiched inside a block of
oxygen-free high-conductivity copper mounted on the coldfinger
of a closed-cycle helium refrigerator (model SRDK-205AW,
Sumitomo, Tokyo, Japan). The sample temperature was mea-
sured with a silicon temperature sensor diode and regulated with
a digital temperature controller (model 330, Lake Shore Cryo-
tronics, Westerville, OH). Samples were photolyzed by a con-
tinuous wave, frequency-doubled Nd:YAG laser (model Forte
530-300, Laser Quantum, Manchester, U.K.), emitting an output
power of 300 mW at 532 nm. The laser beam was split and
focused with lenses on the sample from both sides. We collected
Fourier transform infrared (FTIR) transmission spectra in the
mid-infrared region between 1800 and 2400 cm ™" at a resolution
of 2 cm™" (IFS 66v/S, Bruker, Karlsruhe, Germany).

FTIR absorption spectra were calculated from transmission
spectra, I(v), of the ligated (CO or NO) and the aquomet
derivative of the same protein preparation {A(v) = log[l,e(V)/
Ligne(v)]}. Photolysis difference spectra were calculated from
transmission spectra collected before and after photolysis
[A4 = log(Iark/Tiign)]- Consequently, difference bands of heme-
bound CO (1900—2000 cm™') display a negative amplitude
because they are missing after photolysis. Photoproduct bands
(2100-2160 cm™ ") are created by photolysis and thus have
positive amplitudes.

Temperature Derivative Spectroscopy (TDS). Tempera-
ture derivative spectroscopy (TDS) is an experimental protocol
designed for the investigation of thermally activated rate pro-
cesses with distributed enthalpy barriers (43, 47, 48). Initially, a
nonequilibrium state has to be created, at a temperature at which
approach to equilibrium is negligible. This is most often done
by photodissociation of the ligand. Subsequently, FTIR trans-
mission spectra, I(v,T), are taken every 1 K while the sample
temperature 7 is increased at a constant rate of 0.3 K/min.
Ligand rebinding causes a change in the spectral area during
acquisition of two successive spectra. The temperature ramp
protocol ensures that rebinding occurs sequentially with respect
to the height of the activation enthalpy barrier that opposes
ligand rebinding. A quantitative kinetic analysis has to consider
both (i) the change in absorbance due to rebinding and (ii)
a possible intrinsic temperature dependence of the measured
spectra (27, 49, 50). We present FTIR-TDS data as two-dimen-
sional contour plots on a surface spanned by the temperature and
wavenumber axes, with black (red) lines indicating an absorbance
increase (decrease) and contours spaced logarithmically.

Illumination Protocols. To selectively populate ligand dock-
ing sites, we have utilized two different illumination protocols.
In one case, the sample is illuminated briefly (1—-10 s) at 4 K to
achieve complete photolysis of the sample. The subsequent TDS
experiment records rebinding from photoproduct states that can
be populated at 4 K. However, some docking sites may be
accessible only upon photodissociation at higher temperatures
due to higher barriers on the ligand migration pathway. To trap
ligands in such states, we use the slow-cool protocol. The sample
is illuminated by the actinic laser light while it is cooled (typically
from 160 to 4 K). At 160 K, escape of ligand from the protein is
still negligible so that, after photodissociation, they rebind
quickly and are photolyzed again. Because the temperature is
continuously decreased, rebinding will become progressively
slower. At one point, ligands that explore remote sites separated
from the active sites by higher barriers cannot return to the heme
iron any more and become trapped in these sites. Subsequently,
ligands that have not yet been trapped may migrate to other
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FiGURE 1: Temperature dependence of the FTIR absorption spectra of (A) AHbI-CO at pH 7.8, (B) AHb1-CO at pH 6.0, (C) PheB10Leu
AHbI1-COat pH 6.0, and (D) AHb2-CO at pH 7.5. The temperature interval was from 180 to 290 K, in 10 K steps: (blue line) 290 K and (red line) 180 K.

docking sites with smaller energy barriers and will also be
trapped. The slow-cool approach is, therefore, convenient in
screening for possible intermediate sites.

