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Anesthetic Stabilization of Protein Intermediates: Myoglobin and Halothane
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ABSTRACT. Halothane, an inhaled anesthetic, destabilizes the folded structure of myoglobin. To determine
whether this is due to preferential interactions with less stable folded conformers of myoglobin versus the
completely unfolded state, we used photoaffinity labeling, hydrogen exchange, fluorescence spectroscopy,
and circular dichroism spectroscopy. Apomyoglobin was used as a model of a less stable conformer of
myoglobin. Halothane destabilizes myoglobin and binds with low affinity and stoichiometry but stabilizes
and binds with higher affinity to apomyoglobin. The same halothane concentration has no effect on
cytochromec stability. The apomyoglobin/halothane complex is favored at pH 6.5 as compared to pH 4.5
or pH 2.5. Halothane photoincorporates into several sites in apomyoglobin, some allosteric to the heme
pocket. Guanidinium unfolding of myoglobin, monitored by CD spectroscopy, shows destabilization at
less than 1.3 M Gdm but stabilization at greater than 1.3 M Gdm, consistent with the hypothesis that less
stable conformers of myoglobin bind halothane preferentially. We suggest the structural feature underlying
preferential binding to less stable conformers is an enlarged cavity volume distribution, since myoglobin
has several intermediate-sized cavities, while cytochroimenore well packed and has no cavities detected

by GRASP. Specific binding to less stable intermediates may underlie anesthetic potentiation of protein
activity.

Characterization of the interactions between inhaled (5—7), also suggesting destabilization. Although these ex-
anesthetics and proteins remains superficial despite decadeamples indeed might reflect nonspecific binding, we hy-
of investigation {). Most investigators have assumed a pothesize that such destabilization is due to specific binding,
receptof-ligand sort of interaction for functionally important  put to a conformer of lower stability than the native state.
targets, but the impotent, small, and relatively featureless For example, a normally inaccessible cavity in a protein
inhaled anesthetics raise the possibility that nonspecific structure becomes accessible, or gains favorable steric
interactions may be important. Nonspecific interactions with features, in a less stable conformer with greater conforma-
protein are often characterized as those that are dependenional entropy. To test this hypothesis, we examined the

on exposed protein surface area, as opposed to any threeteraction between halothane and a soluble protein with
dimensional features of the protein. Thus, “nonspecific’ known, stable intermediates, myoglobin.

refers to a preferential interaction between the ligand and
the fully unfolded protein. However, we have previously
reported that specific interactions, or those between the ) oL .
anesthetic ligand and protein sites formed by tertiary others hgve used it as a model for binding interactions
structure, correlate better with anesthetic pharmacodynamic€tween inhaled anesthetic and protep Removal of the
than do nonspecific interaction®)( Apparent exceptions are heme from myoglobin produces a considerably less stable,
troubling. For example, inhibition of the activity of firefly ~ Put still largely native protein, apomyoglobin. Apomyoglobin
luciferase (FFL) correlates well with anesthetic poten@),( ~ ¢an populate at least three different conformational en-
yet the protein is consistently destabilized by anesthefigs (  Sembles, depending on the solvent conditid. (At neutral
suggesting nonspecific binding. In addition, regional dynam- PH, it exists as a nativelike structure, with about 55%
ics of several membrane proteins are increased by anestheticg-helicity (compared to~70% in the holoprotein), but at
pH 4.5 it exists as a less stable conformer with about 35%

* Supported by NIGMS 55876 and 51595. o-helicity (50% of native), and at pH 2.5, it is fully unfolded
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Philadelphia, PA 19104-4283. Phone: 215-662-3705. Fax: 215-349- thane photolabeling, fluorescence, circular dichroism spec-

We have already reported that, like FFL, myoglobin is
significantly destabilized by inhaled anestheti®, (and
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s Department of Physiology. apomyoglobin, we were able to determine the conformer with
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MATERIALS AND METHODS to ensure equilibration of all exchangeable hydrogens in the
protein prior to initiation of exchange out. FrédOH was
removed from the protein solution with a PD-10 gel filtration

. Y column (Sigma), and exchange out was thereby initiated.
and used without further purification:*C]Halothane (51 after recovery from the column, the protein solution was
mCi/mmol) from DuPont-NEN (Boston, MA) was stored as  jymediately transferred to prefilled Hamilton (Reno, NV)

a gas in the dark at room temperature. It was condensed a”%astight syringes, containing the appropriate anesthetic

diluted immediately into bufferat a 7 mM solution im- concentration and solvent conditions (see figure legends).
mediately before uséHOH was obtained from Amersham  ajiquots were precipitated with 2 mL of ice-cold 10% TCA

