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ABSTRACT: Fission 1 (Fisl) is an evolutionarily conserved, type Il integral membrane protein implicated in
maintaining the proper morphology of mitochondria and peroxisomes. A concave surface on the cytosolic
domain of Fisl from Saccharomyces cerevisiae is implicated in binding other fission proteins, yet structural
studies reveal that this surface is sterically occluded by its N-terminal arm. Here we address the question of
whether the N-terminal arm of yeast Fisl exists in a dynamic equilibrium that would allow access to this
functionally important surface. NMR measurements sensitive to dynamics occurring on a wide range of time
scales (picoseconds to minutes) were used to assess whether the Fisl arm is dynamic. Hydrogen—deuterium
exchange experiments revealed that the Fisl arm, a-helix 6, and proximal loops were not protected from
solvent exchange, consistent with motions on the second to minute time scale. An engineered cysteine, 185C,
located on the concave surface that lies underneath the Fis1 arm, was readily modified by a fluorescent probe,
revealing more solvent accessibility of this position than would be predicted from the structure. Chemical
denaturation, NMR chemical shift perturbation, and residual dipolar coupling experiments support the idea
that the dynamic equilibrium can be shifted on the basis of changing pH and temperature, with the changes
primarily localizing to the Fis1 arm and proximal regions. The data as a whole are consistent with the Fisl arm
adopting a primarily “closed” conformational state able to undergo dynamic excursions that reveal the
concave surface and therefore may be important for binding other fission factors and for Fisl function.

Fission 1 (Fisl) is a type II integral membrane protein
important in maintaining mitochondrial morphology, presum-
ably by mediating mitochondrial fission of the outer membrane.
This process is important in the regulation of cell fate and
homeostasis in humans, worms, and budding yeast (/—10).
Fisl is also involved in the regulation of peroxisome morphology
in human and yeast cells (//, 72). This molecule is conserved
throughout species that contain these organelles, including
plants, fungi, and animals (/3, /4). How Fisl acts in these
processes is beginning to be understood, especially for its role
in mitochondrial morphology in budding yeast. Fisl appears to
be uniformly localized on the surface of the mitochondria by a
C-terminal transmembrane anchor (/5). On the basis of genetic
and cytological data, Fisl is proposed to recruit mitochondrial
division protein 1 (Mdvl), CCR4-associated factor 4 (Caf4),
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dynamin-related protein 1 (Dnml), and possibly other proteins
to mitochondria to assemble a protein machinery that causes
scission of the outer membrane in a GTP-dependent manner
(15—22). In this process, Mdv1 is suggested to act as an adapter
protein important in the activation of the protein machinery, with
Caf4 acting in a somewhat redundant fashion that appears to be
essential for establishing polarity (21, 22). Dnm] is a dynamin-
related large GTPase that is essential for scission (23—25). Both
Fisl and Dnml have orthologs in many species ranging from
plants to mammals; however, Mdvl and Caf4 orthologs have
been identified only in fungi (13, 26).

High-resolution three-dimensional structures of Fisl from
human, mouse, and yeast are consistent with its proposed role
in recruiting other fission factors (27—30). Fis1 is composed of an
antiparallel array of six a-helices that adopt a tetratricopeptide
repeat-like fold proposed to mediate protein—protein interac-
tions (31, 32). Although no universal mechanism for how TPR!

! Abbreviations: TPR, tetratricopeptide repeat fold; TM, transmem-
brane domain; Tris, tris(hydroxymethyl)aminomethane; DTT, dithio-
threitol; EDTA, ethylenediaminetetraacetic acid; SDS—PAGE, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis; GdnHCI, guanidi-
nium hydrochloride; HMQC, heteronuclear multiple-quantum coher-
ence; HSQC, heteronuclear single-quantum coherence; NOE, nuclear
Overhauser enhancement; HDX, hydrogen—deuterium exchange;
RDC, residual dipolar couplings; PDB, Protein Data Bank.
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FiGURE 1: Thermodynamic stability of FislATM, which is lower
at pH 7.4 than at pH 5.0 as measured by equilibrium chemical
denaturation experiments. (a) Ribbon model depicting the NMR-
derived structure of the cytosolic domain of Fisl at pH 5.5 and 32 °C,
which displays a 16-residue N-terminal region (the Fisl arm) draped
over a concave surface created by o-helices 2, 4, and 6 [PDB entry
1y8m (29)]. The structure is color-coded in this and other figures
to highlight the Fisl arm (red) and the first (yellow) and second
(blue) tetratricopeptide repeats. (b) Chemical denaturation experi-
ments in which the unfolding reaction was followed as a function
of increasing GdnHCI concentration by measuring the intrinsic
tryptophan fluorescence of Trp7 and Trp47 at 325 nm upon excita-
tion at 295 nm. The resulting data were fit to a two-state model
using the method of Santoro and Bolen (56). The free energy
of unfolding (AG) equals 12.1 + 0.9 kcal/mol at pH 5.0 and 10.4 £+
1.1 kcal/mol at pH 7.4 (1.7 kcal/mol lower). Note the differences and
similarities in the baselines for the folded and unfolded states,
respectively.

motifs recognize other proteins has emerged (33—35), the Fisl
structures reveal a concave surface created by a-helices 2, 4, and 6
(Figure 1). This concave surface is lined with evolutionarily
conserved residues that are not involved in conferring the TPR
fold, which suggest an important role for this surface in mediating
interactions with other proteins. Indeed, a temperature sensitive
allele of Fisl that affects mitochondrial morphology consists of
three conservative point mutants that lie on o-helix 4, the central
helix of this concave surface (26). Structures of Fisl reveal that
access to this important surface is blocked by an N-terminal
region, or arm, which is tucked into this concave surface (29).
The importance of the Fisl arm in regulating mitochondrial
fission in yeast has been underscored by studies that display
altered mitochondrial morphologies upon expression of con-
structs in which the Fisl arm has been partially or completely
deleted (AN-Fisl) (29). These studies suggest that the Fisl arm
is indispensable. However, this phenotype can be rescued
upon overexpression of Mdvl, suggesting the altered morphol-
ogy could be a result of misregulation of the fission complex
(26, 36), as it has been shown that AN-Fisl retains binding to
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both Mdvl and Dnml in vitro (37). The Fisl arm is also
important in binding fission factors. Mdvl binds Fisl more
tightly in the presence of the arm and is shown to have direct
interactions with the Fisl arm in a structure of the cocomplex
(35, 37). By contrast, binding between Fisl and the GTPase
Dnml in biochemical pull-down experiments is at least 100-fold
stronger when the Fisl arm (residues 1—16) is deleted. When
single residues in AN-Fisl were replaced with glutamic acid
residues, those on the concave surface disrupted Dnml bind-
ing (37). Interestingly, Dnml1 is able to compete with the Fisl arm
for the concave surface at high Dnm1 concentrations (37). These
data support the possibility that the Fisl arm may stabilize
interactions with Mdvl (35) but may inhibit interactions with
Dnml by blocking access to the concave surface (37).

