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ABSTRACT. Amide exchange rates were measured Pgrococcus furiosugPf) rubredoxin substituted

with either zZn(ll), Ga(lll), or Ge(IV). Base-catalyzed exchange rate constants increase up to 3000-fold
per unit charge for the highly protected amides surrounding the active site metal, yielding apparent residue-
specific conformational energy decreases of more than 8 kcal/mol in a comparison of the Zn(ll)- and
Ge(IV)-substituted proteins. However, the exchange kinetics for many of the other amides of the protein
are insensitive to these metal substitutions. These differential rates are inversely correlated with the distance
between the amide nitrogen and the metal in the X-ray structure, out to a distance of at least 12 A,
consistent with an electrostatic potential-dependent shifting of the amide nitrdgemhgs strongly
correlated distance dependence is consistent with a nativelike structure for the exchange-competent
conformations. The electric field potential within the interior of the rubredoxin structure gives rise to a
change of as much as a million-fold in the rate for the exchange-competent state of the individual amide
hydrogens. Nevertheless, the strength of these electrostatic interactiBhsubredoxin appears to be
comparable to those previously reported within other proteins. As a result, contrary to the conventional
analysis of hydrogen exchange data, for exchange processes that occur via nonglobal transitions, the residual
conformational structure will often modulate the observed rates. Although this necessarily complicates
the estimation of the conformational equilibria of these exchange-competent states, this dependence on
residual structure can provide insight into the conformation of these transient states.

More than 50 years ago, before the first protein X-ray solutions of oligopeptides and randomly coiled polypeptides,
structure was reported, the hydrogen exchange experimentand few inferences concerning the valueskpfand k; in
of Linderstrgam-Lang and co-worker$)(demonstrated that  reaction scheme can be made from observed rates of
the conformation of a protein can strongly protect backbone hydrogen exchange in proteins.”
amide protons from exchange with the hydrogens in the bulk  The assumption that the open-state exchange rate is
water. However, exchange eventually did occur, thus first independent of residual conformational structure or equiva-
demonstrating the dynamic character of the protein struc- lently that normalization against model peptide exchange data
ture. The kinetics of this process are generally representedyields thermodynamic measurement of the open-state con-
according to the following equation: formational equilibria 8) forms the core of the so-called
“local unfolding” model. Conversely, the expectation that
residual conformational structure in the exchange-competent
state may potentially influence the rate of exchange from

) o ) that state4) came to be known as the “solvent penetration”
If the rate of the closing reaction is rapid compared to the podel.

rate of the “open”-state chemical exchange step (&> Amide hydrogens that exchange with bulk solvent via a
ks), a pre-equilibrium of the open and closed conformational giopal unfolding transition provide a condition for which the
states is established and t.he overall_gxghange rate constaripplicability of the peptide normalization assumption can be
equals ki/ko)ks, whereky/k; is the equilibrium constant for  gjrectly tested. Although exceptions have been noted
the conformational opening transition. In her classic review (5—10), the most slowly exchanging amides for a number
of protein hydrogen exchang@)( Hvidt stated the central  f proteins predict free energies of conformational stability
issue for the quantitative interpretation of hydrogen exchange similar to those independently obtained by standard reversible
rates in terms of conformational dynamics. unfolding measurementsly). On the other hand, in all
“If it [the exchange-competent conformation] is not fully proteins, the great majority of amides exchange more rapidly
exposed to the aqueous solvagtcannot be assu_med tobe thana global unfolding mechanism predicts.
known from studies of hydrogen exchange in aqueous \jeasurement of the relative exchange rates for a protein
in a crystal and in solutionl@, 13), the correlation between
T s SR M L O3 (1), e of burl and exchange rted( 1) cenaturan
*Tow , u d. =-mait_grl concentration §, 16), and pressurel{) dependence of
Wafﬁ,g;’f%?&;?f%Z%r;‘?fmfﬁf 2,?;2;}3,7.3' Fax: (518) 473-2900. exchange have all been interpreted according to whether
8 Union College. solvent penetration or a local unfolding transition provides
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a more intuitive representation of the exchange-competentdepending on the resonances being monitored at the given
open state. However, none of these experiments directlypH. The data were processed with FELIX (Accelerys, San
probe the underlying question of whether the residual Diego, CA) using cosine bell weighting functions. The time
conformational structure modulates the exchange kinetics courses of the amide peak intensities were fitted to expo-
from this exchange-competent state. nential decays.