(Arlington Heights, IL) at 100 mCi/mmol. Sequenal grade ¢ timed intervals over at least 6 h. The precipitated protein
guanidinium chloride was obtained from Pierce (Rockford, \,ac vacuum filtered through Whatman GF/B filters and
IL). All other chemicals were reagent grade or better and |,,5shed with 8 mL of ice-cold 2% TC/&H retained by the

were obtained from Sigma. protein was determined by liquid scintillation counting.

~ Photolabeling Proteins were dissolved atl—2 mg/mL Protection factor ratios (PFR’s) were determined by dividing
in phosphate buffer, pH adjusted as indicated in the figure the time required for a given hydrogen to exchange under
legends. All photolabeling buffers were first equilibrated with - the different conditions for the last three to five hydrogens
100% argon. For the displacement experiments, increasingin common for the two conditions, am¥AG was determined
concentrations of unlabeled halothane were added to theysing the equatiodAG = RT In(PFR).

protein solution in 2 mL, 0.5 mm path-length quartz cuvettes, £ orescence S ;

. S . ) pectroscopilalothane contains heavy
the final addition being-~50 uM [**Clhalothane. This last  a45ms (CI, Br) that can quench tryptophan fluorescence if
addition eliminated any gas space from the cuvette, which 0 14 in the immediate vicinity <5 A) (11). Thus, to
was then tightly sealgd with Teflon stoppers. quettes WEre jetermine if halothane can gain access to and exhibit
exposed to 254 nm light at 5 mm from an Oriel (Stratford, selectivity for the tryptophan residues in myoglobin or

CT) Hg(Ar) pencil calibration lamp for 30 s, with constant 5y 6gio0bin, increasing concentrations of halothane (from
mixing by enclosed microstir bars. Cuvette contents were gi,qy “hyffer solutions) were added to 4 mL fluorescence
precipitated with 2 mL of ice-cold 20% trichloroacetic acid cuvettes containing~2 M protein and examined in a

(TCA), filtered through Whatman (Maidstone, U.K.) GF/B Shimadzu RF 5301 PC spectrofluorophotometer (Columbia,

filters, and washed with 8 mL of ice-cold 2% TCA. Filters MD) using 295 nm excitation and emission scanning. Care
were equilibrated with 10 mL of fluor overnight, and retained 55 taken to eliminate all air from the cuvette with the last
dpm was determined in a Wallac (Perkin-Elmer, Wallac Inc., addition.

Gaithersburg, MD)g-counter. Each unlabeled halothane Circular Dichrosim Spectroscopmall samples (1.5 mL)

concentration was performed at least in triplicate, and the of 0.0-3.2 M guanidinium chloride and 10 mM NaRGH

da;a Zrei exprestshedlabs Fercgnt oflcontrrc: ! Iapelmg. 7.0, buffer were equilibrated with or without 10 mM
0 determine the labeling sites along the primary Sequencey5|oihane (final concentration) in Teflon-sealed microvials,

of myoglobin, aliquots of protein were exposed+600uM nd m : -
) yoglobin (or cytochrome) was added to a final
[*“C]halothane, with no added unlabeled halothane, expose oncentration of about @M. These samples were allowed

to UV as above for 60 s, and then washed by repeatedy, i 5t 4°C overnight, and then CD spectra were collected

filtration through Amicon 3 kDa centrifuge filters (Beverly, at 15°C in an Aviv Model 62DS spectrometer (Lakewood
MA). These labeled proteins were lyophilized and resus- NJ) '

pended in 70% formic acid containing 2:1 (by mass) CNBr:

protein. Overnight incubation with argon and in the dark was ResyLTS

followed by dilution with water and lyophilization. Lyoph-

ilized samples were dissolved in sample buffer and electro- As we have previously reported)( myoglobin was
phoresed on tricinepolyacrylamide gels. Gels were dried photolabeled by halothane poorly, at low stoichiometry, and
and autoradiograms prepared. Some bands were eluted fromwith no significant evidence of saturability (Figure 1).
the gels and further digested with V8 (endoprotease Glu- Apomyoglobin, on the other hand, demonstrated clear
C), and the fragments were again separated on tricine gelsgevidence of saturable binding (also Figure 1), with 50-fold
as indicated in the figure legends. Labeling of individual greater stoichiometry than the holoprotein. We examined
bands was determined from the ratio of reflectance density binding of both myoglobin and apomyoglobin under different
from the Commassie-stained gel and transmission densitypH conditions. Of these conditions, only the pH 6.5 apomyo-
from the autoradiogram using Quantity-One (Bio-Rad, Her- globin bound halothane significantly, indicating a require-
cules, CA) software. Bands for sequencing were electro- ment for structure for halothane binding (Figure 2). Guani-
phoretically transferred to PVDF membranes and then dinium dramatically altered halothane photochemistry, so it
subjected to Edman degradation on a Applied Biosystemswas not possible to use this denaturant to populate less folded
Model 473A sequencer (Foster City, CA). After identification states of myoglobin or apomyoglobin for photolabeling
of the fragment, larger samples were degraded with pre- studies.

HPLC fractions collected to determine release of radioactiv-  Hydrogen-exchange studies in myoglobin demonstrate

ity. significant destabilization by halothane [and other inhaled
Hydrogen-Tritium ExchangeFor the hydrogentritium anesthetics12) and alcohols Z)] (Figure 3). In contrast, 7
exchange measurements, protein solutions (10 mg/mL) weremM halothane stabilized both the pH 4.5 and pH 6.5 form
incubated with~5 mCi of 3HOH in 1 M GdmCl and 0.1 M of apomyoglobin, as shown in Figure 4. However, the degree
NaH,PQ,, pH 8.5, buffer for at least 18 h at room temperature of stabilization of the pH 6.5 formXAG = 0.9 kcal/mol)

Materials Myoglobin, apomyoglobin (horse heart), and
cytochromec were obtained from Sigma (St. Louis, MO)
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Ficure 4: Amide hydrogen exchange out of apomyoglobin at two
o209 0 550 different pH values. As suggested by the results in Figure 2, the
0 T T T T J high-pH conformers of apomyoglobin (squares) were significantly
5 432 A better stabilized by 7 mM halothane (filled symbols) than the pH
[halothane], log M 4.5 conformers (circles), indicating preferential binding of halothane

to apomyoglobin conformers with more structuAAG values are

Ficure 1. Photolabeling displacement studies show that the ' -
given in the text.

myoglobin Q) is labeled by halothane at low stoichiometry, without
evidence of displacement by unlabeled halothane. Apomyoglobin 50-

is labeled at 10-fold higher stoichiometry with clear evidence of
displacement. The apparelt for halothane is 5.1 0.2 mM,
and the Hill coefficient of~0.7 & 0.1, assuming displacement to 404
the level of myoglobin (nonlinear least squares was used to fit o
sigmoidal curves to the data, and values are means of three P
experimentst SEM). s 304
=
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E 2007 FiGURE 5. Amide hydrogen exchange out of cytochromevith
1004 (filled circles) and without (open circles) the same concentration
m of halothane as in the above figures. There was no detectable effect
oL ] — of halothane in these experiments.

pH 2.5 pH 4.5 pH 6.5

FIGURE 2: Label incorporation of myog|0bin and apomyog|obin Table 1: Rel_ative Label Incorporation into CNBr Fragments of
at different pH values. The pH 6.5 conformer of apomyoglobin is Apomyoglobin

labeled to a significantlyR < 0.001) greater extent than either the fragment . .

pH 4.5 or pH 2.5 conformers. No significant pH effect can be g label incorporation

demonstrated on photolabeling of myoglobin. ~MW residues OD/RD*
17 1-153 0.61
601 14.5 1-131 0.54
7 11 556-153 0.43
504 8 55-131 0.24
5 1-54 0.30
40 a2 OD/RD is the optical density of the autoradiogram normalized to

the reflective density of the Commassie-stained gel.