Thus, the Fisl arm appears to block access to a functionally
important surface, raising the question of how Dnm1 gains access
to this surface. One possibility is that the Fisl arm exists in
a dynamic equilibrium between closed and open conformational
states, which we test here with structural, dynamic, and thermo-
dynamic experiments with budding yeast Fisl lacking its
C-terminal transmembrane domain. We find that the Fisl arm
lies predominantly in a closed conformation but also find
evidence for a conformational change that is consistent with a
dynamic equilibrium involving the Fisl arm and a-helix 6. This
conformational change could be readily modulated by other
fission factors to regulate access to this functionally important
surface on Fisl.

MATERIALS AND METHODS

Protein Expression and Purification. A gene encoding
budding yeast FisIATM lacking the 29 C-terminal residues
was subcloned into the pET38b expression vector using standard
methods (38). Escherichia coli cells were transformed with this
vector and grown at 37 °C in Luria broth medium containing
kanamycin (30 ug/mL) for selection to an an ODgy of ~0.7.
Protein expression was induced at 20 °C by addition of IPTG to a
final concentration of 0.4 mM. The cells were grown for 16—18 h
and harvested by centrifugation; the resulting cell pellet
was resuspended in 20 mM Tris-HCI, 500 mM NaCl, pH 8.0
buffer containing protease inhibitors (Roche) and pepstatin
A (10 ug/mL). The cells were then lysed by either three passes
through a French press or sonication. The lysate was separated
from cellular debris by centrifugation at 30000g for 35 min. The
supernatant was acidified to pH 5.0 by the addition of 50 mM
acetic acid (HOAc). This acidified lysate was separated from
acid-precipitated debris by centrifugation at 30000g for 35 min.
Fis1ATM remained soluble and was thoroughly precipitated out
of solution via addition of a saturated solution of (NHy4),SO4
(4 M) under continuous stirring in an ice—water bath. The
precipitated FisIATM was collected by centrifugation at 30000
rcf for 45 min and gently resuspended in 50 mM NaOAc (pH 4.6).
This suspension was further clarified by centrifugation at 30000g
for 30 min. The supernatant was diluted 5-fold with 50 mM
NaOAc (pH 4.6), loaded onto an anionic exchange chromato-
graphy column (SP Sepharose XL, GE Healthcare), and eluted
with a 0 to 500 mM NaCl gradient in 50 mM NaOAc buffer
(pH 4.6). The resulting chromatographic fractions containing
FisATM were concentrated and further purified by size exclu-
sion chromatography (Superdex 75, GE Healthcare). Sample
purity was checked by standard Coomassie-stained SDS—PAGE
and was always greater than 95%.
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NMR Chemical Shift Perturbations as a Function of pH.
NMR experiments at 298 K were performed at 18.8 T on
a Varian Inova800 spectrometer outfitted with a HCN cold-
probe to determine pH-dependent chemical shift changes. Two-
dimensional "H—'°N heteronuclear single-quantum correlation
(HSQC) experiments were conducted at pH 5.0 and 7.4 using
WATERGATE for solvent suppression (39). Uniformly '*N-
labeled FisIATM samples were prepared by extensive buffer
exchange in either 25 mM dy-NaOAc (pH 5.0) or 25 mM d;-Tris-
HCI (pH 7.4). Both samples contained 50 mM NaCl, 10 mM
EDTA, | mM DTT, and 10% *H,0. The protein concentration
in the samples used for these experiments ranged from 0.2 to
1.1 mM for both pH values for evaluation of potential protein
concentration effects, which were not observed. The pH of all
these samples was precisely adjusted at 0.1 unit of the desired
value with no correction for 10% D,O. HSQC spectra were
collected at a rate of four scans per increment, 1280 (£,)x256 (¢;)
complex points with acquisition times of 64 ms ('H) and 71 ms
(">N). The carrier frequencies were centered on the chemical
shift of water in '"H and in the center of the amide region at
117.5 ppm in "°N. NMR data processing was conducted with
NMRPipe (40), and data were subsequently analyzed with
NMRView (41, 42). Average chemical shift differences between
pH values were determined for each residue as A = [(Ady)” +
("4 AON)*]"?, where A is the total chemical shift change, Ady is
the chemical shift change in "H, and Ady is the chemical shift
change in "N expressed in parts per million.

NMR Chemical Shift Assignment. Sequential backbone
assignments of the FisIATM protein resonances at pH 5.0 and
7.4 and at 25 °C were completed from the analysis of standard
double- and triple-resonance three-dimensional experiments,
including HNCA, HNCACB, HNCOCA, CBCACONH, '"N-
edited NOESY, HMQC-NOESY-HSQC, and HNN (43). These
data sets were collected on a 0.8—1.3 mM FisIATM sample
uniformly labeled with °C and "N at 14.2 T on a Bruker
AVANCEG600 instrument equipped with a TXI cryoprobe. The
chemical shift assignments at pH 5.0 were verified by comparison
with assignments at pH 5.5 that were kindly provided by M.
Suzuki and R. J. Youle (29).

Fluorescence-Monitored Chemical Denaturations. To
determine the thermodynamic stability of FislATM at pH 5.0
and 7.4, equilibrium chemical denaturation experiments were
performed by following the intrinsic fluorescence of Trp7 and
Trp47 in FisIATM as a function of an increasing concentration
of GdnHCl at 25 °C in a PTI model A1010 fluorimeter (Photon
Technology International). FisIATM protein samples were pre-
pared by extensive dialysis in either 25 mM NaOAc (pH 5.0) or
25 mM Tris-HCI (pH 7.4). Both samples also contained 50 mM
NaCl, 10mM EDTA, and 2mM DTT. Protein samples at pH 5.0
and 7.4 were prepared using an automatic titrator (Microlab
500 series, Hamilton) at a concentration of 3 uM. The GdnHCl
concentration ranged from 0 to 5.5 M for the pH 5.0 samples and
from 0 to 4.5 M for the pH 7.4 samples. The excitation
wavelength was 295 nm, and the emission spectrum were
collected between 305 and 450 nm at a scan rate of 1 nm/s for
all the samples with slit widths at 1 and 5 nm for excitation and
emission, respectively.