To gain further insight into these nonglobal exchange
processes, amide exchange kinetics can be measured as RESULTS
function of varying sample conditions [e.g., temperature,
denaturant, pressure, or pHgj], a protocol denoted as

native-state hydrogen exchanded). The set of amides for o4 1ing 5 single metal coordinated by four cysteine thiolates

which the exchange kinetics vary similarly as a function of 5 approximately tetrahedral arrangement. Substitution of
the altered condition potentially indicates the spatial distribu- diamagnetic Z ion provides an accurate structural
tion of collective _confprmational trapsitions. Var_ying.the mimic of the Fe(ll)-substituted rubredoxia), and zinc has
charge of an active site m.etal provides a phyS|oIog|cfa_IIy been commonly used to eliminate the paramagnetic shifting
relevant means of modulating the conformational stability .4 broadening of the NMR resonances observed for the
of a protein. Considering the simple FetHe(lll) redox — £qyy and Fe(Ill) proteins20, 26—29). Similarly, the X-ray
couple, the oxidized and reduced protein, in both the native g, res of the Fe(lll)- and Ga(lll)-substitutetbstridium

and reverS|ny unfolded forms, define a (_:Iosed four-state pasteurianum(Cp) rubredoxin differ only slightly in ©
thermodynamic cycle. The free energy difference for the positions, sulfurmetal bond lengths, and sulfuamide
protein redox reaction in the native state versus that in the hydrogen bond lengths (rmsds of 0.13, 0.02, and 0.02 A

reversibly unfolded state is necessarily equal to the difference, o atively) 23). The transition from the Fe(ll) to Fe(lll)
in the native-state conformational stability for the oxidized ooy state ofCp rubredoxin yields a contraction in the

versus reduced forms. Thus, .the redox—indyced c_hange 'naverage sulfurmetal bond distance (from 2.36 to 2.26 A),
hydrogen exchange rates that is due to the differential g|°ba|while the sulfur-amide hydrogen bond lengths increase by
stability can potentially be separated from the contribution 0.08 A (25).

arising from the long-range electric field potential effect on
the ionization step in the chemical exchange transition.

Apparent Residue-Specific Conformational Free Energy.
Rubredoxin is the simplest of the iretsulfur proteins,

Recently, we 80) generated Ge(IV)-substituted rubre-
doxin, the first reported stable biomacromolecular coordina-

tion complex of this inorganic germanium ion. Substitution
MATERIALS AND METHODS ? . .
of Zn?*, G&*, and Gé' yields a series of rubredoxins that
Protein Purification and Metal Reconstitutiodniformly differ electronically solely by the charge of the metal nucleus.
15\ enriched Zn(ll)-substituteByrococcus furiosu@Pf) A2K The four coordinating cysteine thiolate ions give rise to net

rubredoxin was expressed and purified as previously de-charge states of2, —1, and 0O, respectively, for the metal
scribed R0, 21). Zr?* was efficiently incorporated into  coordination site with these three substitutions. Changing the
rubredoxin during growth in a minimal medium containing charge of the metal site varies the electrostatic potential at
25 mg/L ZnCh. The G&" and Gé* substitutions were carried ~ €ach amide nitrogen in a distance-dependent manner. The
out via reconstitution from metal-free protein. Uniformfn resultant alteration of theipvalue for each individual protein
enriched Fe(lll)-substitutedf A2K rubredoxin was ex-  amide nitrogen, with the corresponding variation in chemical
pressed and purified as described for the Zn(ll)-substituted €xchange rate constakyg can potentially indicate the effects
protein with 10 mg/L FeS@instead of ZnGlin the growth of residual conformational structure in the exchange-
medium. The apoprotein was prepared by precipitation with competent state.
cold trichloroacetic acid to a final concentration of 20%.  The rubredoxin from the hyperthermophilic archadan
Aporubredoxin was then reconstituted at pH 8 with a final furiosusis the most thermostable protein characterized to
concentration of 2 mM Ga(Ngs or 0.2% Ge(OEt) date @1, 28). Mutation of Ala 2 of wild-typePf rubredoxin
analogous to the protocol used for the previously describedto lysine Pf A2K) yields the variant analyzed herein; its
metal reconstitution studies of rubredox( 23). N-terminal interactions are similar to those of the mesophile
Hydrogen Exchange Measuremeritiiquots of the protein C. pasteurianunhomologue, but the variant retains nearly
samples were dialyzed against buffers containing 100 mMm all of the thermal stability of the wild-type hyperthermophile
sodium chloride and either 20 mM sodium succinate, 20 mM protein. Although the rapid reversible unfolding transition
sodium phosphate, or 20 mM sodium borate in which the of Pf A2K rubredoxin can be detected in the presence of
pH was adjusted to 4.5, 5.5, 6.5, 7.5, and 8.5 [only up to pH much slower irreversible denaturation nearTitsof 137 °C
7.5 for the Ge(IV)-substituted’f A2K rubredoxin]. The (21, only the irreversible denaturation process is observed
protein samples (40QuL) were then lyophilized. The for the Pf and Cp rubredoxins under more typical thermal
exchange experiments were initiated by quickly redissolving and denaturant condition8%, 32).
the samples in an equivalent volume?bi,O and beginning As a means of avoiding the complications of irreversible
the NMR data collection at 23C. The pH value of the  denaturation more generally, hydrogen exchange offers an
samples were determined during acquisition by monitoring approach to estimating differential conformational stabilities
fast carbon acid exchange (D. M. LeMaster, J. S. Anderson, under conditions in which the native state is strongly favored.
and G. Herhamdez, manuscript in preparation). For each Several hydrogen exchange studies of the Zn(ll)-substi-
sample, between 30 and 33N two-dimensional FHSQC  tuted Pf rubredoxin have been previously reporte2D,(
(24) spectra were collected on a Bruker DRX 500 spectrom- 28, 29). In our study, a parallel set of measurements were
eter over the course of several months to more than a yearcarried out ort®N-enriched samples of Zn(ll)-, Ga(lll)-, and
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Ficure 2: Spatial distribution of the metal site charge-dependent
differential hydrogen exchange Pf A2K rubredoxin. The back-
bone of the X-ray structuré®) is colored red and orange for amides
with exchange rate constants varying by at least a factor of 10 and
0 a factor of 2, respectively, for each unit change in the charge of
""""1'0 2'0 o % 4'05|0 the metal site. Amides exhibiting exchange rates that are ap-
. proximately metal site charge-independent are colored black. The
residue number residues which exchange too rapidly for detection as well as the
five prolines lacking the amide resonance are colored gray. Sim-
ilarly colored are residues Cys 6, Tyr 13, and Cys 39 which
exchange too slowly under these conditions to yield rate constant
estimates.