RESULTS AND DISCUSSION

Structural Heterogeneity at the Active Sites of AHbI-CO
and AHb2-CO. Figure | displays FTIR difference spectra
of AHb1-CO, PheB10Leu AHb1-CO, and AHb2-CO in the
temperature range of 180—290 K. AHb1-CO at pH 7.8 displays
a dominant band at 1924 cm ™', termed A gy, in the following,
and a minor one at 1964 cm™' (Figure 1A). The bands sharpen
with a decrease in temperature; the minority population can be
decomposed into two bands at 1959 and 1968 cm™'. When the
pH is lowered, Ajgs9 gains amplitude at the expense of Ajgy4
(Figure 1B). This effect is significantly enhanced at the lower
temperature, as was also observed for the Ay band of MbCO (35).
By contrast, the band at 1968 cm ™' remains weak and is barely
noticeable at a low pH and temperature. In mutant PheB10Leu
AHbI1-CO (Figure 1C), the band at ~1960 cm™' dominates the
spectrum at 290 K and is even more intense at 180 K. AHb2-CO
displays only a single band at ~1960 cm ™' (Figure 1D), which
shifts from 1962 (290 K) to 1955 cm ™" (at 180 K).

Photolysis difference spectra, calculated from transmission
spectra taken before and after 10 s laser illumination at 4 K, are
plotted in Figure 2A. To achieve essentially complete photolysis
of both AHb1-CO and AHDb2-CO, illumination for 10 s was
necessary, whereas | s is entirely sufficient in our experimental
setup to completely photolyze MbCO. As the quantum yield of
photodissociation is ~1, this result suggests that a major fraction
of photolyzed ligands in AHD are not efficiently trapped in their
docking sites and recombine instead, so that multiple trials are
necessary to form a stable photoproduct.

In the 4 K difference spectra at pH 7.8, AHb1-CO displays a
dominant stretching band of heme-bound CO at 1921 cm ™'
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FiGure 2: FTIR photolysis difference spectra of (A) AHb1-CO,
(B) PheB10Leu AHb1-CO, and (C) AHb2-CO at 4 K, color-coded
according to the chosen illumination protocol: black for 10 s illumi-
nation at 4 K, red for slow-cool illumination from 160 to 4 K (sample
pH of ~7.5), and green for slow-cool illumination from 160 to 4 K
(sample pH of ~0).

(Figure 2A, black line); weaker bands are present at 1959 and
1968 cm~'. At pH 6.0, Agp; has lost population to Ajgsy
(Figure 2A, green line); Ajggg is still only a minority species.
The photolysis difference spectrum of the isoelectronic ferric
AHDbI-NO, at pH 7.6, displays a prominent band at 1920 cm ™"
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Table 1: IR Stretching Band Frequencies of Heme-Bound and Photodissociated CO Determined at 4 K after a 10 s [llumination at 4 K and after Slow-Cool

Illumination from 160 to 4 K¢

sample pH  w(heme-bound CO, 10's) (cm ™) v(photodissociated CO, 10 s) (cm™") »(photodissociated CO, slow cool) (cm™")
AHbI-CO 7.8 1921 (89), 1959 (7), 1968 (4) 2118 (1), 2122 (3), 2129 (94), 2138 (2) 2127 (36), 2129 (14), 2134 (21), 2140 (29)
AHbI1-CO 6.0 1921 (53), 1957 (40), 1969 (7) - 2127 (21), 2129 (35), 2134 (21), 2140 (23)
PheBl0Leu AHbI-CO 7.5 1919 (40), 1950 (7), 1964 (53) 2118 (19), 2129 (54), 2135 (7), 2144 (20) 2121 (3), 2128 (64), 2135 (16), 2144 (17)
AHb2-CO 7.8 1955 (65), 1963 (35) 2126 (28), 2131 (67), 2138 (5) 2126 (28), 2131 (67), 2138 (5)

“Values in parentheses represent the fraction of the total in percent. Estimated experimental error of £0.5 cm™ .

1

and a smaller one at 1902 cm™', indicating that two subconfor-
mations also coexist in the NO-ligated state (Figure S1 of the
Supporting Information). In mutant PheB10Leu AHb1-CO, two
bands at 1919 and 1964 cm ™" contribute almost equally to the
spectrum at pH 7.8; a minor band is seen at 1950 cm™
(Figure 2B, black line). When the pH is lowered to 5.8, Ajgss
gains intensity at the expense of A 9,9 (Figure 2B, green line). The
spectrum of AHb2-CO at pH 7.8 shows a single asymmetric peak
that can be fitted by two Gaussian bands at 1955 and 1963 cm ™"
(Figure 2C). A weak band at ~1910 cm™" is due to the '*CO
isotope. All peak positions obtained by fitting Gaussian bands to
the spectra are compiled in Table 1.