NMR-Detected Hydrogen—Deuterium Exchange. A
0.8 mM "°N-labeled Fis]ATM sample was prepared by extensive
dialysis in 25 mM d,-Tris-HCI, 50 mM NaCl, 10 mM EDTA,
and 2 mM DTT (pH 7.4). After dialysis, the sample was
completely lyophilized and the hydrogen—deuterium exchange
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reaction was started by rapidly dissolving the lyophilized protein
into 100% “H,0. The pD of the sample was confirmed after the
experiment was concluded. A series of 21 two-dimensional
'H-'SN HSQC experiments were conducted at 298 K and
14.2 T as a function of increasing time on a Bruker AVANCEG600
spectrometer. HSQC spectra were collected at a rate of eight
scans per increment, 1280 (#,) X 128 (¢;) complex points with
64 ms ("H) and 37 ms (*°N) acquisition times. To follow the H—D
exchange reaction, we assumed that the cross-peak volume (or
intensity) was proportional to the proton occupancy of the
corresponding amide group. For each point in the volume (or
intensity) decay, the time was assigned to be the middle of the
acquisition time for each HSQC spectrum, considering “zero
time” the time when the protein sample was dissolved in 100%
?H,0. Cross-peak intensities were fitted to the single-exponential
decay function I = I, + Iy exp(—keyt) to determine the exchange
rate values, k. 1 is the intensity of the cross-peak at each time
point (in seconds). Iy is the amplitude of the exchange decay
curve. I, is the intensity of the cross-peak at the infinity time
point. Cross-peak volumes were fitted in a similar manner and
gave similar results.

NMR Spin Relaxation Measurements. All spin relaxation
experiments were conducted at 14.2 T on a Bruker Avance600
spectrometer at 298 K with a TXI cryoprobe. The '*N spin—
lattice relaxation rate constant R;, the spin—spin relaxation
rate constant R,, and the steady-state {'H}—'°N NOE were
measured using inversion recovery, Carr—Purcell—Meiboom—
Gill (CPMGQG), and steady-state NOE pulse sequences (44, 45).
Each R, spectrum was acquired with 1280 (#;) x220 (¢,) complex
data points, spectral widths of 10000 Hz in "H and 1702 Hz in
15N, and 16 scans per #; point. The recycle delay was 1.2 s. Eight
R; delay times were selected to fully define the exponential decay
curve (7, 119, 252, 420, 623, 840, 1246, and 2996 ms). For the
R, experiments, the acquisition parameters were identical to
those of the R; experiments except for nine delay times of 16.5,
33,49.5, 66, 82.5,99, 115.5, 165, and 280.5 ms. The recycle delay
for these experiments was 1.5 s. Acquisition order was rando-
mized to eliminate the effect of sample or field inhomogeneity
over time. For each R; and R, analysis, at least two time points
were recorded in duplicate for error analysis. For the hetero-
nuclear NOE measurements, spectral widths were identical to
those of the R; and R, experiments. A saturation time of 4 s was
used for all NOE experiments. The SN R, and R, relaxation rate
constants were determined by fitting individual Ry and R, decay
curves to a single exponential using CURVEFIT (46). R, and
R, uncertainties were estimated from Monte Carlo simulations of
the data as described previously (45, 47, 48). NOE values were
obtained from the ratio of the intensities of experiments con-
ducted with and without proton saturation. The uncertainties of
the NOEs were set to the standard deviation between intensities
of duplicate experiments and determined by error propagation.
R}, Ry, and ssNOE data were analyzed using FastModelFree (49)
implementation of ModelFree 4.01 (50).

NMR Saturation Transfer Experiments. All saturation
transfer NMR experiments were conducted at 18.8 T on a
Varian INOVAS800 spectrometer at 298 K equipped with an
HCN probe. These experiments measure magnetization trans-
fer from water to amide protons and are corrected for the
apparent amide proton 7T relaxation rate constant (7'jupp).
T apparent experiments and saturation transfer experiments
were performed with standard pulse sequences as previously
described (57) with 1664 (t,) x 200 (¢;) complex data points,
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spectral widths of 12,800 Hz in 'H and 2500 Hz in '°N, and
16 scans per ¢, point. The recycle delay was 1.2 s. For the T,y
experiment, T delay times of 1, 5, 10, 15, 20, 25, 30, 40, 50, and
2000 ms were used. Acquisition order was randomized to
eliminate the effect of sample or field inhomogeneity over time.
Duplicates for two experiments were collected for error
analysis. Individual T, decay curves were fit to a single
exponential as described previously using the data analysis
software IGOR PRO. Uncertainties were estimated from the
data fits.

Saturation transfer experiments were performed in an inter-
leaved manner, alternating an on-resonance and off-resonance
saturation pulse train for Is using a string of Gaussian-3 pulses.
Saturation ratios were obtained from the ratio of the intensities of
experiments recorded with and without water saturation. The
uncertainties for the saturation transfer experiments were esti-
mated as a 5% error in peak height intensities, which was then
used in standard error propagation to estimate the reported
uncertainties in k., and ke, values. The true uncertainty in
kex and ke is likely to be higher on the basis of the assumption
of an average intrinsic R, value (see eq 1), which has previously
been estimated to introduce uncertainties of up to 25% (52).
In saturation transfer experiments, the exchange rate constant,
kex, can be estimated from the ratio of amide intensities with and
without water presaturation from the following equation if the
saturation time is short with respect to R;:

kex = (Mps 1>R1 (1)

where M, and M, are equilibrium intensities of the amide proton
resonances in the absence and presence of water presaturation,
respectively. Here the proton R; is the intrinsic R, in the absence
of chemical exchange and is estimated to be 5.56 s~ ', which is
the mean proton R; value of well-structured helical residues in
02—aS5 that define the core of this TPR-like protein. The
measured values of ke, are more appropriately an apparent
exchange rate constant because of NOE contributions from spin
diffusion and coincidental H* protons that resonate close to the
water frequency (and are also saturated during the experiment).
To correct for these contributions to the exchange rate constant,
we also measured apparent k., values at pH 5.0 and used eq 2 to
determine a corrected exchange rate constant, k,’:

pH7.4 _1.pH5.0
kex kex

ke = (2)

1 =101

Given eq 1, the slowest exchange rate constants to which
saturation transfer experiments are sensitive are limited by the
intrinsic R values. In practice with an estimated average proton
R, of 5.56 57!, rate constants much smaller than ~1 s~ will not
be accurately measured due to signal loss during the experiment.
The fastest exchange rate constants to which these experiments
are sensitive are on the order of 100 s~ as faster exchange rates
result in signal losses during coherence transfer given a 'Jyy
of ~ 95 Hz.

