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ABSTRACT: The FTIR spectra for alkyl isocyanides (CNRs) change from a single vcn band centered at
~2175cm ™" to two peaks at ~2075 and ~2125 cm™ ' upon binding to sperm whale myoglobin (Mb). The low-
and high-frequency peaks have been assigned to in and out conformations, respectively. In the in
conformation, the ligand is pointing toward the protein interior, and the distal His64(E7) is in a closed
position, donates a H-bond to the bound isocyano group, enhances back-bonding, and lowers the C—N bond
order. In the out conformation, the ligand side chain points toward solvent through a channel opened by
outward rotation of His64. Loss of positive polarity near the binding site causes an increase in C—N bond
order. Support for this interpretation is threefold: (1) similar shifts to lower frequency occur for MbCO
complexes when H-bond donation from His64(E7) occurs; (2) only one peak at ~2125 cm ™, indicative of an
apolar environment, is observed for CNRs bound to H64A or H64L Mb mutants or to chelated protoheme in
soap micelles; and (3) the fraction of in conformation based on FTIR spectra correlates strongly with the
fraction of geminate recombination after nanosecond laser photolysis. The in alkyl side chain conformation
causes the photodissociated ligand to be “stuck” in the distal pocket, promoting internal rebinding, whereas
the out conformation inhibits geminate recombination because part of the ligand is already in an open E7

channel, poised for rapid escape.

Alkyl isocyanides (CNRs)' were the first chemical probes of
the size of the ligand binding pockets in hemoglobins (Hb) and
myoglobins (Mb) (1, 2). These compounds are Lewis bases that
form strong coordinate bonds to Fe(II) through the :C"=N"—R
isocyano group. They have a configurable organic (R) side chain
and have been used for nearly 60 years in increasingly refined and
varied biophysical studies to measure steric constraints within the
binding pockets of wild-type and mutant Mbs and Hbs.

Linus Pauling’s group measured the affinity of branched-chain
alkyl isocyanides for Mb and Hb to establish that their heme
groups are not solvent exposed but rather are buried within the
protein matrix (1, 2). Brunori and co-workers studied the effects
of cooperativity and allosteric effectors on the reactivity and
accessibility of the heme iron by varying the ligand size (3, 4).
Evidence for a large open binding pocket in soybean leghemoglobin
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was provided by Stetzkowski et al. (5). Thirteen branched- and
straight-chain isocyanides were used by Olson and co-workers to
create a free energy map of the protein constraints within the
binding pockets of a wide variety of Mbs, Hbs, and cyto-
chromes (6, 7). Over the subsequent 10 years, the roles played
by individual distal pocket amino acids in controlling ligand
binding were explored using nanosecond and bimolecular
rebinding measurements for series of isocyanides and Mb
mutants (§—18). However, these studies did not account for the
possibility of alternate conformations and rebinding reactions for
the larger CNRs.

In the 1990s, Johnson, Smith, Phillips, and Olson (19, 20)
determined multiple MbCNR and HbCNR crystal structures in
an attempt to provide structural interpretations of the earlier
ligand binding results. The structure of ethyl isocyanide (CNC2)
bound to native Mb in P2 crystals at pH 5.6 provided evidence
that the side chain of the distal histidine His64(E7) acted as a
swinging gate to provide access for ligands to the binding
pocket (21). Mb and HbCNC?2 structures were used to explain
the differing rates of NO-induced autoxidation by the oxyge-
nated forms of these proteins (22).

Unexpectedly, the conformations of the larger isocyanides
(CNC3 and CNC4) bound to Mb were markedly dependent on
crystallographic conditions (23), and therefore their usefulness in
explaining solution-based measurements was limited. As a sup-
plement to these kinetic and structural studies and in an effort to
understand the complex X-ray crystallographic data, we tried to
acquire FTIR spectra of n-butyl isocyanide (CNC4) bound to
native Mb (T. Liand J. S. Olson, unpublished). The absorbance
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of the bound C=N stretching frequency (vcn) was weak, broad,
and discouraging compared to the results that were concurrently
being obtained for MbCO complexes (24, 25). However, in 2001,
Lee et al. (26) observed well-resolved single peaks for CNC4
bound to P450,,,, and P450,,,, which prompted us to repeat our
experiments with Mb isocyanide complexes using newer Fourier
transform IR instrumentation and an expanded series of ligands
and mutant proteins.

The FTIR spectra for each MbCNR complex tested (CNC1—
CNC6) contain at least two broad but resolvable vcy absor-
bances near 2075 and 2125 cm™!, and their intensities are
dependent on the CNR size. The peaks can be assigned to in
and out conformations of the ligand side chain. The relative
occupancies of these conformations appear to depend on a
combination of distal pocket crowding, hydrogen bonding, and
unfavorable hydrophobic interactions.