The stretching spectra of heme-bound CO provide clear
evidence that the active sites of AHbI and AHD2 are structurally
distinctly different. In AHb2, the high frequency of the CO
stretching absorption is typical of an apolar CO environment and
indicates that the HisE7 side chain does not interact with the
bound CO. This result is corroborated by the low, 490 cm ™
frequency of vg.c seen in resonance Raman spectra (46). The vg.c
and vco frequencies are inversely correlated, due to d,, electron
back-donation from the iron to the CO ligand (3, 15, 51). In Mb,
the high-frequency, A, conformation is achieved by HisE7
imidazole protonation and concomitant reorientation toward
the solvent. Comparison of the X-ray structures of hexacoordi-
nated rice Hbl and CN-ligated barley Hb suggests that proton-
ation and HisE7 side chain reorientation are not required to
abolish its interaction with the bound CO ligand (52). Instead,
ligand binding is accompanied by a large shift of helix E along the
helical axis that displaces the HisE7 side chain from the bound
ligand by several angstroms.

In contrast, the CO spectrum of AHb1-CO is dominated by the
As-like stretching band Ajgy;, implying that the NeH group of
HisE7 interacts strongly with the heme-bound CO, unlike in the
minor Ajgsg and Ajgeg conformations. The fraction of Ajgs9 in
the CO spectrum increases when the pH is lowered, which, as is
well-known for MbCO (32, 34), indicates an A(-type conforma-
tion. These findings also agree with room-temperature resonance
Raman experiments with the CO complex of AHb1 (46). For wt
AHbI-CO, bands at 533 and 1923 cm™ ' were assigned to the vpec
and vco modes, respectively, on the basis of '*C/'*C isotopic
substitution. High vg.c frequencies in combination with low vco
frequencies signal a polar environment of the bound CO (53). The
Vrec and veo bands at 501 and 1964 cm ™! in mutant AHb1-CO
HisE7Leu indicate a reduced polarity in the distal cavity in this
variant, thus confirming that HisE7 is the residue that places a
positive partial charge near the heme-bound CO in wt AHbI (54).
The lower frequency of Ajgs9 in comparison with that of the A
conformation of MbCO at 1966 cm ™' (48, 55) likely arises from the
presence of the phenylalanine side chain close to the bound CO.

The high frequency of the minority band Ajgeg indicates
a weak electrostatic interaction of the CO in the heme pocket,
but its pH dependence implies that the HisE7 side chain is not

protonated and thus resides in the heme pocket. A weakly
populated subconformation with these properties was also found
in MbCO and assigned to the neutral H64°>'®" conforma-
tion (34), in which the imidazole is protonated at Ne but rotated
by 180° so that the hydrogen on Ce is proximal to the CO.
Oldfield and co-workers (56) showed that this conformation
interacts minimally with the CO. They erroneously assigned A, to
this conformation because they did not consider HisE7 proton-
ation, and the structural changes associated with A, had not yet
been determined (32). Kushkuley and Stavrov (19) also calcu-
lated only a small blue shift for this species (3.5 cm ™).

Replacement of PheB10 with Leu in AHbI significantly
increases the relative population in the Ag-like conformation
Ajges (Figure 2B); ~50% of the molecules remain in an Aj-like
conformation, with a stretching frequency that is even lower
than that of the wt protein (Figure 2B). This result agrees
with observations made with room-temperature resonance
Raman spectra (54). Comparable changes in the ratio of the
Ag- and As-like subconformations have also been reported
upon replacement of PheB10 with Leu in murine neuroglobin
(Ngb) (36) and nonsymbiotic rice Hbl (57). Apparently, the
presence of the bulky PheB10 leads to a marked stabilization of
the As-like conformation in which the HisE7 side chain resides in
the heme pocket. In agreement with this conclusion, replacement
of LeuB10 with Phe in MbCO (pH 7) leads to a substantial
stabilization of the Aj; substate (36). In addition to this effect, a
small additional band emerges in the AHb1 spectra at 1950 cm ™",
which may represent A;-like molecules, with the HisE7 slightly
farther from the bound CO as compared to As.

CO at Primary Docking Site B. After illumination for a few
seconds at 4 K, photolyzed CO ligands in heme proteins are
predominantly trapped in primary docking site B near the heme
iron (58—60). After photolysis of AHb1-CO (pH 7.8), CO ligands
at site B give rise to a dominant photoproduct band at 2128 cm ™
additional small bands are present at 2118, 2122, and 2138 cm ™"
(Figure 2A and Table 1). The photoproduct spectrum of
PheB10Leu AHbI-CO at pH 7.5 can be modeled with four
bands at 2118, 2128, 2135, and 2144 cm™' (Figure 2B). The
photoproduct band of AHb2-CO is asymmetric, with a shoulder
on the low-frequency side, and can be modeled by two bands at
2126 and 2131 em™" (Figure 2C).