NMR Residual Dipolar Coupling Experiments. We in-
vestigated several different media to introduce a degree of
molecular alignment required to measure RDCs before finding
that a stretched polyacrylamide gel gave robust residual dipolar
couplings that ranged from —18 to 15 Hz. Two-dimensional
IPAP 'H-""N HSQC spectra were acquired with echo—antiecho
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detection to attenuate natural abundance signals from gels (53),
on a 300 uM ""N-labeled FisIATM sample, in a 5% stretched
acrylamide gel (pH 7.4 or 5.0) at 14.2 T on a Bruker Avance600
spectrometer. Spectra were acquired with 400 complex points in
11 (0.120 s acquisition time) with a >N spectral width of 1643 Hz.
Residual dipolar couplings were extracted from the IPAP data
sets as described previously (54). We first determined an align-
ment tensor using model 1 from the structural ensemble 1'YSM
and FitAlign with RDC values for a subset of residues that
showed no pH dependence on their chemical shifts and lie in the
core of the structure (helices 2—5). From this alignment tensor,
we used euler_pdb to rotate the coordinates of 1Y8M into this
frame and then calculated the predicted RDC values from this
aligned structure using calc_rdip2. These programs were courtesy
of J. R. Tolman.

Cysteine Modification Assay. WT or I85C-FisIATM was
allowed to react with a 5-fold molar excess of AlexaFluor 488 C5-
maleimide (Invitrogen) in 100 mM phosphate buffer (pH 7.4) and
50 mM NaCl. Aliquots were taken out at the indicated time
points, and the reaction was stopped upon addition of 50% BME
and SDS—PAGE loading buffer. To control for background
fluorescence, we prepared a negative control with proteinin BME
and loading buffer, to which AlexaFluor 488 C5-maleimide was
added. Samples (0.5 ug of protein) were run on 15% SDS—
PAGE gels to separate the unreacted dye from the conjugated
protein. The gel was scanned on a Typhoon 9400 imager, and the
intensity of fluorescence was measured for each band. The data
were subtracted for background using the negative control and
fitted using either a mono- or double-exponential fit. Mono: y =
Yo+ Aexp(—1/x). Double: p = yo1 + A; exp(=71/x) + o2 + 4>
exp(—1,/x), where y is the intensity at time ¢, x is the time in
minutes, y, is the initial intensity, A; and 4, are the max
intensities, and 7 is the rate constant in inverse minutes. FisIATM
contains two native Cys residues, C79 and C87, located on helix 4
and mostly buried. The figures are representative of three
independent measurements which have been averaged to give
the rate constants and standard error of the mean in the table
shown. We estimated an uncertainty of 10% in the densitometry
measurements (from the variability in loading the gel and the
measurement itself). Given the first data were collected at 10s, the
calculated upper limit of 7 we can reliably measure is ~10s ™.

RESULTS

To address the question of whether the N-terminal Fisl arm
existed in a dynamic equilibrium, we first isolated recombinantly
expressed FisIATM from bacteria. We used a qualitative solu-
bility screen (55) at a protein concentration of 10 mg/mL to
identify buffer conditions suitable for dynamics measurements
by NMR spectroscopy. We found that the molecule was most
soluble under slightly acidic conditions (>25 mg/mL at pH 5.0)
but precipitated at concentrations of > 10 mg/mL near pH 7.4 in
the absence of salt. Such pH dependence on solubility is not
unusual especially near the isoelectric point of a protein, which is
estimated to be ~7.7 for FisIATM and may account for the
observed solubility differences. However, we wondered if this
solubility difference might arise from a change in conformation
and therefore measured the free energy of unfolding that could be
sensitive to differences in conformation. We monitored the
intrinsic tryptophan fluorescence of the two tryptophans in
FisIATM, Trp7 and Trp47 (Figure la), as a function of increas-
ing concentration of guanidinium hydrochloride (GdnHCI) at
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FIGURE 2: NMR chemical shifts differ at pH 7.4 and 5.0 for a subset of residues. (a) "H—'"N HSQC spectra of a 1.0 mM sample of FisIATM at
pH 7.4 (black) and pH 5.0 (red) and 25 °C recorded at 18.8 T. (b) Observed change in chemlcal shift, Ad, between pH 7.4 and 5.0 plotted as a

function of residue number, where A6 = {( Hépm 4=

Hépns O+ [ NépH74

NépHS o)}'2. () Mapping of the observed chemical shift

changes onto a surface representation of the pH 5.5 structure of FisIATM [PDB entry 1y8m (29)]. This figure was made with PYMOL (8/) using a
color gradient (82) to display average chemical shift differences from 0.25 to 2.0 ppm (white to dark blue, respectively).

pH 5.0 and 7.4, which represent the end points in pH titration
experiments (Figure 1 of the Supporting Information). The
resulting data at pH 5.0 and 7.4 demonstrated a cooperative
unfolding transition that was well-fitted to a two-state unfolding
mechanism. Using the method of Santoro and Bolen (56),
the estimated free energy of unfolding (AG®) at pH 5.0 equals
12.1 £ 0.9 kcal/mol and at pH 7.4 equals 10.4 £ 1.1 kcal/mol
(Figure 1b). Thus, FisIATM is less stable at pH 7.4 than at
pH 5.0 by ~1-2 kcal/mol given the experimental uncertainty in
this measurement. In thermal unfolding experiments, the mid-
point temperature decreased 8.3 °C from 77.3 °C at pH 5.0 to
69.3 °C at pH 7.4 (data not shown). A decrease in the free energy
of unfolding could arise from pH-dependent differences in either
the unfolded or the folded conformational state. However, from
the denaturation curve, we noted that the intrinsic fluorescence of
the fully unfolded conformational states (>3.5 M GdnHCI) did
not exhibit a pH dependence (Figure 1b). In contrast, the intrinsic
tryptophan fluorescence of the folded conformational states
(<1.5 M GdnHCI) was greater at pH 5.0 than at pH 7.4,
consistent with more solvent protection of the Trp residues at
pH 5.0 than at pH 7.4. Trp7 is located in the Fisl arm and Trp47
in o-helix 2 that lies under the Fisl arm (Figure 1a). Thus, upon
protonation, it appears that Fisl ATM experiences an increase in

its thermodynamic stability of ~1—2 kcal/mol, and changes in
the intrinsic tryptophan fluorescence may detect a conforma-
tional change.