This observation of two interconverting bound CNR confor-
mations in solution explains (a) the originally puzzling X-ray
crystallographic data of Johnson (/9) and Smith (20) that is now
presented in the second paper of this series (23), (b) the
dependence of ligand affinity on the length of the alkyl side
chain (7), and (c) the dependence of the fraction of nanosecond
geminate recombination on ligand size (27). Together, these
results confirm that CNRs enter and exit the binding pocket by
way of the His64(E7) channel and imply that the FTIR spectra of
globin-bound CNRs may be used to report on the binding pocket
size and the ease of opening of the distal histidine gate, as shown
for Mb mutants in the third paper of this series (28).

MATERIALS AND METHODS

Myoglobin Samples. Wild-type recombinant Mb was ex-
pressed in Escherichia coli and purified as described by Springer
and Sligar (29) and modified by Carver et al. (18). Its sequence
differs from the native protein by the addition of an N-terminal
methionine to allow translation in E. coli and an originally
incorrect DI122N substitution. These amino acid changes do
not significantly change the solution ligand binding kinetics for
gaseous and CNR ligands (/0) or FTIR spectral properties of
MbCO (30).

Alkyl Isocyanides, Gases, and Model Heme. The alkyl
isocyanides were synthesized by our group or by Mark Har-
grove’s group at Towa State University using the methods of
Casanova et al. (6, 31, 32), and their purity was assessed by
NMR. [*H;]Ethylamine (Merck Sharp & Dohme, Canada; 98%
’H incorporation) was used to make the perdeuterated ethyl
isocyanide (32). The CNRs were stored at —20 °C. Cylinders of
0,, CO, and NO were purchased from Matheson Trigas
(Parsippany, NJ) in ultra-high-purity form. The model heme
protoheme mono-3-(1-imidazoyl)propylamide monomethyl
ester (Hm) was prepared following the procedure of Traylor
et al. (33, 34).

Suspensions of Hm in soap micelles were prepared by stirring
overnight ~0.2 mg of Hm with 150 uL of 5% (w/v) sodium
dodecyl sulfate (SDS) or trimethyl(tetradecyl)ammonium bro-
mide (TMTA) in 100 mM sodium phosphate, | mM EDTA, pH
7.0 buffer. The suspension was then filtered and gave a final
concentration of ~1—2 mM hemin, as assessed by diluting a
small volume in an anaerobic 5% soap solution containing a few
crystals of sodium dithionite and measuring the UV—vis spec-
trum (e = 114mM ™" ecm™" at 430 nm (33)). HmCO samples were
prepared by blowing 1 atm of CO over the hemin solutions
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and then reducing the sample anaerobically by the addition of
~10 mM sodium dithionite. The HmCNR samples were pre-
pared by adding a sufficient volume of 20 mM CNR in the same
phosphate buffer to an anaerobic Hm—soap suspension to make
the CNR to Hm ratio 1:1. Larger ratios were used for the
HmCNR titration studies. SDS and TMTA were purchased from
Sigma-Aldrich (St. Louis, MO).

MbCNR Geminate Recombination Measurements. To
prepare the photolysis samples, N,-equilibrated, 100 mM potas-
sium phosphate, | mM EDTA, pH 7.0 buffer was added by
syringe to Ny-equilibrated, septum-stoppered, 1 mm path length
laser cuvettes containing a few grains of sodium dithionite. Stock
solutions of 1—2 mM Mb and 20 mM CNR were added to give
final concentrations of 50—100 M for heme and 100—1000 M
for the ligand. The MbCNR photolysis reaction was (a) initiated
by a 7 ns pulse from a frequency-doubled YAG laser (YM600;
Lumonics, Inc., Billerica, MA), (b) illuminated by a pulsed Xe arc
lamp (model 03—102; Applied Photophysics, Inc., Leatherhead,
U.K.), and (c) followed at 442 nm with a PMT with a 0.9 ns
response time (R-1913; Hamamatsu, Japan). The PMT output
was recorded with a digital Tektronix TDS3052 oscilloscope and
transferred to a PC computer for analysis and fitting. A pulse/
delay generator (model 555; Berkeley Nucleonics Corp., San
Rafael, CA) was used to synchronize the laser, light pulser, and
oscilloscope triggers. The data used for fitting were an average of
multiple time courses (~16—32) that were collected at 20—22 °C.

FTIR Measurements. The samples were prepared by adding
the following solutions by syringe to a N,-purged 250 uL PCR
tube fitted with a rubber septum: ~20 4L of 2—5mM Mb or 1—
2 mM Hm and sufficient volumes of 20 mM CNR and 200 mM
sodium dithionite (prepared in N»-bubbled buffer) to give a Hm:
CNR:dithionite molar ratio of 1:1:5. A typical preparation
involved adding 20 uL of 2 mM Mb, 2 uL of 20 mM CNR,
and 1 uL of 200 mM dithionite. All reagent pH conditions were
maintained using 100 mM potassium phosphate, | mM EDTA
buffer. After gentle vortexing, the 20—30 uL solution was quickly
transferred by pipet and sandwiched between the CaF, windows
of a BioCell IR cell (BioTools, Inc., Canada) with a 40 ym well.
The FTIR spectra were collected in a N,-purged Nicolet Nexus
470 FTIR spectrometer with a liquid-N,-cooled mercury cad-
mium telluride (MCT) detector and an 1800—2400 cm ™" band-
pass filter in the light path. The sample preparations and data
collection were carried out at room temperature (20—22 °C). The
final Fourier transformed spectra were produced from 64 aver-
aged interferograms and have a 1 or 2 cm ™! resolution. Residual
water vapor peaks were subtracted from the spectra using a
control spectrum taken with buffer alone. Baseline corrections
were carried out in Microsoft Excel by fitting to and subtracting
from the raw baseline a fifth power polynomial.