Ligand rebinding from site B is observed in TDS experiments
started immediately after a 10 s illumination at 4 K. Contour
maps for AHbI-CO (pH 7.8) are plotted in Figure 3A,B.
Rebinding in the A 9y band begins at ~30 K, peaks at ~65 K,
and extends beyond 100 K. The absorption increase at 1921 cm ™"
is accompanied by a loss in the photoproduct band at 2128 cm ™",
confirming that CO ligands contributing to B,;,g rebind to the
conformation associated with Ajg>; (Figure 3B). In the high-
frequency bands of AHb1-CO, Aj9s9 and Ajoeg, ligands start
to rebind from site B already at the lowest temperatures,
with maxima at 15 and 50 K. The process is completed at ~80 K.
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FiGure 3: TDS contour maps of AHb1-CO at pH 7.8. Data were recorded (A and B) after a 10 s illumination at 4 K, (C and D) after a slow
cooling from 160 to 4 K under continuous illumination, and (G and H) after a slow cooling from 160 to 100 K under continuous illumination and
cooling to 4 K in the dark. (A, C, and G) Absorption changes in the bands of heme-bound CO. (B, D, and H) Absorption changes in the
photoproduct bands. Contours are spaced logarithmically; black and red lines represent increasing and decreasing absorption, respectively.
(E and F) Difference contour maps calculated from the data in panels A and C and panels B and D, respectively.
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respectively.

The small population leads to very small photoproduct bands
that cannot be separated from the features of the dominant B,;»g
population in the contour map.

In mutant PheB10Leu AHb1-CO, ligands rebind at 70 K in
Ajg19 (Figure 4A) after a brief 4 K illumination. In the photo-
product map (Figure 4B), the band at 2145 cm ™" loses intensity
with the same temperature dependence as A 919, 0 it is clear that
these photodissociated CO ligands absorb at 1919 cm™" after
rebinding. The similarly shaped red and black features peaking at
15 K indicate a population exchange between two photoproduct

species, Byjjg and Bjj4s, and not rebinding. Apparently, HisE7
produces a strong VSE splitting of 27 cm™' when the protein is
in the Ajg;9 conformation, and the CO fraction contributing
to B,yg reorients within site B before subsequently rebinding at
~70 K. Rebinding in Agg4 Occurs in two steps, with maxima at
5 and 35 K (Figure 4A). The amplitude loss of the photoproduct
band at 2130 cm ™" has the corresponding temperature depen-
dence (Figure 4B), suggesting that ligands contributing to the
2130 cm ™! band rebind in A gg4. As the HisE7 side chain is rota-
ted out of the pocket in Ajgg4, the Stark splitting is absent (/4).
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The results obtained with PheBl0Leu AHb1-CO raise the
question of why such a strong VSE splitting occurs in this mutant,
but not in the photoproduct spectrum of A9,y in wt AHb1-CO.
Indeed, the mutant behaves like MbCO, where the low-fre-
quency, Az band is also associated with a strongly split photo-
product doublet (49). The low stretching frequency of the heme-
bound CO implies a strong interaction with the bound ligand.
Upon photolysis at 4 K, we do not expect major displacements of
the HisE7 side chain because large-scale protein dynamics is
arrested (39, 40). The observation that HisE7 in wt AHbI-CO
apparently does not lead to a strongly split Stark doublet of
photoproduct bands suggests that the photodissociated CO in wt
AHDbl is trapped at a position different from that in PheB10Leu
AHDI1 and MbCO, so that it does not sense the presence of
HisE7. Support for this assertion comes from recent studies of
ligand migration in carbonmonoxy neuroglobin (NgbCO), where
it was shown that the PheB10 side chain actually splits the
primary docking site into two sites, B" and B, with B’ remote
from HisE7 (61, 62). In molecular dynamics simulations
of photodissociated NgbCO, ligands migrated only to site B/,
in which a small Stark splitting was observed experimentally and
by theoretical calculations of the spectra based on the simula-
tions; B” was not populated. In NgbCO mutant PheB10Leu, CO
ligands were observed in site B”; the photoproduct spectra
displayed additional bands, and the overall spectrum covered a
much wider frequency range.