A structure of FislATM was determined at pH 5.5 (29), and
given the pH dependence noted above, we asked whether
FisIATM adopted a different conformation at pH 7.4. We
collected "H—""N HSQC spectra as a function of increasing
pH from pH 3 to 8. Spectra collected at pH 7.4 and 5.0 were
chosen as being representative of the end points of the pH
titration. At pH 7.4, only a subset of cross-peaks differed in
either proton and nitrogen chemical shifts from those at pH 5.0,
with a handful of cross-peaks with significant decreases in volume
at pH 7.4 (Figure 2). To assess these differences, we calculated the
average chemical shift difference, Ad, using both the "H and
5N chemical shifts. These differences ranged from 0 to >2 ppm
with only 16% of the residues displaying a pH-induced difference
of >0.25 ppm (Figure 2b). To interpret these differences in light
of the secondary and tertiary structure of FislATM [calculated
from data recorded at pH 5.5 and 32 °C (29)], we assigned the
'H and "*N chemical shifts to their respective residues at pH 5.0
and 7.4 using standard triple-resonance methods. More than
95% of the cross-peaks in the 'H—">N HSQC spectrum were
assigned at pH 5.0 and 7.4.
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The most perturbed chemical shift difference (>2.0 ppm)
arose from His106, the sole histidine residue at the end of o-helix
5 whose pK, value we determined is 6.04 & 0.06 from long-range
HMQC experiments (Figure 1 of the Supporting Information).
In general, the largest differences in average chemical shift
(>0.25 ppm) cluster primarily into a single region of the structure
involving residues 4—15, 71—81, and 99—111 (Figure 2b). This
cluster corresponds to the N-terminal Fisl arm and regions that
lie within a few angstroms of the arm (Figure 2c). We also noted
that cross-peak intensities were substantially decreased at pH 7.4
for residues K3 and T9 in the Fisl arm, E73 and S74 in the loop
between o-helices 3 and 4, L103 in o-helix 5, and K111 in the
loop between a-helices 5 and 6. pH-dependent differences in
chemical shifts can arise from a variety of effects, including salt,
buffer, and/or conformational differences, but we found the
observed chemical shift differences between spectra acquired at
pH 5.0 and 7.4 to be independent of salt and buffer concentration
(data not shown).

To assess these chemical shift differences further, we measured
residual dipolar couplings (RDCs) from the backbone amide of
FisIATM at both pH 5.0 and 7.4. RDCs can provide both high-
resolution structural information and motional information
about a wide range of time scales (57). We were able to reliably
measure RDCs using [PAP-based experiments for 73% of
Fisl1ATM residues at pH 7.4 and 83% of the residues at pH
5.0 where the level of solvent exchange is reduced and chemical
shift dispersion is improved. We compared our experimental
RDC measurements at physiological pH with those predicted
from the reported structure of Fis]IATM determined at pH 5.5
using FitAlign (Figure 3). To eliminate differences in RDC values
that derive from differences in alignment tensors, we first
generated an alignment tensor using a subset of FisIATM
residues that exhibited little, if any, change in chemical shift
(A0 < 0.1 ppm) between pH 5.0 and 7.4. We then rotated model
| from the reported structure into a coordinate axis system
consistent with this alignment tensor using euler_pdb. The
predicted RDC values from this adjusted structure were calcu-
lated using calc_rdip2. This allowed us to compare differences in
RDC values that do not arise purely from a difference in the
alignment tensor. The RDC values we measured at pH 7.4 did
not compare favorably with those predicted with a Q factor of
0.561. Interestingly, the largest differences in the predicted and
measured RDC values at pH 7.4 localized to the Fis1 arm, helix 1,
the loop between helices 1 and 2, and helix 6. By contrast, the
largest differences at pH 5.0 were distributed throughout the
sequence (Figure 2 of the Supporting Information). Taken
together, these data are consistent with a difference in the
structure or dynamics of the arm and proximal regions of
FisIATM at pH 7.4 compared to more acidic conditions.

To address whether these conformational differences in
Fis1ATM involved a dynamic equilibrium, we used three differ-
ent NMR-based probes that are sensitive to motions on different
time scales. We first conducted R;, R,, and steady-state hetero-
nuclear NOE experiments at pH 7.4 (Figure 3 of the Supporting
Information). R; and steady-state NOE values are sensitive to
motions on the nanosecond to picosecond time scale, while R is
also sensitive to slower motions on the microsecond to milli-
second time scales. The resulting R;, R,, and steady-state NOE
data were analyzed using the FASTModelFree (49) implementa-
tion of ModelFree 4.01 (50) which fits spin relaxation data to
the Lipari—Szabo formalism assuming completely isotropic
motion (58). At pH 7.4, the majority of FisATM residues were
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FiGuRE 3: Residual dipolar coupling analysis of FisIATM at 14.2 T,
25 °C, and pH 7.4. (a) RDC values calculated from modified PDB
files plotted vs measured values at pH 7.4. The reported Q value
shows a poor correlation with the previously reported structure.
(b) The differences between measured and calculated RDC values are
plotted as a function of residue number to highlight the structural
regions that give rise to the discrepancies in Q values with the reported
structure. The largest differences between the structure and measured
RDC values at pH 7.4 lie in the arm, helix 1, and helix 6.

described well by model 1 with an average rotational correlation
time (7,) of 8.25 £ 0.32 ns, which compares favorably with the
value of 8.3 & 0.57 ns estimated from analysis of R»/R; values
using Quadric_Diffusion (59). The ModelFree analysis also
provides a measure of the internal motional restriction of the
amide bond vector in the form of a generalized squared order
parameter S°, which is formally bounded between 0 and 1 for
completely isotropic and restricted motion, respectively. For
FisIATM at pH 7.4, §? values appear uniformly distributed for
residues that lie within the helical regions of FisIATM (mean
§2=10.95 + 0.05 at pH 7.4) with slightly lower values for some
residues in loop regions. Data collected and analyzed identically
at pH 5.0 showed few differences from data collected at pH 7.4
(data not shown). We interpret these data to suggest that the
backbone of FisIATM is well-ordered on the millisecond to
picosecond time scale.