RESULTS

IR Spectra of Alkyl Isocyanides Bound to Mb. There are
two broad overlapping peaks in the FTIR spectra of myoglobin—
alkyl isocyanide (MbCNR) complexes, typically with widths at
half-height of 35—55 cm ™" (Figures 1 and 2). Methyl isocyanide
(CNCI) bound to myoglobin has absorbance maxima at 2083
and 2139 cm ™!, with a small high-frequency shoulder at 2156 cm ™.
The peaks for bound ethyl isocyanide (CNC2) are red shifted
relative to those of methyl isocyanide and occur at 2065 and
2106 cm™'. For the longer straight-chain isocyanides (CNC3—
CNC6), the lower wavenumber absorbance is consistently at
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FIGURE 1: Dependence of the isocyano stretching frequency, vcn incm™ ', on solvent environment, chelation to a model heme, and binding to wt
Mb. The solid black line spectra represent CNRs bound to wt sperm whale Mb. The two absorbance bands in the MbCNR spectra are interpreted
to be structures V and VI in the right panel. The black dashed spectra represent CNRs bound to protoheme mono-3-(1-imidazoyl)propylamide
monomethyl ester (Hm) solubilized in trimethyl(tetradecyl)ammonium bromide (TMTA) micelles. The light and dark gray spectra represent free
CNRs and n-butyl nitrile in 100 mM potassium phosphate, | mM EDTA, pH 7 aqueous buffer and in chloroform (CHCls), respectively. Splitting
of the vy peak for free and Hm-bound CNC2 is due to Fermi resonance (see Supporting Information). The FTIR spectra are normalized by total
area, except for the wt Mb spectra, which are shown at 2x area to aid in visual comparisons. The spectra were collected at room temperature
(22—25°C). CNtCH4 refers to tert-butyl isocyanide and NCC4 to n-butyl nitrile.

~2080 cm ™', but the higher wavenumber peak increases with
ligand chain length from 2111 ecm ™" for n-propyl isocyanide to
2137 em ™" for n-hexyl isocyanide (Table 1, Figures 1 and 4A).

Working from the MbCNR crystal structures of Johnson and
Smith (19, 20, 23), we hypothesized that the lower frequency vcen
bands for the MbCNR complexes are due to the alkyl side chain
of the CNR pointing into the back of the distal pocket. This
ligand orientation allows the distal histidine to hydrogen bond to
the isocyano group (the in conformer; V in Figure 1), which
enhances back-bonding and lowers the order of the C—N bond
and vcn. The higher frequency vy peak is due to the alkyl side
chain pointing toward solvent and pushing the distal histidine out
and away from the bound isocyano group (the out conformer; VI
in Figure 1). This second conformation leaves the isocyano group
in an apolar environment analogous to that seen for the model
heme complexes (IV in Figure 1). These interpretations are
analogous to those made for the various vco bands seen for
MDbCO complexes (refs 24, 35, and 36 and references cited
therein).

The FTIR spectrum of methyl isocyanide bound to Mb
suggests a unique electronic structure and more conformational
disorder than that observed for the larger CNRs. The low-
frequency peak at 2083 cm ™', assigned to the in conformation,
is comparatively broad, and the out conformation peak at 2139
cm~ ' has a shoulder at higher frequency for MbCNCI. The
addition of alkyl substituents to the CNR C1 atom decreases the
bond strength of the zwitterionic isocyanide group through
internal steric and inductive effects (37), as indicated by decreases
inven of 10 and 30 cm ™ for free ethyl and rert-butyl isocyanides,
respectively, from the 2187 cm ™' CNC1 peak for these molecules
in water (Figure 1, left panel; Table 1). Thus, compared to ethyl
isocyanide, CNC1 bound to Mb has a less stable in conformation

because it has a more upright geometry with respect to the heme
plane, which causes steric clashes with His64 in the closed
conformation, and there is increased positive charge on the
nitrogen of the zwitterionic form of the isocyanide group, which
disrupts hydrogen bond donation from the His64 side chain.
Comparisons among the longer CNR homologues are simplified
by their similar electronic and bonding properties.

