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ABSTRACT. Human manganese superoxide dismutase (MnSOD) is a homotetramer of 22 kDa subunits, a
dimer of dimers containing dimeric and tetrameric interfaces. We have investigated conformational mobility

at these interfaces by measuring amide hydrogen/deuterium (H/D) exchange kinefs MR spectra,

both being excellent methods for analyzing local environments. Human MnSOD was prepared in which
all nine tyrosine residues in each subunit are replaced with 3-fluorotyrosine!®FidMR spectrum of

this enzyme showed five sharp resonances that have been assigned by site-specific mutagenesis by replacing
each 3-fluorotyrosine with phenylalanine; folfF resonances not observed are near the paramagnetic
manganese and extensively broadened. The temperature dependence of the line widths and chemical shifts
of the 1% resonances were used to estimate conformational mobility. 3-Fluorotyrosine 169 at the dimeric
interface showed little conformational mobility and 3-fluorotyrosine 45 at the tetrameric interface showed
much greater mobility by these measures. In complementary studies, H/D exchange mass spectrometry
was used to measure backbone dynamics in human MnSOD. Using this approach, amide hydrogen exchange
kinetics were measured for regions comprising 78% of the MnSOD backbone. Peptides containing Tyr45
at the tetrameric interface displayed rapid exchange of hydrogen with deuterium while peptides containing
Tyrl69 in the dimeric interface only displayed moderate exchange. Taken together, these studies show
that residues at the dimeric interface, such as Tyrl69, have significantly less conformational freedom or
mobility than do residues at the tetrameric interface, such as Tyr45. This is discussed in terms of the role
in catalysis of residues at the dimeric interface.

Human manganese superoxide dismutase (MNnSG) Dimeric Tyr9
homotetramer of 22 kDa subunits that catalyzes the decay 'Merface T~ N
of superoxide into @and HO; (1, 2). This catalysis is very % 1
efficient with k../Kn near diffusion control ) in catalysis =
which follows simple MichaelisMenten kinetics 3). In
eukaryotes MnSOD is typically a homotetramer, comprising
a dimer of dimers and having different dimeric and tetrameric
interfaces (Figure 1). Most prokaryotic MNSODs are ho-
modimers 1). Residues at the dimeric interface of MNnSOD
are conserved between eukaryotic and prokaryotic enzymes
(4). However, the presence of a tetrameric interface in I ; \
eukaryotic MNnSOD suggests enhanced stability; the main A% ) S .‘ Tetrameric
unfolding temperature of tetrameric human MnSOD is near NN v/

90 °C while that measured for the dimeric MNSOD from
Escherichia colis 76°C (5, 6). A mutation at the tetrameric
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IGURE 1: Structure of human MnSOD showing the dimeric and
tetrameric interfaces. Also shown are the positions of five tyrosine

s Department of Biochemistry, The Scripps Research Institute.  '€Sidues that give shaff= resonances when labeled with fluorine.
I'McKnight Brain Institute, University of Florida. Tyrd5 is located at the tetrameric and Tyrl69 at the dimeric
U Department of Neuroscience, University of Florida. interfaces.

1 Abbreviations: MnSOD, manganese superoxide dismutase; fluoro-
MnSOD, manganese superoxide dismutase in which all nine of the interface of human MnSOD, I58T, decreases the major

tyrosine residues in each subunit are replaced with 3-fluorotyrosine; ;
fluoro-Tyr45, 3-fluorotyrosine at residue 45; Y34F MnSOD, manganese thermal unfolding temperature to 7€ (7). Furthermore,