Rebinding in AHb2-CO peaks at ~25 K, as seen in the contour
map of the heme-bound CO (Figure 5A) and from the loss of the
corresponding photoproduct band at ~2130 cm ™" (Figure 5B).
As for Aj9s9 of AHDI, a Stark splitting of the band is absent. We
note that the contours at ~1910 cm™ ' in Figure 5A represent
rebinding of 13CO in A gs5 rather than a different conformation.
This band is enhanced because of the logarithmic contour level
spacing but hardly visible in the photolysis difference spectra in
Figure 2C.

CO rebinding in the A; conformations of wt and mutant
PheB10Leu AHbI proteins occurs at much higher temperatures
than in A,. With the Arrhenius prefactor (4 = 10°*s™") from
flash photolysis experiments on AHb1-CO in the visible region at
cryogenic temperatures (data not shown), we can estimate the
peak enthalpies of the barrier distributions that describe rebind-
ing from site B (47, 48). We note that the prefactors vary a bit
between the different A states (55, 63), and experiments in the
visible average over these effects. For Az of wt AHbI, the TDS

data can be modeled with two Gaussian barrier distributions,
with a AH i of 13.5kJ/mol and a AH e,k of 18.3 kJ/mol. For
A; of AHbI mutant PheB10Leu, the temperature dependence of
rebinding can be modeled with a single enthalpy barrier distribu-
tion, with a AH ¢, of 15.9 kJ/mol. In contrast, recombination in
Ay molecules of both AHbl and AHb2 is associated with much
smaller enthalpy barriers, described by a distribution peaking at a
AH i of 7.9 kJ/mol. These observations resemble those made
with MbCO, where CO ligands encounter peak enthalpy barriers
of 18.6 (A3) and 8.7 kJ/mol (Ay) (64). Steric effects of the HisE7
side chain in the A substates modulate the energy barriers (65):
the closer the HisE7 side chain to the heme iron, the higher the
barrier at the iron and, therefore, the recombination temperature.

Secondary Docking Sites. Slow-cool illumination has a pro-
nounced effect on the photoproduct spectrum of wt AHb1-CO
(Figure 2A, red line). Comparison with the 4 K photoproduct
spectrum shows that two new bands have emerged at 2127 and
2140 cm ™', suggesting that at least one additional docking site is
accessible to CO ligands. The spectral change is less pronounced
for PheB10Leu AHb1-CO (Figure 2B, red line), and no change is
visible at all for AHb2-CO (Figure 2C, red line). Apparently,
ligand trapping in an additional CO docking site is most efficient
in wt AHbI.

In the TDS contour maps obtained after extended illumina-
tion, recombination in A9>; of AHDI clearly occurs in two steps
(Figure 3C). A minor fraction of the ligands still rebinds from the
primary docking site B at ~60 K, but the majority returns from
another site at 140 K, which we denote as site C. Rebinding in
high-frequency bands Aj9s9 and Ajggg is essentially unchanged.
To amplify the changes in the recombination behavior due to the
different illumination protocols, we have calculated the difference
between the two maps plotted in panels A and C of Figure 3
(Figure 3E). After slow-cool illumination, the extent of rebinding
at ~60 K has decreased, as indicated by the red contours, and
increased at ~140 K (black contours). Minute effects are also
seen for Ajgso; no difference signal related to Ajggg is visible.

The photoproduct map (Figure 3D) obtained after slow cool-
ing displays two rather narrow features at 2127 and 2140 cm ™",
which span the entire temperature range from 4 to 160 K. From
30 to 80 K, the contours at 2127 cm ™! are broadened due to
residual rebinding from site B, best seen from the black contours
at ~60 K in the difference map in Figure 3F. The red and black
contours at ~10 K (Figure 3D) that appear like mirror images
again represent ligand reorientation within a docking site.
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To exclusively populate ligand docking site C, the slow-
cool protocol was modified such that the photolysis laser was
switched off at 100 K and the remainder of the cooling to
4 K was done in the dark. This procedure ensures that
rebinding from site B happens during cooling of the sample
in the dark, and only those ligands that, during the illumination
phase, were trapped at sites with high barriers against rebind-
ing remain photolyzed and contribute to the TDS signal. The
resulting A state TDS map (Figure 3G) indeed displays only
rebinding in A;¢,; at 140 K. The corresponding photoproduct
map, however, displays absorption changes in the photo-
product bands at 2127 and 2140 cm ™" starting from the lowest
temperatures (Figure 3H). A similar observation has been
made with an MbCO mutant and analyzed in detail (27, 42).
The loss in absorption up to ~100 K is not related to rebinding
but rather to librational motions of the CO, which can assume
two opposite orientations at site C.