FisIATM may be dynamic on a time scale slower than
milliseconds to picoseconds, so we measured amide proton
exchange rates by saturation transfer NMR. These experiments
can be sensitive to motions on the millisecond to minute time
scale via detection of exchange of amide protons with solvent
protons. In saturation transfer experiments, the ratio of amide



6604  Biochemistry, Vol. 48, No. 28, 2009

intensities with and without water presaturation measured at
different pH values can be used to estimate a corrected exchange
rate constant at pH 7.4, k., which is corrected for spurious
effects that arise from NOEs and coincidental chemical shifts (52).
For FislATM, these experiments are sensitive to motions only
on the time scale of ~1—100s ™' (see Materials and Methods) At
pH 7.4, the corrected exchange rate constants for certain amide
protons of FislATM residues in loops are higher than those of
the majority of amide protons that show exchange rates below the
limits of detection (Figure 4 of the Supporting Information). In
the Fis1 arm residues, we observe only a few amide protons with
significant exchange rate constants (K3, DS, W7, L10, and 111)
and negligible exchange with solvent for most residues in the arm.

Given that the majority of FisIATM backbone residues
exchange more slowly with solvent than 1 s~', we used hydro-
gen—deuterium exchange experiments detected by NMR spec-
troscopy. In these experiments, a sample lyophilized in H,O is
suspended in D,O and the exchange of backbone amide protons
with solvent deuterons is monitored by collecting 'H—">N HSQC
spectra as a function of time. Amide protons buried in the
hydrophobic core or hydrogen-bonded in secondary structure
will not readily exchange with solvent deuterons unless a dynamic
event allows for such exchange. Such dynamic events can be
either small internal fluctuations or local unfolding events that
are related to the global unfolding of the protein. Regardless of
the exact mechanism, these experiments can provide a measure of
protein dynamics on a time scale of minutes and longer. HDX
data were collected at pH 5.0 and 7.4 and were well-fitted to a
single exponential, resulting in determination of the rate constant
for solvent exchange (k) for each nonoverlapped residue. At
pH 5.0, backbone amides in helices 1—5 of FisIATM were
more protected from solvent exchange than loop regions, with
notable exceptions involving the loop between helices 5 and 6.
Many residues showed little exchange with solvent over a 7 day
collection period and corresponded to residues in the core TPR
helices of Fis1 with the notable exception of Lys11 in the Fisl arm
(denoted with an asterisk in Figure 4a). Other residues in the Fisl
arm were protected from solvent exchange to the same degree as
residues in helices 1 and 5. By contrast, at pH 7.4, backbone
amides in the Fisl arm and a-helix 6 were not protected at all.
The marked decrease in the degree of solvent protection at pH 7.4
for residues in the Fisl arm, helix 1, the loop between helices
5 and 6, and helix 6 is not solely an effect in the increase in the
level of base-catalyzed exchange as these data have been corrected
for such effects. Thus, these data suggest these residues, including
the Fisl arm and proximal loop residues, undergo motions on the
minute time scale not observed at a more acidic pH.

The NMR data taken as a whole suggest a slow opening rate
for the Fisl arm that could be consistent with a small population
of FisIATM molecules with the concave surface exposed to
solvent. This model would predict that other perturbations to this
conformational equilibrium, such as temperature, would result in
displacement of the Fis1 arm that might be more readily detected
than in the experiments described herein. To test this idea, we
monitored the 'H and "N chemical shifts of FisIATM at 40 °C
(Figure 5a). We found the most significant perturbations of
chemical shifts for only a subset of residues. We assigned the
chemical shifts of 40 °C spectra using standard methods and
calculated the average chemical shift difference, Ad, using both
the 'H and "°N chemical shifts (Figure 5 of the Supporting
Information). While differences in temperature-induced chemical
shifts can arise from both conformational and hydrogen bond
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FIGURE 4: NMR-derived hydrogen—deuterium exchange data of
Fis1ATM at 14.2 T, 25 °C, and pH 7.4 and 5.0 as a function of
residue number. The rate constants for exchange of the amide back-
bone with solvent deuterons, logo ke, are derived from a series of
HSQC experiments conducted with a '’N-labeled sample after dis-
solution in D,O. Note the N-terminal region and helix 6 are not
protected from solvent exchange at pH 7.4 but are at pH 5.0. Residues
marked with an asterisk (38, 40, 42, 46, 49, 50, 53, 57, 59—61, 64, 67,
83—85,89,90,92, 100, 101, 109, and 112) showed “super protection”.

length differences, we found the largest difference involved the
Fisl arm and proximal regions (Figure 5 of the Supporting
Information). In addition to temperature-induced chemical shift
changes, we noted new additional cross-peaks for a subset of
residues at 40 °C. These additional cross-peaks were observed for
only a subset of residues (Figure 5a, inset). Additional cross-
peaks in NMR spectra can arise from either conformational or
sample heterogeneity. HPLC analysis and MALDI-TOF mass
spectrometry demonstrated that NMR samples were >95%
homogeneous. Furthermore, these cross-peaks can disappear
when the temperature is decreased to 25 °C. Thus, the observed
changes in relative cross-peak intensities are consistent with the
existence of major and minor conformations in solution. Con-
sistent with this interpretation, we found when the sample
temperature was increased to 50 °C that cross-peak intensities
of the minor species increased while cross-peak intensities of the
major species concomitantly decreased (data not shown). We
conclude that a minor species of FisIATM is in slow exchange on
the NMR time scale with a major species. We calculated the
chemical shift difference between the major and minor species,
Ad, and mapped these differences onto a structural model of
FisIATM (Figure 5b,c). The minor species appears to involve
many residues with a subset that cluster in the Fisl arm and
proximal regions (Figure 5c). We interpret these data to support
the idea of a dynamic equilibrium involving the Fisl arm.
However, we note that not all residues in the Fisl arm exhibited
this behavior, consistent with a dynamic process that modulates
residues nonuniformly and suggests more complex dynamics
than a simple opening reaction involving the Fisl arm.