superoxide dismutase in which Tyr34 is replaced with Phe; TFA, Thermus thermophilysvhich grows in extreme conditions
trifluoroacetate; LC-MS, liquid chromatographynass spectrometry.  including high temperatures, has a tetrameric MNS@P (
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To elucidate these issues, we have investigated propertiedryptophan, 1 mM phenylalanine, and ampicillin. The
of the dimeric and tetrameric interfaces in human MnSOD overnight growth was then transferred to 7.5 L of minimal
using amide H/D exchange mass spectrometry!#ndIMR. media and supplemented in the same manner as the overnight
Amide H/D exchange is a versatile method for measuring culture plus the addition of MNSQ018uM. The cells were
protein dynamics and thermal stability in very specific allowed to grow for abou5 h until an ORgs of 0.3—0.4
regions of protein structure and is used here to examine thewas reached. At this point, the cells were induced with 0.3
interfaces of MnSOD. Differences in amide H/D exchange mM IPTG and 1 mM 3-fluorotyrosine (or unlabeled
rates were observed between the dimeric and tetramerictyrosine as a control) and were allowed to grow for an
interfaces. In addition, we have human MnSOD with all nine additional 4 h. Due to the low solubility af-tyrosine and
tyrosine residues of each subunit replaced by 3-fluorotyrosineits fluorinated analogue in water, these compounds were
(abbreviated fluoro-MnSOD). The use ¥f labels allows added as solids to the growing media. The cells were placed
us to observe specific, well-resolved NMR signals of labeled- at 4 °C overnight and harvested the next day by centrifuga-
tyrosine residues at the dimeric and tetrameric interfaces.tion. The resulting pellet was frozen at70 °C until lysis
The NMR frequency of°F resonances is nearly as high as was performed.

IH, thus producing about the same signal-to-noise ratio as The pellet was resuspended in lysis buffer (32 mM Tris-
IH. Moreover, they have a much larger chemical shift range HCI, pH 8.2, 2.7 M glycerol, 0.2 mM EDTA, 0.2% Triton
than *H, making them considerably more sensitive to the X-100, 0.4 mg/mL lysozyme, and 0.02 mg/mL DNase I) and
local electronic environment. The replacement of hydrogen stirred for 3 h. The suspension of lysed cells was spun down,
by fluorine in 3-fluorotyrosine is a minor steric change since and the supernatant was heated at@@or 10 min and then

the van der Waals radius of a fluorine is just 0.15 A larger spun down to remove precipitate. The resulting supernatant
than the hydrogen it replace8)( and the C-F moiety is a was dialyzed overnight again L of 10 mM Tris-HCI, pH
rather weak hydrogen bond acceptbf)( 8.2, containing 0.1 mM EDTA. After the third dialysis step,

The replacement of all tyrosines with 3-fluorotyrosine in the solution was filtered, and FPLC was performed to further
human MnSOD has no observed effect on the structure of separate MnSOD from some cellular proteins still present
the enzyme as determined by X-ray crystallography at 1.5 after the heating and extensive dialysis. The purified protein
A resolution (L1); the fluorinated and unfluorinated structures Was concentrated in a final buffer of 20 mM potassium
are closely superimposable with the root-mean-square deviafhosphate at pH 7.8. Purity was determined by SDS
tion for 198 a-carbon atoms at 0.3 Al(). We point out polyacrylamide gel electrophoresis, where one intense band
that the crystal structure of fluoro-MnSOD showed a single at 22 kDa indicated the presence of the monomer form of
side chain rotamer for each of the nine 3-fluorotyrosiddy.( ~ MnSOD. The amount of manganese present was determined
The catalytic activity of fluoro-MnSOD was lower than that  using flame atomic absorption, and this occupancy was found
of MnSOD by a factor of 25%2). This decrease could not  to vary from 76% to 84% of enzyme subunits; concentrations
be attributed to a single 3-fluorotyrosine residue and was of enzyme were taken as the manganese concentration.
not primarily due to 3-fluorotyrosine at residue 34, whichis ~ Depending on the particular sample preparation, the
in the active site. amount of 3-fluorotyrosine incorporated into MNnSOD was