Ficure 1: Apparent residue-specific conformational free ener-
gies of metal-substituteBf A2K rubredoxin. Hydrogen exchange
rate constantskg,) for Zn(ll)-substituted (A), Ga(lll)-substituted
(B), and Ge(lV)-substituted (C) rubredoxin were converted to
conformational equilibria valueskfk;) assuming that the rate ) ]
constants for the base-catalyzed chemical exchange lsjepré states. Hence, the amides which appear to be much more
given by model peptide value$§2). The free energy of the con-  conformationally protected in the Zn(ll) form also appear
formational opening transition was then derived from the formula (g pe far less protected than the remainder of the protein

AGux = —RT In(key/ks). Data for amides with exchange rates - - . .
differing by a factor of at least 10 for each unit change in the charge when the G& ion is substituted. Those residues that are

of the metal site are colored red. Orange is used for data for residues?ffécted by the change in metal charge are distributed around
that change by a factor of at least 2 for each unit charge change.the metal binding site (Figure 2).

The dotted line indicates the approximate lower bound of detection  pifferential Stability of Oxidized and Reduced Rubredoxin.

for amides which exchange too rapidly with bulk water deuterons . ; ; )
to be analyzed by these NMR experiments. The absence of kineticGIVen the close isomorphism between the X-ray structures

data for residue 50 in the Ga(lll) form protein, resulting from Of the Zn(ll) and Ga(lll) forms ofC. pasteurianuntubre-
spectral overlap, is indicated (0). The average experimental doxin (23), such a marked apparent regional destabilization
uncertainty in the log rate constants is estimated to be 0.11. of the native state upon metal substitution is striking. On

the other hand, the X-ray structures of Fe(ll) and Fe(lll)
Ge(IV)-substitutedPf A2K rubredoxin at 23°C, for pH cytochromec are also quite similar3d), despite the fact that
values of 4.5-8.5 [4.5-7.5 for Ge(IV)]. For 33 of the 48  the conformation of oxidized cytochromehas long been
backbone amide protons, exchange rate constants wer&nown to be markedly less stable than that of the reduced
obtained for two or more metal forms. For each monitored state 84). However, for both rubredoxin and cytochrome
amide, the exchange rate was found to become proportionalirreversibility considerations have complicated the direct
to OH~ concentration as the pH was increased into the basemeasurement of the differential conformational stability of
catalysis regime (i.e., above pH5.5-6.5), as reported  the oxidized and reduced states. FEO kcal/mol difference
previously for the Zn(ll) form of rubredoxin2Q). This in conformational stability between ferro- and ferricyto-
proportionality betweekex and OH™ concentration indicates  chromec was ultimately determined indirectly via redox
the establishment of a pre-equilibrium for the exchange- measurements on the unfolded prote3, (36) and subse-
competent open conformation. quently verified calorimetrically37).