Rebinding of CO from the different docking sites in heme
proteins is often visible from discrete steps in kinetic experi-
ments (63, 66—68). Interestingly, flash photolysis experiments
with AHb1-CO in highly viscous solvents performed in the visible
region also showed multiple kinetic features (69). However, the
rebinding processes observed in the TDS contour plots (Figure 3)
cannot be unambiguously assigned to kinetic features in flash
photolysis data recorded in the visible region. The kinetics are
governed by barriers for rebinding at the heme iron and barriers
for migration between different docking sites, which gene-
rally vary between the different A conformations. Experiments
in the visible, however, do not distinguish between these con-
formations.

We have also investigated NO migration in AHb1 with FTIR-
TDS. After a 10 s illumination, NO ligands rebind at 18 K; slow-
cool illumination shifts the temperature of maximal rebinding to
~20 K (Figure SIB of the Supporting Information). In addition,
recombination is stretched out to ~100 K, indicating that states
with higher recombination barriers have become populated.
However, no distinct second rebinding maximum has developed,
which suggests that site C is not accessible to NO in AHbl. In
contrast, essentially all NO ligands can be trapped in site C after
slow-cool illumination of MbNO (70).

After the slow cooling of PheB10Leu AHb1-CO under light,
additional weak contours associated with A qe4 are noticeable at
100 K, indicating that, in the A;944 substate, only a small fraction
of ligands have migrated to site C (Figure 4C). The photoproduct
map (Figure 3D) displays an extension of the correspond-
ing feature at 2130 cm ™' (Figure 3B) toward higher tempera-
tures. Rebinding in A 919 occurs with two populations at ~70 and
~140 K. Thus, in Aj, ligands have become trapped at site C,
where they give rise to a doublet of bands at 2128 and 2145 cm ™'
(Figure 4D). The black contours at ~2145 cm™' and 15 K
indicate that CO ligands rotate in site C. Reorientation in B, g at
15 K is absent under slow-cool illumination. Apparently, CO
molecules in site B are maintained in the thermodynamically
favored orientation under these conditions.

The maps of AHb2-CO generated after slow-cool illumination
from 160 to 4 K do not show any discrete additional features as
compared to those taken after a 10 s illumination (Figure 5C,D),
which implies that secondary sites are essentially inaccessible to
ligands in AHb2-CO. Comparison with the contour map after
brief illumination (Figure 5A) shows, however, a tail extending to
higher temperatures for the TDS feature of A 9ss. Similar effects
were observed for MbCO, where extended illumination at 25 K
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(“pumping”) altered the barrier distribution for ligands rebinding
from site B (43). The modified CO rebinding under light
irradiation not only can arise from ligand migration but also
can reflect light-induced changes of the barrier to the heme iron.
The inability to populate a second transient docking site in AHb2
is in line with observations from room-temperature flash photo-
lysis experiments in high-viscosity solvents, where kinetic signa-
tures of ligand migration to alternate docking sites were entirely
absent (71).

Our FTIR-TDS data reveal that only As-like AHb molecules
can efficiently trap CO ligands at a secondary site C (Figures 3C
and 4C). Rebinding from this site in the A3 conformations of
AHb1 and PheB10Leu AHb1 occurs at ~140 K. Most likely, site
Cin AHb corresponds to site C in the back of the distal pocket in
Mb (68, 72, 73), which is secluded from site B by residue B10. This
assignment is supported by the observation that the photopro-
duct bands of wt and PheB10Leu AHDbI1 differ in their stretching
frequencies (2127 and 2140 cm™' for AHb1 and 2128 and 2145
em” ' for PheB10Leu AHb1), indicating modified interactions.
In the Ay-like conformations of AHb1-CO, CO molecules do not
populate secondary site C. This behavior is different from that of
MbCO, where at least a small fraction of CO molecules reaches
docking sites C and D in the A, conformation (43). The TDS
maps of AHb2-CO, which solely exists in a single conformation,
do not display a spectral signature of rebinding from an alter-
native docking site (Figure 5).