Taken together, these amide H/D exchange @RAMR 67—76%, as determined by amino acid analysis composition
studies complement each other in showing that residues afProtein Chemistry Laboratory, Texas A&M University,
the dimeric interface of human MnSOD, such as Tyr169 College Station, TX) and corroborated by hybrid LCQ-ToF
(Figure 1), have significantly less conformational freedom (QSTAR) mass spectrometry (ICBR, University of Florida,
or mobility than do residues at the tetrameric interface such Gainesville, FL). _ _
as Tyr45. Consistent with these results, differential scanning _Site-Directed Mutagenesis of Fluoro-MnSODite-
calorimetry of human MnSOD showed that replacement by directed mutants of human fluoro-MnSOD were constructed
site-specific mutagenesis of Tyr169 at the dimeric interface for the purpose of assignirig= spectra of enzyme containing

decreased thermal stability and replacement of Tyr45 at the3-fluorotyrosine. Each tyrosine of the enzyme was replaced
tetrameric interface did not. These results are discussed inindividually by phenylalanine. An exception was the double

terms of catalysis and stability of MNnSOD. mutant YOF-Y11F; since these residues are near in sequence
and tertiary structure, we replaced these together. These
MATERIALS AND METHODS mutants were generated with the Stratagene QuikChange site-

directed mutagenesis kit (La Jolla, CA) in a Perkin-Elmer

Reagents.-Tyrosine and 3-fluorotyrosine were purchased GeneAmp PCR system 2400 (Foster City, CA). The plasmid
from Sigma (St. Louis, MO) and Acros Organics (a subdivi- of wild-type MnSOD contained in the pTrc99A vector was
sion of Fisher Scientific, Pittsburgh, PA). used as the template. PCR was performed using specific

Labeling with 3-Fluorotyrosine, Expression in E. coli, and oligonucleotides (Sigma-Genosys, The Woodlands, TX)
Purification. E. coli (strain QC774,SodA/SodB, not containing the desired mutations as primers. The PCR
auxotrophic) that express wild-type and the site-directed products were digested with the restriction enzybpal and
mutants of human MnSOD were grown for 17 h at°&7in transformed into supercompetent XL-1 cells for selection.
50 mL of minimal media. The minimal medium (M9), which  The plasmid containing the mutation of interest was isolated
consisted of 0.06 M phosphate buffer at pH 8.2, 8.6 mM using the plasmid miniprep kit from Qiagen, and the mutation
NaCl, and 0.02 M NHCI, was sterilized by autoclaving. The was corroborated by DNA sequencing of the entire coding
overnight culture was supplemented with 0.1 mM GaCl region (ICBR, University of Florida, Gainesville, FL). The
1 mM MgSQ, 11 mM glucose, kg/mL thiamin, 0.2 mg/ plasmid containing the desired mutation was then trans-
mL amino acids (except the aromatic amino acids), 1 mM formed into QC774 cells frork. coli. This particular strain
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lacks the genes that encode for endogenous Fe SODK) 19 193
and MnSOD EodA).

19F Nuclear Magnetic Resonance Spectroscale °F
NMR spectra of fluorinated samples were recorded on a
Bruker Avance 500 MHz spectrometer. ' 5 mm TXI
probe tuned for°F at 470 MHz was employed. We also
used a 5 mm QNIBrobe as a fluorine specific probe, but its
sensitivity for°F was much less than the TXI probe and
not sufficient for our purposes. The TXI probe used displayed
a very broad backgrourid resonance upon which the peaks
of our enzyme were superimposed. This arrangement pre-
cluded measurements &, and we report line widths instead.
Due to this broad fluorine backgroundTgfilter was utilized -y
[90°—delay-180°"—delay—acquire]. This allows for the ‘ _
broader signals of the spectrum to decay before the start of 2 &4 &6 68 80 62 64 ppm
the data collection. The enzyme concentrations were 0.5 mMFIGURE 2: 9F NMR spectrum (470 MHz) of wild-type human
in phosphate buffer at pH 7.8, unless otherwise specified, MnSOD in which all nine tyrosines were replaced with 3-fluoro-

o . . tyrosine. Residue assignments were made by replacement of
and 10% (by volume) BD for an internal lock. Chemical i’ qividual 3-fluorotyrosine residues with Phe and are written above
shifts were referenced to the internal standard trifluoroacetatethe peaks. The spectrum was measured 4€2&nd includes 30 Hz
(TFA) at 0 ppm; high-field or shielded values with respect Lorentzian line broadening. Chemical shifts are referenced to TFA
to TFA are taken as negative. Temperature was varied from(=0 ppm) as an internal standard. The sample contained 1 mM
17 to 62°C by the flow of heated dry air. Spectra were eD”éyrr‘te'E'()?”gM potassium phosphate buffer, and 10% (by volume)
acquired by averaging 4000 scans with a scan rate of 8000/h.”* & pr £.S.