H/myoglobin
S

comparison, we also examined a similarly sized heme-
containing protein, cytochrome As shown in Figure 5, 7
mM halothane had no detectable effect on hydrogen-
exchange rates in this heme-containing protein.
The pattern of CNBr fragment labeling of myoglobin and
. . . . apomyoglobin was consistent with the filtration results for
0 00 200 300 400 photolabeling-an approximately 10-fold higher label incor-
time, min poration into apomyoglobin as compared to the holoprotein.
Ficure 3: Amide hydrogen exchange out of myoglobin at 0 (open Taple 1 gives the relative label content of each major CNBr
8II‘C|ES), 1 (closed circles), and 10 miM(open squares) halothane, .04 ment from apomyoglobin. Although the small 23-residue
emonstrating destabilization of the native structure [reprinted from . -
Biophys. J (1998) 75, 477—483, with permission]. C-terminal fragment was not recovered, the other two major
CNBr fragments were labeled to a similar extent. From an
was significantly greater than that of the pH 4.5 fots'\G analysis of partially digested material (Table 1), the C-
= 0.4 kcal/mal), consistent with the enhanced binding by terminal 23-residue fragment (helix H) must be labeled to a
the pH 6.5 form as noted in the photolabeling studies. For somewhat greater degree than the larger fragments. We
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Ficure 6: Radiosequencing of halothane-photolabeled apo-
myoglobin. Three different proteolytic fragments containing the

majority of the label were sequenced, and the pattern of radioactivity
release was noted. Several sites of incorporation were noted.

200+ a Oy

sequenced a total of 65 residues from three CNBr fragments e,
for a total of 43% of apomyoglobin (we did not sequence 100+
the holoprotein, because of the low expected signal/noise). 3— 3
Radioactivity release was noted at a number of different
residues from different locations in the molecule (Figure 6). °'5 A A 2 B
Reconciling these locations along the primary structure with [halothane], log M

the three-dimensional structure of myoglobin (PDB no.
° ee-dimensional structure 0 yoglobin ( ° Ficure 8: Fluorescence quenching by halothane of myoglobin and

1YMB), it appears that halothane is interacting with at1east 5,0 6010hin at different pH values. The halothang, Malue for
three to four separate sites in the molecule, two of which pH 6.5 apomyoglobin (open squares) was £.8.2 mM, with a

could be considered to be in the immediate vicinity of the Hill coefficient of —2.2 + 2.0; for pH 4.5 apomyoglobin (filled
heme cavity (Figure 7). squares), 16 was 5.3+ 1.0 mM with a Hill coefficient of—1.3

Fluorescence Spectroscopyhe fluorescence measure- + 0.03 (nonlinear least squares was used to fit sigmoidal curves to

o the data, and values are means of three experime@&M). The

ments found that ther_e was no significant effect of halothane geq circles represent pH 2.5 apomyoglobin; the open circles,
on the already considerably quenched tryptophan fluores-myoglobin.
cence in the holoprotein or in the apoprotein at pH 2.5.
Halothane did quench tryptophan fluorescence in the apo- ) ) o
protein at h|gher pH, with an E£Of 6.6+ 2.2 MM at pH (ng%) |-S observed at about the Unf0|d|ng m|C-|p0|nt, 1.6 M
6.5 and an EG of 5.3+ 1.0 mM at pH 4.5 (Figure 8). In  guanidinium. In contrast to effects on myoglobln, halothane
both cases, only about 50% of the fluorescence signal couldProduced a negligible effect on the helicity of cytochroene
be quenched. throughout the unfolding curve.

Circular Dichroism Spectroscopyrigure 9 shows both
representative spectra and the CD results at 222 nm withDISCUSSION
increasing guanidinium and with or without 10 mM halo-
thane. Below 1.3 M guanidinium, halothane produces a small These data allow for a distinction between nonspecific
loss of helicity <3 + 0.8%) compared to control (no hinding and specific binding to intermediates as the basis
halothane), whereas above 1.3 M, halothane enhances helicitfor myoglobin destabilization by halothane. If myoglobin
(+8.7 + 2.7%). The crossover point is at about 1.3 M destabilization by halothane were solely due to nonspecific
guanidinium, where helicity has been reduced by an averagebinding, the pH 2.5 form of apomyoglobin (and myoglobin)
of 6% from native. The maximum stabilizing influence would have been a preferential binding conformer (because