Implications for Possible Functions. The UV—visible ab-
sorption spectra of the AHb proteins show that ferrous AHb2 is
fully hexacoordinated in the absence of exogenous ligands,
whereas deoxy AHDb1 is a mixture of hexa- and pentacoordinated
species. The higher affinity for the endogenous HisE7 imidazole
in AHb2 arises from a higher HisE7 on rate, whereas the off rates
are essentially identical (46). Molecular dynamics studies suggest
that these differences may arise from different flexibilities of
the polypeptide chains (F. Spyrakis and F. J. Luque, personal
communication). In particular, the CD loop is much more
flexible in the case of AHb2 and facilitates the pistonlike move-
ment of helix E to allow binding of HisE7 to the heme iron.
This same movement, just in the opposite direction, would
also explain the apolar environment, leading to a high stretch-
ing frequency of heme-bound CO in AHb2-CO after photolysis
at4 K.

Nanosecond laser flash photolysis experiments at 290 K have
provided insights into the ligand binding process in AHb1 and
AHDb2 at physiological temperatures (46, 71, 74). In AHb1-CO,
the initially generated pentacoordinate species rebinds CO in a
bimolecular process (at 1 atm of CO, corresponding to I mM CO
in the solvent) before HisE7 can coordinate to the iron, with a
K coof 1.22uM™'s™! In AHb2, ~30% of the CO ligands rebind
geminately. Subsequently, HisE7 and CO ligands reentering
from the solvent compete for the binding site, with a k'co of
29.9 uM ™' 57! (46). At 1 atm of CO and 290 K, <5% of the
AHb2 molecules bind HisE7. This fraction increases to ~70%
once the CO concentration is similar to the protein concentration
used in the experiment (~10 yM). In a final step, HisE7 is
replaced with CO. This step is rate-limited by HisE7 dissociation
lomis = 1257 (46)].

In this work, we have observed that two different conforma-
tional substates predominate in AHb1-CO, which we call Ay-like
and Aj-like in accordance with those found in MbCO. In the
latter protein, these two subconformations have markedly dif-
ferent ligand binding kinetics (55, 63) because of two effects.
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(1) The HisE7 imidazole sterically interferes with ligand binding
to the heme iron when it resides inside the heme pocket in A
and As, and (ii) the HisE7 side chain opens a channel to the
outside when it is in the A, conformation so that ligand entry
and exit may be facilitated (75). In general, they both affect the
rates of physiological ligand binding and are difficult to
entangle because the substates interconvert on the micro-
second time scale (63, 76).

Comparison of the FTIR data presented here with the CO
rebinding kinetics of the wt, PheB10Leu, and HisE7Leu AHDb1
proteins shows the pronounced influence of HisE7 on the
binding kinetics. The higher the relative fraction of A-like
molecules (~10% for wt, ~60% for PheB10Leu, and 100% for
HisE7Leu), the higher the ligand association rate coefficient
(K cowt)=1.22uM ™' s™" k' co(PheB10Leu)=5.17 uM ~'s™",
and k' co(HisE7Leu) = 36.6 uM~' s7'] (54). AHb2-CO
also exists exclusively in a conformation in which the HisE7
imidazole does not sterically hinder ligands and, consequen-
tly, exhibits fast bimolecular association kinetics (k'co =
299 uM~ts7h.

The enthalpy barrier distributions corresponding to Agand A;
in AHb1 differ markedly. The increase in the enthalpy barriers of
A3 by ~5—10 kJ/mol with respect to A, accounts for a change in
the room-temperature association rate by factors of 7—50 and
thus contributes to the observed factor of 30 (wt vs HisE7Leu) to
a major extent. In addition, ligand exit and entry may also be
facilitated in the A, conformation. However, we note that the
geminate yield increases with the A, fraction in flash photolysis
experiments with AHb1 (54), indicating that the effect of
enhanced geminate rebinding from site B due to the low enthalpy
barriers in A is not balanced by an enhanced escape due to an
open exit channel.

The conformation of the HisE7 imidazole has an additional
consequence in AHbI-CO: it also controls ligand migration
within the protein. Our results show that CO ligands can be
trapped efficiently at secondary ligand docking site C only in A;.
Presumably, migration of the ligand from B to C requires a
sufficient residence time in B to occur with a reasonable yield.
This finding agrees well with ligand migration studies of wt
MDCO, in which only a small fraction of ligands can be trapped
at site C in the A, conformation (43). In Mb mutant HisE7Leu,
~50% of all ligands are found in site C; site D is not popu-
lated (70). This steric effect of HisE7 apparently does not play a
role in binding of NO to AHbI. In both A3 and A, rebinding
barriers are very low, and we were not able to populate site C to
any detectable extent.