For the intermediately sized, bound isocyanides, CNC2,
CNC3, and CNC4, the height of the low-frequency peak relative
to that of the high-frequency peak is roughly proportional to the
length of the ligand (Figures 1 and 4A). This trend is consistent
with the low- and high-frequency peaks being due to in and out
conformers, respectively (Figure 1, structures V and VI) because
the larger ligand side chains are expected to be more sterically
restricted within the Mb binding pocket and therefore less stable
in the in conformation.

The low-frequency peaks for MbCNC5 and MbCNC6 have
greater absorbances than that observed for MbCNC4 in spite of
their larger sizes (Figures 2 and 4A). As discussed below and in
the third paper of this series (28), CNC5 and CNC6 are long
enough to reach the solvent phase outside the His(E7) gate, where
their terminal carbons encounter unfavorable hydrophobic
forces. Reisberg (38) and Mims et al. (7) found that the free
energy penalty due to steric hindrance is similar for Mb binding
to CNC4, CNCS5, or CNC6. Presumably, the Xe4 cavity, which is
contiguous with the distal pocket, provides the space needed to
hold the fifth and sixth alkyl carbons for these longer ligands in
the in conformation.

We considered other possible origins of the two peaks in the
MDCNR FTIR spectra, including the presence of unbound
ligands in the hydrophobic protein interior, formation of bis-
CNR heme complexes, and Fe(IIT)-CNR coordination due to
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F1GURE 2: The high-frequency vcn peak in the MbCNR spectra is
due to a population of the bound ligands in an apolar environment.
The black lines represent FTIR spectra for the homologous series
methylisocyanide (CNCI) through pentylisocyanide (CNCS5) bound
to wt Mb (left panel) and H64Q Mb (right panel). These spectra were
compared to those of CNRs complexed to H64A (light gray) and
Ho64L (dark gray) Mb and to Hm in SDS (dark blue) and TMTA
(light blue) micelles, all of which have apolar binding environments.
Note that splitting of the vcn peak for CNC2 bound to H64A Mb,
H64L Mb, and Hm is due to Fermi resonance (see Supporting
Information). The wt and H64Q Mb spectra are shown at 2x their
normalized area to allow better comparisons with the spectra con-
taining narrow single peaks.

oxidation of the sample. To rule out these possibilities, FTIR
spectra were collected for CNRs free in aqueous solution, in
organic solvents, and in soap micelles and for CNRs bound to a
pentacoordinate model heme with a covalently attached imida-
zole group that acts as a proximal ligand. These data and the
arguments against alternative interpretations of the multiple vy
bands for the MbCNR complexes are presented in detail in the
Supporting Information.

The key observations from these control experiments are as
follows. (a) The free isocyanides in apolar solvents, which should
mimic noncovalently bound CNRs in the protein matrix, show
bands in the 2150—2170 cm ™' region. The position of these free
isocyanide bands are 20—30 cm ' higher than the highest
frequency ven peaks seen in the spectra for the MbCNRs
complexes (Table 1, Figure 1). (b) The splitting of the free
CNC2 vy band in buffer is due to Fermi resonance with a
vibrational mode of the ethyl side chain, and this splitting can
sometimes complicate interpretation of data for mutant com-
plexes (Figure 1 in the Supporting Information). (c) The vy
band for the bis-CNC4-heme complex of the model heme is at
2142 cm ™", which is 30 cm ™" higher than the second band seen in
the MbCNC4 spectra (Table 1, Figure 2 in the Supporting
Information). (d) The vcyn band for CNC4 bound to the ferric
form of the model heme is at 2230 cm ™" and very weak (Figure 2
in the Supporting Information).

Evidence Supporting Assignment of the vcy Peaks to
the in and out Conformations in wt MbCNRs. The out
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Table 1: Peak Wavenumbers for the Spectra Presented in Figures 1—4¢

141 V> V3 Vs Vs
CNR/conditions (em™)  (em™h) (ecm™) (em™)  (em™h

phosphate buffer”
NCC4 2254
CNC1 2187
CNC2 2168/2185¢
CNC3 2173
CNC4 2173
CNC5 2173
CNtC4 2158
chloroform
NCC4 2252
CNCl1 2170
CNC2 2156/2179¢
CNC3 2157
CNC4 2154
Hm in 5% TMTA micelles
CNCl1 2142
CNC2 2094/2120¢
CNC3 2117
CNC4 2117
CNC5 2118
Hm in 5% SDS micelles
CNC1 2143
CNC2 2100/2128¢
CNC3 2122
CNC4 2121
CNC5 2122
H64A Mb
CNC1 2140
CNC2 2092/2114¢
CNC3 2106
CNC4 2108
CNC5 2112
H64L Mb
CNC1 2125
CNC2 2090
CNC3 2114
CNC4 2106
CNC5 2108
wt Mb
CNCl1 2083 21397
CNC2 2065 2106
CNC3 2077 2112
CNC4 2083 2113
CNC5 2081 2131¢
CNC6 2078 2137
H64Q Mb
CNC1 2068 2142
CNC2 2061 2108
CNC3 2079 2125
CNC4 ND/  2105/2127¢
CNC5 2073 2106/2138%