Fluorescence
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. T T T . 1 Ficure 10: Hypothetical free energy diagram of the conformational
200 210 220 230 240 250 260 equilibrium of myoglobin/apomyoglobin. The solid line depicts the
wavelength, nm native solution conditions and the dashed line that with halothane.
Halothane binds preferentially to, and therefore stabilizes and
B populates, the conformers of intermediate stability, reducing the
125 apparent stability of the entire ensemble. While this particular
= ¥ diagram assumes that apomyoglobin and its intermediates are on
1004 the folding pathway for myoglobin, it is likely to be valid even if
the folding intermediates of myoglobin are different or are
s § N characterized as kinetic rather than equilibrium.
50 \ \ helical content of myoglobin, consistent with the destabiliza-
\\g tion observed by hydrogen exchange. However, the apomyo-
globin experiments predict that halothane should stabilize
myoglobin intermediates, thereby increasing helical content
: at guanidinium concentrations that populate these states.
! 2 3 Accordingly, at guanidinium concentrations greater than 1.3
[Guanidinium], M M we found that helical content was indeed enhanced by
FiGurRe 9: Guanidinium denaturati_on of myc_)glob_in and cytochrome halothane. It is interesting to note that a-180% decrease
c. Panel A shows a typical circular dichroism SPectroscopy iy helicity (produced by guanidinium) is required to populate
experiment at three guanidinium concentrations, with (filled circles) . ’ .
and without (open circles) 10 mM halothane. Absorbance of both halothane-stabilized conformers, a similar difference between
guanidinium and halothane precluded obtaining spectra below 210myoglobin and apomyoglobin (£3220%). Thermal unfolding
nm. Panel B shows the CD signal at 222 nm for all guanidinium should also populate these conformers, but we have been
(scuares). Halothane.(flled symbols) produced a small lose of the L1201 10 show any stabilization (upshif) of myoglobin with
22q2 nm CD signal ak1.3 M guyanidinil)Jr% but enhanced this signal halothane by d'ﬁ‘?rem'a‘ scanning calorimetry2). The
with [guanidinium] > 1.3 M. This concentration of guanidinium  Probable explanation lies in the temperature dependence of
produces a helical content that corresponds approximately to thatthe weak binding interaction and the fact that nonspecific
of apomyoglobin. In contrast, halothane had no detectable effect hydrophobic interactions are enhanced at higher temperature.
on the 222 nm CD signal of cytochroneeat any guanidinium  The yltimate effect of the anesthetic at body temperature,
concentration. therefore, will depend on the binding affinity, the temperature
dependence of binding, and the energetics of the protein
of |arger So|vent_exposed surface area), and unf0|ding of conformational ensemble. Finally, it is not likely that the
myog|obin would have been enhanced by halothane at a||stabilizati0n at1.3 M guanidinium is dueto a nonspecific
concentrations of guanidinium. Further, a similarly sized helix stabilizing effect of halothane, like trifluoroethana#j,
heme protein, cytochrome, should have been similarly —because of the much lower concentration of cosolvent
destabilized. However, our results indicated that more (halothane) in this case and the fact that we did not see a
structured conformers of apomyoglobin bound halothane with Similar a-helical enhancement in cytochrorevith the same
higher affinity and stoichiometry, apomyoglobin was stabi- concentration of halothane and guanidinium.
lized, and halothane had a biphasic effect on the unfolding Photolabeling clearly showed preferential labeling of the
of myoglobin by guanidinium. These new data strongly pH 6.5 conformer of apomyoglobin, consistent with the
suggest that halothane destabilizes myoglobin through agreater stabilization revealed by hydrogértium exchange.
preferential interaction with a conformer of intermediate On the other hand, fluorescence quenching by halothane was
stability instead of a nonspecific hydrophobic interaction with similar for both the pH 4.5 and pH 6.5 states of apomyo-
the completely unfolded protein (Figure 10). This is in globin, indicating relative preservation of the tryptophan-
accordance with previous studies of palysine), which containing sites in these conformers. This suggests that the
demonstrated that specific binding of halothane required loss of halothane binding affinity in the pH 4.5 conformer
tertiary structure 13). as revealed by photolabeling and HX occurs largely through
This conclusion assumes that apomyoglobin and its I0ss or changes in structure at the other sites indicated in
intermediates adequately represent intermediates in theFigure 7.
unfolding pathways for myoglobin itself. The CD experi- We propose that the acquired feature underlying prefer-
ments allowed a test of this assumption. At low guanidinium ential anesthetic binding in the myoglobin intermediates is
concentration €1.3 M), halothane caused a decrease of the an enlarged cavity volume. In support of this is our finding
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that the general regions of apomyoglobin that are photo- ACKNOWLEDGMENT

labeled correspond to lining residues of the larger cavities
identified in the holoprotein structure by VOLBLL%) or
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it is probable that normal conformational dynamids’)(
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