If the Fisl arm were involved in a dynamic equilibrium, we
would expect that we could detect this equilibrium using a
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FIGURE 5: NMR chemical shifts differ at 40 and 25 °C at pH 7.4 for
a subset of residues. (a) "H—""N HSQC spectra of a 1.0 mM sample
of Fis1ATM at 25 (black) and 40 °C (red) and at pH 7.4 recorded at
14.2 T. For a subset of residues, a minor conformation (B) in slow
exchange with a major conformation (A) appears and is indicated
with an asterisk. (b) Observed change in chemical shift, AJ, bet-
ween conformations A and B at 40 °C plotted asa function of
re51due number where Ad = {( Hopn7.4— HépHS o)+ /4( Népm 4=
NépHS o)P}'2. A minor conformation was observed for residues 3, 4,
6,7,9—11,13,15,20,22,28,30,31,36,41,43,53,55,61,64,68,71,73,
74,77—179,82—85,94,99, 100, 104—106, 109, and 124. (c) Mapping of
the observed chemical shift changes between conformations A and B
onto a surface representation of the pH 5.5 structure of Fis1ATM
[PDBentry 1y8m (29)]. This figure was made with PYMOL (87) using
a color gradient (82) to display average chemical shift differences
from 0 to 0.43 ppm (from white to red, respectively). The residues for
which no chemical shift data are available are colored light gray.

cysteine modification experiment used as a measure of solvent
accessibility to a specific side chain. From our data given above,
we predicted that a cysteine probe placed at the interface of the
concave surface and the N-terminal arm would exhibit solvent
accessibility if the arm were undergoing dynamic excursions away
from the concave surface. To test this prediction, we replaced
isoleucine 85 with cysteine (I85C) and monitored the covalent
modification over time with the fluorescent cysteine-reactive dye
AlexaFluor Maleimide 488 (Figure 6a). We chose this position as
11e85 lies in the middle of the concave surface on a-helix 4,
directly below the Fisl arm.

Wild-type FisIATM has two native cysteines (residues 79 and
87), also located on helix 4, pointing toward the opposite surface
from Ile85. These cysteines appear to be solvent inaccessible in
the published structure, and indeed, we saw a slow rate of
modification (r = 0.033 £ 0.005) upon addition of AlexaFluor
Maleimide 488 (Figure 6a). In contrast, I85C-Fis ATM exhibited
a rate of modification almost 10-fold faster (r =0.283 £ 0.012)
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FIGURE 6: Chemical modification of a buried residue may be con-
sistent with Fisl arm dynamics. Modification of an engineered
cysteine residue by AlexaFluor Malemide 488 was monitored as a
function of time. I85C lies on o-helix 4 beneath the Fisl arm.
FisIATM also contains two native Cys residues, C79 and C87,
located on the opposite side of helix 4 and are mostly buried: (a) wild
type (black circles) and I85C (red squares) FislIATM at 25 °C,
(b) wild-type (black circles) and I85C (red squares) Fis1ATM at
40 °C, and (c) unfolded wild-type (black circles) and unfolded 185C
(red squares) FislATM. (d) 7; and 7, values from single- or double-
exponential fits. The figures are representative of three independent
measurements which have been averaged to give the rate constants
and standard error of the mean in the table shown.

(Figure 6a) than that of the wild type. Replacement of 1le85 itself
could perturb the structure of the protein, allowing all cysteines
in I85C to become more accessible to chemical modification.
However, '“N-labeled 185C-FisIATM exhibited very similar
backbone amide "H and "N chemical shifts, with most Ad being
<0.1 ppm when compared to wild-type FisIATM, indicating no
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large structural changes had occurred upon replacement of I1e85
with Cys (Figure 6 of the Supporting Information). Further, we
also noted that the amplitudes of the modification curves are
consistent with the increased amplitude of I85C arising primarily
from modification of the non-native cysteine.

To test whether temperature affects a dynamic equilibrium
involving the Fisl arm, we measured chemical modification of
I85C at 40 °C (Figure 6b). The rate of cysteine modification for
wild-type FisIATM increased slightly at 40 °C compared to that
at 25 °C [t = 0.080 £ 0.008 (Figure 6b)]. In contrast, the rate of
cysteine modification for I85C could not be fit to a single
exponential (Figure 6b). Instead, these data required fitting to
a double-exponential equation with the following rate constants:
71 = 0.317 £ 0.035, and 7, = 10.5 4 0.39. To determine whether
these rate constants arose from a misfolding of the I§5C variant
at 40 °C, we collected a "H—">N HSQC spectrum of '*N-labeled
I85C-FisIATM at 40 °C and found minor changes in chemical
shift, indicating the protein was still folded at this temperature
(Figure 6 of the Supporting Information).

DISCUSSION

The concave surface of FisIATM, occluded by the N-terminal
arm in both NMR and X-ray structures (29, 35), is thought to be
displaced for Fisl to be able to recruit the essential GTPase
Dnml to sites of membrane scission (26, 37). We therefore tested
the hypothesis that the Fisl arm may exist in a dynamic
equilibrium between an open and closed conformation that
might allow access to this concave surface. We interpret our data
to support a model in which the N-terminal arm and o-helix 6 are
predominantly structured as seen in the high-resolution struc-
tures but exhibit dynamic excursions away from this mean
structure. These conformational excursions could lead to a loss
of protection from amide proton exchange with solvent as
measured by HDX (Figure 4) and that may be detected by
RDC measurements that indicated significant differences in the
structure of the Fisl arm and proximal regions when compared to
the reported structures (Figure 3). The NMR data as a whole
indicate that the Fisl arm and o-helix 6 may be dynamic on a
time scale slower than 1 s~ ' (from saturation transfer experi-
ments) but faster than ~0.7x 10~ s~" at pH 7.4 (given the lag
time between dissolution in D,O and collection of the first HDX
data point). These data could be consistent with a small popula-
tion of conformational states in which the Fisl arm is not
occluding access to the concave surface. Interestingly, proline
isomerization occurs on a very similar time scale (60). There are
two prolines in the N-terminal arm of yeast Fisl (P8 and P16)
that are conserved among Fisl from fungal species. The struc-
ture of yeast Fisl at acidic pH shows both prolines in the cis
conformation (29). Thus, it is tempting to speculate that the slow
interconversion of proline isomers may govern when the arm is
occluding access to the concave surface.