“Wavenumbers are measured from spectra with resolutions of +1 or
+2cem™!. ?Aqueous solutions include 100 mM KP; (NaP; for micelles) and
1 mM EDTA, pH 7.0. “This peak is split due to Fermi resonance (see Sup-
porting Information). “This peak has a small shoulder at 2156 cm™'. “The
high-frequency peak of pentyl isocyanide is a crude estimate because the
band occurs as a long flat shoulder with no clear maximum. “Not detec-
ted. ¥Two peaks appear above 2100 cm ™.

conformation of MbCNR places the isocyano bond in an apolar
environment that can be modeled with isocyanides bound to the
pentacoordinate model heme in micelles. The single vcn peaks
for the HmCNRs in micelles coincide with the higher ven &
2125cm™ ! frequency bands observed for the MbCNRs (Figure 2,
Table 1). These results strongly support assignment of the high-
frequency band of MbCNRs to the out conformation (Figure 1,
structure VI). No polar residues are near the isocyano group
when its alkyl side chain points outward because the distal
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histidine side chain is pushed out into solvent, opening the
His(E7) gate. When the ligand side chain points inward and
His(E7) is rotated into the distal pocket, the imidazole Ne—H
appears to donate a strong hydrogen bond to the bound CNR,
which increases back-bonding and decreases the C=N bond
order and vcn. The presence of this electrostatic interaction
provides a simple explanation of the low-frequency vy peak
assigned to the in conformation.

Further proof of the assignment of the high-frequency band
was achieved by examining Mb mutants, in which the distal
histidine was replaced by leucine and alanine, creating an apolar
active site regardless of the orientation of the ligand side chain. As
shown in Figure 2, the vcy values for CNC1—CNCS5 bound to
H64L and H64A Mb are near those for the peaks seen for the
HmCNRs and overlap with the high-frequency peaks of the
corresponding wt MbCNR complexes. The variation of the ven
peak values among the HmCNR, H64A MbCNR, and H64L
MDbCNR complexes is due to small differences in the mechanical
and electric forces acting upon the bound isocyano group.
Changing the size and shape of the E7 side chain can alter the
Fe—ligand bond angles through direct steric hindrance.
Although the binding sites of these complexes are mostly apolar,
H64A Mb allows water molecules to approach the bound ligand
through the E7 opening, and the negatively charged SDS and
positively charged TMTA headgroups alter the electric fields
near the surface of their respective micelles. However, none of
these complexes have a second, low-frequency ven peak,
which appears in the FTIR spectra of wt MbCNRs due to a
hydrogen bond between His(E7) and the CNR ligand in the in
conformation.

The more conservative H64Q mutation was used to test the
importance of hydrogen bond donation from residue E7 in the
Stark splitting observed for the vy peak of MbCNRs. As shown
in the right panels in Figure 2, both high- and low-frequency
peaks appear in the FTIR spectra of H64Q MbCNCI1-5. A
“third” peak between the low- and high-frequency peaks is
present in the spectra for the longer ligands, CNC4 and CNCS.
An interpretation of this middle peak is not immediately evident,
but the greater flexibility of the glutamine side chain may create
multiple electrostatic environments for the bound isocyano
group. The general pattern of in and out peak intensities for
the H64Q MbCNC1—MbCNCS series is similar to that for the
wt MbCNRs. Bound CNC1 has a relatively large high-frequency
ven peak. Increasing the ligand side chain from C2 to C4
increases the intensity of the high-frequency out peak, presum-
ably due to a more effective expulsion of the GIn(E7) side chain
outward into solvent and a progressively greater occupancy of
the E7 channel by the CNR alkyl group. The hydrophobic force
acting on the out CNCS5 conformer causes this trend to reverse,
and H64Q MbCNCS has a larger low-frequency vcn component
than does the CNC4 complex.

As a final test of the peak assignments, we examined the effects
of pH on the FTIR spectra of wt MbCNR. There are no changes
between pH 7 andpH 9, but significant increases in the high-
frequency out conformation are observed as the solutions are
acidified (Figure 3). As pH is lowered from 7.0, an increased
proportion of the distal histidine side chains becomes protonated
and swings outward to become solvated. This conformational
change was observed in MbCO crystals at pH 4.0 (39), and the
apparent pK, of His(E7) has been estimated to be ~5 based on
pH-dependent changes in MbCO IR and RR spectra and in
rates of ligand binding (40—42). The increase in intensity of the
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FiGure 3: FTIR spectra for CNC1, CNC3, and CNC5 bound to Mb
at neutral and low pH. The spectra for the complexes at pH 7.0 (black
lines) are overlaid with those atlow pH (5.9, 5.4, and 5.9, respectively;
gray lines). Acidic pH increases the percentage of protonated His(E7)
side chains and causes the imidazole side chain to rotate away from
the bound ligand and into solution (39, 43). The samples contained
3—4 mM MDbCNR in 0.1 M potassium phosphate buffer and were
analyzed at room temperature.

high-frequency band of the MbCNR complexes at lower pH
confirms its assignment to an out conformation, with His(E7)
pointing out into solvent. Unfortunately, the MbCNR complexes
are unstable at pH values below ~35.5. At lower pH values, bis-
CNR complexes form, leading to heme extraction and precipita-
tion of the globin. The bis-CNR heme complex is extremely
stable. Even small increases in proximal His(F8) protonation
facilitate the binding of a second isocyanide, and these reactions
become faster and more dominant for the more hydrophobic
long-chain CNRs (/1).