Differential Scanning CalorimetryProteins were prepared

169
45 9

. . of cytochromec was 51% (high 69%, low 20%, standard
in potassium phosphate buffer (20 mM, pH 7.8) at a deviation of three replicate experimentsl.7%) (3). Data

concentration of 1 mg/mL. A solution of 20 mM potassium were processed and visualized with software licensed from
phosphate (pH 7.8) was used as a buffer reference. Both theExSAR Corp. (Monmouth Junction, NJ)

sample and reference were degassed for 10 min before
scanning from 25 to 120C at a rate of £C/min (Microcal RESULTS
VP-DSC). A buffer blank was subtracted from the final
protein scan, and a cubic baseline was fit to the profile. Assignment ofF ResonancesThere are nine 3-fluoro-
Changes in heat capacitxCy) for the unfolding peaks were  tyrosine residues in each subunit of the tetramer in human
corrected by fitting a non-two-state model with a single wild-type fluoro-MnSOD; five appear as distinct major peaks
component. Baseline correction and peak fitting were spanning about 8 ppm in tH&F NMR spectrum (Figure 2).
performed using Origin (Microcal Software, Northampton, The assignment of the peaks in Figure 2 was achieved by
MA). measuring thé®F NMR spectra of individual site-specific
Solution Phase Amide H/D Exchange Mass Spectrometry.mutants in which each tyrosine was replaced by phenylala-
Amide H/D exchange experiments were performed with a nine. Since residues 9 and 11 are near each other in sequence,
fully automated system described in detail elsewhé®}.(  we saved effort by preparing the double mutant; hence, the
Briefly, A LEAP Technologies (Carrboro, NC) Twin HTS NMR resonance assignments are not yet verified. However,
PAL autosampler controlled solution mixing and H/D inthe crystal structure of fluoro-MnSOL.L; PDB accession
exchange time (1, 30, 60, 300, 900, 1800, 3600, and 12000code 1XDC) the side chain of fluoro-Tyr9 is buried with
s). H/D exchange was performed at 25 by dilution of the phenolic hydroxyl hydrogen bonded to the backbone
4 ulL of the MnSOD solution with 16uL of D,O buffer carbonyl of residue 78 and in near van der Waals contact
containing 20 mM Tris-HCI, 100 mM KCI, and 1 mM DTT,  with Pro8, suggesting the downfield-shifté¥ resonance
pH 7.9. Following the prescribed time period, samples were of residue 9 with respect to fluoro-Tyrl1l. Tyrll is more
quenched wh 2 M urea containing 0.5% TFA and passed €exposed to the solvent than Tyr9. Thus we assign the more
over an immobilized pepsin column (2 mm2 cm, prepared ~ downfield resonance at57.6 ppm to Tyr9 and the resonance
in-house) that was held at 2C. The resultant MnSOD  at —60.1 ppm to Tyrll (Figure 2). For reference, tg
peptides were trapped onto a C18 trap cartridge (Peptideresonance for monomeric tyrosine (pH 7.8,°23 is —61.4
Microtrap, Microm Bioresourses, Auburn, CA) and desalted ppm, and thé®F chemical shift of the single large resonance
for 3 min. Peptides were then eluted a@asl mmx 1 cm to which the entire spectrum of fluoro-MnSOD collapses at
POROS 20 R2 column which was directly coupled to the 62 °C is —62.3 ppm.
ESI source of a linear ion trap mass spectrometer (LTQ; Of the nine 3-fluorotyrosine residues of each monomer,
Thermo Electron, San Jose, CA). H/D exchange values arefour are not observed in théF NMR spectrum under the
given as a percentage of the theoretical maximum exchangeconditions of Figure 2. These are residues 34, 165, 166, and
possible for the peptide of interest after accounting for the 176, the side chains of which are located at distances less
80% deuterium content of the exchange solution and athan 9 A from the manganese. All of the observed reso-
deuterium recovery value of 70%. Previous experiments with nances, residues 9, 11, 45, 169, and 193, are located at
a fully deuterated sample of cytocronewere used to  distances greater than 13 A from the manganese. Thus it is
estimate the deuterium recovery of our automated system.a reasonable suggestion that the four residues of 3-fluoro-
The mean percentage deuterium recovery for 52 segmentdyrosine not observed are broadened by the paramagnetic
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wild-type human MnSOD in which all tyrosine residues are replaced