Our chemical modification experiments with I85C are also
consistent with a dynamic equilibrium involving the Fisl arm.
We found that Cys85 that lies under the N-terminal arm is readily
modified by a fluorescent probe. In these experiments, we cannot
eliminate the possibility that replacing Ile85 with Cys itself
perturbs the Fisl arm equilibrium. However, we found few
differences in chemical shifts between the wild type and I85C-
FisIATM. To address the innate limitations in these chemical
modification experiments, we measured the modification rate at
two temperatures. Measuring the modification rate of the I85C
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protein at 25 and 40 °C allows us to observe a perturbation in the
dynamic equilibrium. We could fit our 40 °C data only to a
double exponential, with one rate constant that corresponded
very closely to that of I85C at 25 °C (t49c = 0.317 £0.035 vs To5c=
0.283 £ 0.012), while the other corresponded closely to the rate
of modification of completely accessible cysteines in an unfolded
protein (7, = 10.5 £ 0.039 vs Tynpo1qeq = 7.02 £ 1.86) (Figure 6¢).
This suggests that I85C exists in two populations: one that is as
folded like the wild type and one that is unfolded. However, our
NMR data of I85C at 40 °C show no evidence of an unfolded
population, arguing that the second rate constant derives pri-
marily from Cys85 being freely accessible to the fluorescent dye at
40 °C as would occur upon displacement of the Fisl arm.
Consistent with this interpretation, the chemical shift of the
native Cys79 in the I85C mutant did not change, though Cys87
was not readily assignable. These residues serve as useful controls
as they also lie on helix 4, though on the opposite side of the
concave surface. Interestingly, perturbing the equilibrium of
conformational states involving the Fisl arm at temperatures
even higher than those reported here results in formation of
FisIATM homodimers. We have also found that mutagenesis of
residues that would be expected to displace the Fisl arm from the
concave surface (by introducing charged residues in the arm itself
or concave surface) results in homodimer formation (unpub-
lished data). Thus, the Fisl arm appears to occlude a concave
surface that is important for homodimerization and binding to
other fission factors.

Previous analysis of backbone '*C’ spin relaxation data has
been reported for FislATM and is largely consistent with our
analysis here, with the exception that I1e85 was found to undergo
chemical exchange on a microsecond to millisecond time scale
that is not sensitive to detection by "*N spin relaxation meth-
ods (61). While other residues were not reported to be involved in
chemical exchange, this observation may be consistent with the
idea of a flexible Fisl arm that could give rise to such selective
exchange, consistent with our observations. Dynamic excursions
away from the mean structure involving the Fisl arm are
consistent with biochemical pull-down experiments that detected
binding only between Fis1 and Dnm1 after Western blot analysis
with extended exposure times, which is contrasted by robust
binding observed upon removal of the Fisl arm (37).

If the role of Fisl is to recruit Dnml to the mitochondrial
surface but the Fisl arm prevents this interaction, then the
question becomes how this apparent autoinhibition is relieved.
A likely candidate is Mdvl, an adaptor protein essential for
fission. However, several lines of evidence suggest that Mdvl
does not play this role. First, the altered mitochondrial morphol-
ogy caused by AN-Fisl (29) is rescued by Mdvl overexpres-
sion (26), which argues against Mdv1 acting to displace the Fisl
arm. Second, Mdvl is thought to act late in the fission process
after a Fisl—Dnml complex has formed (36). Third, we saw no
evidence of an increased level of Dnml binding in the presence
of increasing amounts of MdvIAC in biochemical pull-down
experiments. However, this result could be due to the presence of
large fusion constructs necessary for these experiments (37).
Finally, the crystal structure of FisIATM in complex with a
fragment of Mdv1 determined to high-resolution shows that the
Fisl arm in a closed conformation similar to the structure in the
absence of Mdv1 (35). In this cocomplex, the N-terminal residues
of the Fisl arm are making intimate contacts with Mdv1 that
would appear to favor the Fisl arm in a closed conformation,
consistent with biochemical pull-down data that showed a slight
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decrease in the level of binding upon removal of the Fisl arm (37).
These data suggest that Mdv1 does not displace the Fisl arm to
expose the conserved, concave surface.

Is it possible that conformational substates of FisIATM that
are sparsely populated are important in allowing access to the
conserved, concave surface important in Dnm1 binding? Support
for such a possibility can be found in other systems. For example,
the Dbl homology domain of guanine nucleotide exchange factor
Vavl is also autoinhibited by an N-terminal helix (arm) that
sterically occludes access to the active site (62). In this system, the
inhibitory helix (arm) also adopts a primarily closed conforma-
tion but exhibits brief, dynamic excursions to a conformation
that allows phosphorylation and relief of autoinhibition (63, 64).
Thus, conformational substates that are fleetingly populated, and
therefore invisible by most forms of spectroscopy that detect only
the ensemble average, may be important in regulation of a
protein’s activity. This view of protein structure consisting of a
dynamic population of conformational substates is not new (6.5)
but has been demonstrated computationally and experimentally
only recently (66—75) in large part due to the development of new
NMR methods (76—78) that can detect these so-called “invisible
states” if the time scale of motion is suitable (79, 80).

These considerations support the idea that a small fraction of
FisIATM molecules with the Fisl arm in an open conformation
might be sufficient to relieve the apparent autoinhibition. We
note that the presence of the transmembrane domain and the
mitochondrial membrane that are absent in our experiments may
shift this conformational equilibrium further toward an open
conformation. Whether autoinhibition is relieved entirely by
intrinsic dynamics of Fisl or requires other mechanisms, such
as catalyzed prolyl isomerization or phosphorylation, remains to
be determined. In summary, the dynamic nature of yeast
FisIATM demonstrated by these experiments is consistent with
a model in which the Fisl arm regulates access to a concave
surface important in binding to Dnml, a GTPase essential for
mitochondrial and peroxisomal fission.
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pK, determination of His106 of Fisl by long-range HMQC
experiments at 25 °C, NMR residual dipolar coupling analysis of
Fisl at pH 5.0, NMR spin relaxation analysis of Fisl at pH 7.4,
NMR saturation transfer experiments of Fisl at pH 7.4, NMR
chemical shift analysis at 25 and 40 °C, HSQC spectra of 185C
mutant at 25 and 40 °C, and a table of residual dipolar coupling
values at pH 5.0 and 7.4. This material is available free of charge
via the Internet at http://pubs.acs.org.
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