Ligand Recombination versus Escape after Flash Photo-
lysis Supports the in versus out IR Peak Assignments.
Femtosecond to submicrosecond laser excitation pulses have
been used to study both internal and bimolecular ligand reactions
with heme proteins. Sommer et al. (§) and Gibson et al. (27)
described a series of kinetic states for photolyzed MbCNR
complexes, including the bound ligand, one or two transient
intermediates that are noncovalently trapped within the protein
on nanosecond time scales, and the fully dissociated ligand in
solution. The laser pulse photolyzes the iron—ligand bond with a
quantum yield of ~1.0 (8, 27) and creates a geminate state, in
which the ligand is still in the protein but no longer covalently
bound. The ligand then either escapes to bulk solution or rebinds
to the heme iron. The fraction of ligands that geminately rebind,
Fyem, 1s directly measured by monitoring changes in the heme
absorbance spectrum and depends on the rate of ligand escape,
kescape and the rate of iron—ligand bond formation, Kyong
[ie., Foem = Kkvond/(Kbond + Kescape)] (9, 44—46). These rates
and Fyery depend on the intrinsic reactivity of the ligand, on the
ease of in-plane movement of the heme iron—proximal His(F8)
complex, and on steric constraints imposed by amino acid side
chains in the distal portion of the heme pocket (44). The n-alkyl
isocyanides all have the same intrinsic reactivity with the heme
group, as demonstrated in model heme studies (34), and the
proximal geometries are the same for all of the wt MbCNR
complexes. Thus any changes in Fyep, as a function of ligand size
must be attributed to steric constraints or alternate conforma-
tions within the binding pocket (27).
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FiGUurE 4: (A) FTIR spectra of the wt MbCNR complexes. The blue arrow shows the increase in intensity of the high-frequency absorbance for
the CNC2 to CNC4 complexes, and the red arrow shows the reverse trend for the CNC4 to CNC6 complexes. FTIR samples contained 3—4 mM
MDbBCNR in 0.1 M potassium phosphate buffer at pH 7.0, 20—22 °C. (B) Geminate recombination of MbCNRs following photolysis by a 7 ns
YAG laser flash. Photodissociated CNRs either rebind geminately on 300 ns time scales (as shown) or escape to solvent and then rebind in a
bimolecular process on microsecond to millisecond time scales (not shown). The blue arrow shows that Fg,, decreases for the series
CNC2—CNC4, and the red arrow shows that this trend reverses for the series CNC4—CNC6 (red arrow). These samples contained 0.1 mM

Mb and 1 mM CNR in the same buffer.

Table 2: Fraction of Low-Frequency in Conformation (F;,), Fraction of
Geminate Recombination (F), and Overall Rate and Equilibrium Con-
stants for CNR Binding to wt Mb“

MbCNR complex  Fj,  Feem K @M7's™) k™) K, @M™)

CNCI 0.60 0.80 0.12° 4.3 0.028°
CNC2 0.82 095 0.074" 0.27° 0.27°
CNC3 0.69 0.79 0.043% 0.33 0.13
CNC4 047 0.63 0.029" 0.60" 0.048"
CNC5 0.68 0.89 0.030¢ 0.44¢ 0.069°
CNC6 0.90 0.97 0.037° 0.15¢ 0.25¢

“The parameter abbreviations are described in footnote . *From
ref 10. “Average from refs 5 and 7.

A complete set of geminate rebinding traces for the Mb
complexes of CNC1—CNC6 is shown in Figure 4B. The observed
pattern for the fraction of geminate rebinding correlates with the
fraction of in versus out conformations measured in the FTIR
spectra of the corresponding MbCNR complexes (Table 2,
Figures 4 and 5). The extent of geminate rebinding, Fyem, Was
defined as the absorbance change for internal rebinding mea-
sured after all internal rebinding phases were complete (usually at
1-2 us after photolysis) divided by the total absorbance change
generated by the excitation pulse. Multiple geminate rebinding
phases were analyzed for CNC3 and CNC4 by multiple expo-
nential fitting but not considered separately. For this analysis, the
total Fyer, values decrease in the order CNC2 > CNC3 > CNC4
with values of 0.95, 0.79, and 0.63, respectively. Then the trend
reverses, With Fyep, increasing in the order CNC4 (0.63) < CNC5
(0.89) < CNC6 (0.97). These trends follow closely those ob-
served for the in/out ratio of vy peaks in the FTIR spectra of the
MDbCNRs (Figure 4A).