with 3-fluorotyrosine. Values are normalized to show a single

chemical shift at 17C in order to compare trends. Conditions are FiGURE4: Temperature dependence ¥t line widths at half-height

as described in Figure 2. Key®] Tyr45; @) Tyr9; (a) Tyrl69; for wild-type human MnSOD in which all tyrosine residues are

(®) Tyr193; (x) Tyrll. Solid lines are least-squares fits of the data. replaced with 3-fluorotyrosine. Conditions are as described in Figure
2. Key: (®) Tyrd5; @) Tyr9; (a)Tyr169; @) Tyr193; (x) Tyrll.

manganese, in addition to broadening by the overall slow 15000 5 prior to quenching of amide hydrogen exchange by
motion of the homotetramer. At the pH 7_.8 of these _studies rapidly lowering the solution pH and temperature. After

we dp not ex'pec't any of the tyrosine residues to bg ionized, quenching, the protein was digested by exposure to pepsin,
consistent with literature on structuré) @and catalysis3). and the resultant peptide pool was examined by LC-MS. The

Differential Scanning CalorimetryDifferential scanning  yptake of deuterium for MNSOD pepsin-derived peptides was
calorimetry was used to determine changes in thermal determined by measuring the increase in number-avenége
stability for two unfluorinated mutants of human MnSOD yajyes of the ion isotopic distributions for each peptide from
at positions 45 and 169 measuring the main unfolding an on-exchange time point (deuterated peptide) when com-
transition of the enzyme. The mutant with Tyr45 replaced pared to the same peptide frams 0 (nondeuterated peptide).
by Ala exhibited an unfolding temperature of 94°€ The percent deuterium incorporation was determined for each
compared to 90.7C for wild-type MnSOD 8, 6) (standard  peptide by dividing the measured number of deuterium atoms
deviations estimated at 0°€). The unfolding temperature  jncorporated by the calculated number of exchangeable amide
for the mutant with Tyr169 replaced with Ala was 86G. hydrogen atoms for that peptid&3).

These site-specific_ mutants, one with Tyr45 replaced by Ala Using this approach, amide hydrogen exchange kinetics
and the second with Tyr169 also replaced by Ala, showed of 29 peptides (comprising approximately 78% of the human
no significant change in catalytic decay of superoxide MnSOD protein) were determined (Figure 5A). For each
measured by pulse radiolysis at Brookhaven National peptide, the percentage of deuterium uptake versus time for
Laboratory (data not shown). the seven on-exchange time intervals was plotted with error