For Mb, internal cavities have been suggested to act as
reservoirs to efficiently supply NO to the oxyferrous protein,
thus increasing the turnover for NO oxidation (77, 78). At
cryogenic temperatures, it was not possible to trap NO in site C
of AHb1, which may be a potential NO storage site. Molecular
simulations on ligand migration in AHb1 have shown, how-
ever, that binding of O, facilitates the formation of a pathway
through the protein leading from the distal cavity to the bulk
solvent (46). This pathway could enable NO to settle in site C,
approach the bound O,, and react to the harmless NO3 . For
AHDb2, the lack of secondary docking sites for the photodisso-
ciated CO, both at cryogenic and physiological temperatures,
strongly suggests that this protein is not involved in NO
dioxygenase reactions, at least by means of a mechanism that
relies on the supply of the secondary metabolite from internal
storage sites.
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SUMMARY AND CONCLUSIONS

The stretching spectra of heme-bound CO have revealed
pronounced differences in the active site properties of AHbI-
CO and AHb2-CO. In AHb1-CO, the spectrum is dominated by
high- and low-frequency, A(- and As-type stretching bands. At
physiological pH, the HisE7 side chain is in close contact with the
CO ligand in the majority As-type conformation. In contrast,
there is only a single, high-frequency CO band in AHb2-CO,
which clearly shows that the HisE7 side chain does not interact
with the ligand in this protein.

Geminate CO rebinding from docking site B near the heme
iron of wt and mutant PheB10Leu AHb1-CO proteins occurs at
much higher temperatures in the A; conformation than in the A
conformation. Analysis of the temperature dependence in terms
of enthalpy barriers yields two Gaussians centered at 13.5 and
18.3 kJ/mol for A, whereas the A barriers can be modeled by a
single Gaussian centered at 7.9 kJ/mol. This value is also
obtained for the barrier in AHb2-CO. On the basis of previous
studies with MbCO, we attribute the differences between A, and
Aj; mainly to steric conflicts exerted by the HisE7 side chain that
constrain ligand access to the heme iron. Because of their
different rebinding properties, the population ratio of A, and
Aj governs the kinetics at room temperature.

Our FTIR-TDS measurements reveal that only As-like
AHD molecules can efficiently trap CO at a secondary site C
(Figures 3C and 4C), from where the ligands rebind at ~140 K.
Site Cin AHb most likely corresponds to site C in the back of the
distal pocket in Mb (68, 72, 73), which is secluded from site B by
residue B10. In the Ay-like conformations of AHbI-CO, CO
molecules do not populate secondary site C. AHb2-CO does not
display a spectral signature of rebinding from an alternative
docking site (Figure 5). In recent reviews, plant Hbs have been
assigned to different classes based on the CO stretching fre-
quency, the oxygen affinity, and the extent of hexacoordina-
tion (52, 79, 80). This study adds another criterion to the
classification of plant Hbs, i.e., the accessibility of secondary
docking sites. The different ligand migration properties suggest
that AHbl may play a role in NO oxidation, whereas this
function appears rather unlikely for AHb2.

In this work, we have employed FTIR spectroscopy at cryogenic
temperatures to analyze ligand migration and binding in hemo-
globins. This approach has clear experimental advantages: rate
processes in proteins are thermally activated and can, therefore, be
slowed when the temperature is lowered so that we can perform
essentially steady-state experiments with an excellent signal-to-
noise ratio. In addition, by proper choice of temperature and
illumination protocols, reaction intermediates can be enhanced
and studied in detail (43—45). Temperature-dependent changes in
spectral bands also provide a wealth of additional information
about protein dynamics (8/, 82) as well as ligand dynamics and
binding (27, 31). While a large number of low-temperature studies
of rate processes in proteins exist in the literature that have
contributed enormously to our understanding of protein dynamics
and function, some researchers may still argue that the results of
low-temperature studies are of limited or no relevance for the
physiological function of a protein. However, ligand binding in
heme proteins, especially Mb, is a particularly vivid example for
the relevance of low-temperature studies (24—26, 31, 47, 68, 83),
which helped elucidate protein—ligand interactions long before
these processes could be observed with fast time-resolved experi-
ments at physiological temperatures (73, 84—388).
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SUPPORTING INFORMATION AVAILABLE

FTIR photolysis difference spectra of ferric AHb1-NO and
temperature dependence of the integrated absorption changes
calculated from the TDS data of AHb1-CO and ferric AHb1-NO.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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