The proportion of isocyanide side chains in the in conformation
was quantified from the FTIR spectra for each MbCNR complex
as the fraction in, F;, = Abs,,/(Abs,, + Abs,,,), where Abs;, and
Abs,,,; are the absorbances of the low- and high-frequency peaks,
respectively. The FTIR spectra, particularly those of Mb mutants
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FIGURE 5: (A) Dependence of Fye, (open circles), Fj, (filled circles),
and K, (filled triangles) on alkyl isocyanide length for wt MbCNR
complexes. The equilibrium association constants, K,, were taken
from refs 70 and 7. All three parameters have the same undulating
pattern, which arises from a combination of steric pressure and
hydrophobic forces acting on the alkyl side chain. (B) Correlations
between Fj, and Fy,, and between F;, and K. The three independent
measurements and the strong correlations among them can be
interpreted in terms of an equilibrium between the in and out
conformations for each bound CNR and the hypothesis that non-
covalently bound CNRs only escape rapidly from the distal binding
pocket when the alkyl side chain is pointing out and the His(E7) gate
is open (see text).

analyzed in the third paper of this series (28), could not be fit with
two symmetric peaks with mixed Lorenzian/Gaussian shapes.
Therefore, we chose to use the absorbance intensities at the peak
maxima to indicate the relative proportions of the in and out
populations.

Correlations between Fj, from the FTIR spectra and Fyer, from
the laser photolysis data are presented in Figure 5. An undulating
pattern with increasing ligand size is seen in both measurements
(Figure 5SA), and there is a correlation with a slope of ~1 between
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the two fractions with R* = 0.89 (Figure 5B). This correlation
between F;, and Fyerm argues strongly that these properties depend
on the same structural features. The simplest interpretation is
that, when the ligand side chain adopts the in conformation with
the alkyl chain pointing toward the protein interior, the ligand is
much more likely to be retained in the protein and rebind to the
iron atom rapidly. When the bound ligand side chain points out,
with the His(E7) side chain rotated outward into the open-gate
conformation, the isocyanide escapes much more readily from
the distal pocket after photolysis.

DISCUSSION

Interpretation of the CNR and MbCNR FTIR Spectra.
The ven stretching frequency peak for free C=NR has a
significant dependence on solvent polarity because the isocyano
group is a mixture of a double-bonded neutral isomer, which is
favored in apolar solvents, and a triple-bonded zwitterionic
isomer, which is favored in polar solvents (Figure 1, structures
I and II). As a result, the vcn peak for the free larger CNRs
decreases from 2173 em™! in H,O to 2154 ecm™' in CHCl;
(Figure 1, left panel; Table 1).

For CNRs bound to heme, back-bond donation strengthens
the Fe—C coordinate bond and weakens the C=N triple bond so
that vey is red shifted to ~2125 cm™! for HmCNRs dissolved in
the hydrocarbon interior of a soap micelle (Table 1). In Mb, the
extent of back-bonding is dependent on the polarity of residues
within the distal pocket. For example, the vcn peak for
HmCNC2 in SDS micelles is at 2128 cm ™' but is decreased by
~50 cm™! to 2065 cm ™! for CNC2 bound to wt Mb, where
His(E7) donates a strong hydrogen bond to the ligand’s C=N
group when the alkyl side chain is pointing inward.

However, in general the FTIR spectra of wt MbCNR com-
plexes show two bands at ~2075 and ~2125 cm™". These peaks
indicate the presence of two conformations that are consistent
with those discovered in wt and native MbCNR crystal structures
described in detail in Smith et al. (23). For the in conformation,
the alkyl group of the ligand points into the back of the binding
pocket, and His(E7) forms a hydrogen bond with the bound
C=N group, giving rise to the low-frequency vcn peak at ~2075
em . For the our conformation, the CNR alkyl group points
toward solvent and pushes the His(E7) side chain into the open
position, which disrupts the His(E7) hydrogen bond and places
the isocyano group in an apolar environment.

Our interpretation of the FTIR spectra allows a calculation of
the in versus out conformational equilibrium of CNRs bound to
wt Mb in solution from the intensities of the low- and high-
frequency ven peaks. Fj, decreases with ligand size for ethyl
through n-butyl isocyanide as a significant population the larger
side chains rotate ~180° and point outward. This decrease in F;,
correlates strongly with a decrease in the fraction of photodisso-
ciated isocyanides that rebind geminately on nanosecond time
scales. The ligands that are pointing inward are “stuck” in the
protein interior, which facilitates internal rebinding, whereas the
ligands pointing outward rapidly escape through the open His-
(E7) gate after photolysis (Table 2, Figure 4). As the size of the
ligand is increased further from n-butyl to n-hexyl isocyanide,
both Fy, and F;, increase. The alkyl groups of these longer
CNRs are forced into the back of the distal pocket by the
hydrophobic effect as described below.