Temperature Dependence’df Resonancedhe change  bars (plots not shown) representing the mean standard
as temperature was increased from 17 to °&7in the deviation of the deuterium incorporation percentages deter-
chemical shifts of the each of the five assigned resonancesmined from triplicate experiments. The rate of deuterium
was uniform with no significant changes in slope for incorporation varied in different regions of the protein (Figure
individual peaks over this temperature range (Figure 3). The 5B). Peptides corresponding to regions-2®, 58-77, and
two residues that had the largest downfi chemical shift, 94—113 displayed significant protection from amide H/D
fluoro-Tyrd5 and fluoro-Tyr9, also showed the largest exchange as demonstrated by very low levels of deuterium
changes in chemical shift (Figure 3) and in line width at incorporation with their maximum levels being below 35%
half-height (Figure 4) as temperature increased. The remain-(percent of the maximum on-exchange possible corrected for
ing assigned residues fluoro-Tyrll, fluoro-Tyrl69, and percent deuterium exposure and back exchange) at the
fluoro-Tyr193 showed smaller changes in chemical shifts and longest on-exchange time point. Peptides corresponding to
in line widths with changes in temperature over the range regions 120, 78-96, 114-135, and 155173 showed
of temperatures in Figures 3 and 4. It is notable that fluoro- moderate protection from amide H/D exchange with levels
Tyrl69 showed almost no change in line width with of deuterium incorporation between 50% and 60% at the
temperature (Figure 4). longest on-exchange time point.

Amide Hydrogen/Deuterium Exchange Kinetidée em- The most rapidly exchanging MnSOD peptides, or regions
ployed amide H/D exchange mass spectrometry to examineof MNSOD that demonstrate little or no protection to amide
backbone dynamics for human MnSOD (not fluorinated). H/D exchange, were in the 48 region that showed 96%
By measuring the rate of amide H/D exchange over defined deuterium incorporation at the 3600 s time point. The
regions of human MnSOD, we were able to develop a exchange kinetics for a region of a protein is dependent in
comprehensive map of backbone dynamics that was complepart on the extent of localized hydrogen bonding as amide
mentary to the NMR studies. On-exchange experiments of hydrogens are protected from exchange while involved in
amide backbone hydrogens with deuterium were performedhydrogen bonding. For an amide hydrogen involved in a
in triplicate and involved exposing native human MnSOD hydrogen bond to become exchange competent, localized
to solvent 80% RO for 0, 1, 15, 300, 900, 1800, 3600, and unfolding must occur to break the hydrogen bond and allow

Temperature (°C)
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Ficure 5: (A) H/D exchange map for human MnSOD. Each block represents a pepsin-derived fragment of MNSOD detected by LC-MS
and monitored during on-exchange time periods to determine the degree of deuterium incorporation. The gradations within each block
represent the seven on-exchange time periods used with the shortest period being on top. The deuteration level, as a percentage of the
theoretical maximum, for each peptide at each time period is color-coded. (B) Percent deuterium incorporation is shown for peptides in
different regions of MnSOD at the maximum on-exchange time point of 12000 s. Experiments were performed in triplicate with error bars
representing one standard deviation plotted on the graphs. Peptides in the regln G&htaining Tyr45 are significantly unprotected

from H/D exchange while peptides in the region 353 containing Tyrl69 are moderately protected from exchange.

exchange with solvent protons or deuterons. Therefore,the motions of fluorotyrosine rings in proteink4( 15), we
slowly exchanging regions of a protein are considered lessanticipate that the dominant spitattice relaxation mecha-
dynamic in part due to significant hydrogen bonding. For nism is dipolar with a contribution from chemical shift
example, the region 5877 appears protected from H/D anisotropy and that the decrease in line widths observed in
exchange (Figure 5B) probably because it is highly helical *°F resonances can be largely attributed to motional narrow-
and may contain a larger number of hydrogen bonds thaning. We point out that the crystal structure shows just one
other regions that are more rapidly exchanged such as 40 rotamer for the side chains of each 3-fluorotyrosine residue
58. Taken together, the data indicate that the regionsin fluoro-MnSOD (1); although we cannot exclude a
corresponding to the tetrameric domain {4&8) and the contribution of chemical exchange to line broadening, neither
dimeric domain (159174) display different amide H/D the crystal structure nor the observ@d spectrum suggests
exchange kinetics with the tetrameric domain affording rapid that such a mechanism is predominant.
exchange and the dimeric domain affording moderate protec- The 19F resonance of fluoro-Tyr169 is notable because it
tion from amide H/D exchange (Figure 6). does not change appreciably in line width over the temper-
DISCUSSION ature range from 17 to 57C (Figure 4). The _oth_ei*gF _
resonances have line widths that decrease with increasing
We emphasize here the properties of fluoro-Tyr45 and temperature, suggesting increasing motional processes; fluoro-
fluoro-Tyr169 which are located in the tetrameric and dimeric Tyr169 does not show a detectably higher degree of motional
interfaces, respectively (Figure 1). TR& resonance of freedom as temperature increases. Also, fluoro-Tyr169 shows
fluoro-Tyr45 shows a large increase in chemical shift as a chemical shift change as temperature increases that is
temperature increased (Figure 3), moving toward the positionmodest compared with that of fluoro-Tyr45 (Figure 3). The
of the % peak for denatured enzyme, and shows a large line width data especially indicate that the environment of
decrease in line width as temperature increased (Figure 4)this side chain is rather stable with little change in mobility
These features characterize a region at the tetrameric interfacever the temperature range studied. Residue 169 is located
with increased conformational and dynamic mobility as at the dimeric interface, and its side chain appears in near
temperature increases. On the basis of previous studies ofvan der Waals contact with the hydrocarbon side chain of
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(16). In fact, crossing the dimeric interface are residues such
as Glul62 and Tyr166 that extend into the active site of the
adjacent subunit and are significant contributors to catalysis
(17, 18). In human MnSOD, our reporter residue at the
dimeric interface Tyr169 showed less conformational mobil-
ity and greater contribution to stability than Tyr45 at the
tetrameric interface. This may in part reflect the observation
that residues at the dimeric interface are closer to the active
site, likely play a greater role in supporting catalysis, and
hence require a greater degree of conformational stiffness
than residues at the tetrameric interface. It is significant that
residues Tyr34, His30, and Tyr166 in the active site cavity
each fall into a region of moderate H/D exchange (Figure
5). These side chains form a hydrogen-bonded network and
are believed to contribute to proton transfer in the catalysis
(6). This is distinctly different than the proton transfer path-
way in carbonic anhydrase in which the participating side
chains are shown to require conformational flexibilifyd).
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the regions corresponding to the tetrameric domain-&g) afford
rapid exchange while regions corresponding to the dimeric domain
(159-174) afford moderate protection from amide H/D exchange.
This indicates that the environment around Tyr45 is more dynamic
and therefore less structurally constrained than the Tyr169 region.

GIn168. Considering residue 169 as a reporter for the dimeric
interface, these data indicate stability and lower motional
freedom for the region of fluoro-Tyr169.

The amide H/D exchange data are in agreement with these
conclusions since they demonstrate very rapid exchange or

little protection from 100% exchange for peptides containing
Tyr45 at the 3600 s time point. In contrast, there was only
moderate exchange for the peptides containing Tyr169, with
a maximal on-exchange of only 50% at the longest on-
exchange time point (12000 s) (Figure 5B). This indicates
that the environment around Tyr45 is more dynamic and
therefore less structurally constrained than the Tyr169 region.

The thermal unfolding data appear to be consistent with these

conclusions. Specifically, differential scanning calorimetry
showed that replacement of Tyrl69 with Ala destabilized
human MnSOD with the major unfolding transition decreased
about 4°C compared with wild type, while the replacement
of Tyr45 did not destabilize but actually enhanced stability
somewhat.

Of the remaining observed®F resonances, those of

residues 11 and 193 had chemical shifts closest to monomeric

3-fluorotyrosine or to partially denatured fluoro-MnSOD.
With increasing temperature, their chemical shifts moved
toward that of the denatured enzyme and their line widths
narrowed somewhat (Figures 3 and 4); peptide containing
residue 11 was intermediate in extent of amide H/D exchange
(Figure 5B). These features are consistent with the partially
constrained positions of Tyrll and Tyr193 in the structure.
Fluoro-Tyr9 was different in showing a rather substantial
temperature effect in it¥F line width (Figure 4), although
showing a rather modest temperature effect®nchemical
shift (Figure 3).

Evolution clearly shows a dimeric MnSOD of primitive
species, with tetrameric MNSOD a different development
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