Correlations of F,, and Fg,,,, with Overall CNR Alffinities
for Mb. The dependence of CNR affinity on ligand size has been

Blouin and Olson

used to examine steric constraints within the ligand binding
pockets of Mb and Hb. In 1951 St. George and Pauling argued
that the heme groups in hemoglobin are buried within the protein
matrix and probably not bound at its surface based on alkyl
isocyanide binding studies (2). They used ethyl, isopropyl, and
tert-butyl isocyanides to increase the size and rigidity of the alkyl
side chain and found that, although the affinity of these ligands
did not vary significantly for free heme, their affinity for Hb
decreased markedly with increasing ligand size. These results
suggested that the heme group is buried in Hb, sterically
restricted by the protein, and not bound at its solvent-exposed
surface.

The more detailed analysis of Reisberg (38) and Mims et al. (7)
allowed mapping of the free energy of steric constraints within the
binding pockets of mammalian hemoglobins and myoglobins
using a series of both straight-chain and branched alkyl iso-
cyanides. The affinities of the straight-chain isocyanides for
native Mb show an undulating pattern that correlates with both
F, and Fyqp, values (Figure SA). Increasing the size of the ligand
from CNC1 to CNC2 results in a relatively large increase in the
ligand affinity due to the favorable hydrophobic effect for
partitioning a second alkyl carbon atom into the protein (7)
and to the minimal steric constraints on the second alkyl carbon
in the distal pocket (21, 22). The ethyl side chain fits well into the
back of the distal pocket, which contains a water molecule in
deoxy-Mb (47) and captures CO following its photodissociation
from the heme iron (48). This “good” fit accounts for why > 80%
of CNC?2 side chains are pointing inward, >90% of photodisso-
ciated CNC2 geminately rebinds, and CNC2 has such a high
affinity for Mb.

Increasing the size of the isocyanide side chain from an ethyl to
an n-butyl group results in a progressive decrease in ligand
affinity from ~0.3 to ~0.05 uM ', which is accompanied by a
progressive decrease in both the fraction of ligands that point
inward and the fraction of geminate recombination. In these
cases, the steric restrictions in the distal pocket push the CNR
side chain outward, which in turn forces the His(E7) side chain to
rotate outward, opening the channel to solvent. In the case of
MDbBCNC4, the free energy barrier to maintain the n-butyl group
within the distal pocket is roughly equal to the barrier for pushing
His(E7) into the open conformation. As a result, ~50% of CNC4
side chains appear to occupy the open E7 channel. These steric
pressures and direct access of half of the ligand side chains to
solvent account for the large fraction of escape from MbCNC4
after laser photolysis.

Further increases in the alkyl side chain to CNC5 and CNC6
reverse the trend. For the series CNC4, CNC5, and CNC6, the
affinities increase with increasing ligand size. The apolar pentyl
and hexyl side chains would extend directly into the solvent phase
in the out ligand conformation, making this orientation less
favored. As a result of this unfavorable hydrophobic effect, the
out conformation is poorly populated, and the MbCNC5 and
MDbCNG6 complexes have dominant low-frequency, in peaks in
their FTIR spectra. As described in Results, Mims et al. (7) found
that the energy penalty due to steric constraints within the protein
is small for the addition of the fifth and sixth alkyl carbon. The
terminal alkyl carbons of these longer ligands most likely “fit”
into the Xe4 cavity. In Mb, this space is contiguous with the distal
pocket, accommodates a Xe atom at high partial pressures (49),
and transiently contains photodissociated CO in time-resolved
crystallography studies (50—53). This interpretation for the
MbCNCS5 and MbCNC6 complexes is consistent with their high
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ligand affinities, their large fractions of in conformations based
on FTIR spectra, their >95% geminate rebinding, and the linear
correlations between K,, Fyem, and Fj, shown in Figure 5B.

Bound Alkyl Isocyanides and Pathways for Ligand Move-
ment. The direct correlation between the fraction of geminate
recombination, Fye, following laser photolysis of MbCNR
complexes and the fraction of the low-frequency in conformer
measured by FTIR spectroscopy suggests that the side chains of
bound CNRs may serve to identify pathways for the move-
ment of thermally and photodissociated diatomic ligands
within Mb. In the in conformer, the ligand alkyl carbon atoms
occupy positions observed for photodissociated CO in time-
resolved X-ray crystallography experiments (i.e., the B and C
states (52, 54)). In the out conformer, these atoms lie along the
channel created when the His(E7) side chain rotates outward
into solvent, which we and other workers (43, 46, 55, 56) feel is
the major pathway for ligand entry. These ideas and inter-
pretations are tested in greater structural detail in the two
accompanying papers, which explore the crystal structures and
effects of packing on the conformations of bound alkyl
isocyanides (23) and the effects of extensive distal pocket
mutagenesis on the spectral and kinetic properties of MbCNR
complexes in solution (28).
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