The residue-specific conformational free energy values Essentially all of the differential conformational stability
(AGux) for these three metal forms (Figure 1) indicate that between Fe(ll) and Fe(lll) cytochrome arises from the
increasing the metal charge results in a dramatic decreaseenhanced water interactions with the Fe(lll) heme in the
in the apparent conformational stability for the residues unfolded state35, 36). Hence, native-state interactions for
surrounding the two segments that contain the four metal- the oxidized versus reduced cytochromes do not significantly
coordinated cysteines (Cys&ys 9 and Cys 39Cys 42). contribute to the differential conformational stability for the
As much & a 4 kcal/mol decrease in the apparent residue- two redox forms. However, for rubredoxin, the increase in
specific stabilities o4 kcal/mol results from changing the the metal charge serves to decrease the net charge in the
charge on the metal site by a single unit. All of the most active site as a result of the four coordinating thiolates so
protected amides in Zn(ll)-substituted rubredoxin lie within that the Ge(IV) cluster is neutral. This, in turn, suggests that
these two segments surrounding the metal-coordinated cysthe free energy cost of desolvation during protein folding
teines. Nearly all of these slowly exchanging amides of the should be greatest for the doubly charged Zn(ll) coordination
Zn(ll)-substituted protein exchange too rapidly to be detected complex. Hence, this simple desolvation analysis predicts
in Ge(IV)-substitutedPf A2K rubredoxin. In marked contrast, that if the more highly charged metal sites were to affect
for much of the rest of the protein, the exchange rates arethe relative stability of the rubredoxin native state, the effect
virtually indistinguishable among the three metal site charge would be opposite in direction to that implied by the residue-
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Scheme 1: Thermodynamic Coupling of the 40
Oxidation—Reduction Reaction and the Conformational Free
Energy of Stability 3.5 1
b 304
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In the Born—Haber thermodynamic cycle (Scheme 1), the
differential free energy of reduction in the native versus 0
reversibly unfolded state\G, + AG¢) necessarily equals

the negative of the differential conformational stability of
the oxidized and reduced stateAQ, + AGq). For the ]
rubredoxins, the native-state redox reaction is the only branch 1/r (A1)

of the cycle that has been directly measured near room Ficure 3: Distance dependence of the differential hydrogen

temperature. In the absence of conditions for reversible exchange in metal-substitutéd A2K rubredoxin. The log ratio of
unfolding of rubredoxin near ambient conditions, model the base-catalyzed exchange rate constants for Zn(ll)- vs Ga(lll)-

compounds have been used to estimate the reduction potentiggubstitutedPf A2K rubredoxin @) is illustrated as a function of

P ; ; the inverse distance between the active site metal and the amide
of the protein in the unfolded state, which in turn allows nitrogen. The analogous data for Zn(ll)- vs Ge(IV)-substitugéd

prediction of the differential conformational stability of the >k rupredoxin ) are normalized by a factor of 2 to reflect the
redox states. differential metal site charge. The best-fit line predicts an effective

Although simple Fe(SR)oordination complexes are often uniform dielectrice value of 15, assuming an electrostatic potential-
. : - induced variation of the amide nitrogeK pccording to the relation
unStabgi ',n aque_ous solutio3g), coordination of _F€ . €et = 244/ ApKAQ), wherer is the separation in angstroms and
and Fe’ ions with excessf-mercaptoethanol anion in  Aqis the change in charg&3).

water yields a reduction potential 6f0.35 V 39), sim-
ilar to the —0.31 V potential of the native-statep rubre- peptide normalization assumption exists only for amides
doxin (40) (standard calomel electrode reference). This 40 \hich exchange via a global unfolding pathwagy
mV difference corresponds to a free energy difference of |t has long been recognized that electrostatic interactions
<1 kecal/mol. Furthermore, a set of peptide models based can modulate protein hydrogen exchange kineties-48).
on the sequence for the second half of the pseudo-two-fold For the mechanistically simple base-catalyzed reaction, the
symmetric binding site o€p rubredoxin (i.e., Cys-Pro-Leu-  rate of abstraction of the amide proton by hydroxide ion
Cys-Gly-Val) yield reduction potentials in an aqueous micelle g directly dependent on theKpof that amide nitrogen
solution between-0.30 and—0.26 V (41). NMR analysis  which, in turn, is dependent on the stabilization of the amide
of these peptide complexes demonstrated not only theanjon intermediate by the local electrostatic field potential.
expected paramagnetically shifted Cysresonances butalso  Theoretical techniques, particularly continuum Poisson
hydrogen bonding of the backbone amide protons to the Boltzmann modeling49), have had some success at pre-
metal-coordinated cysteine sulfur atord)( as seen inthe  dicting acid-base [X shifts in protein surface residues due
native structure. The Slmllarlty between the native-state to variations in the electrostatic potentiaL Despite the
rubredoxin reduction potential and the reduction potential comparatively low acidity of the amide group, the ana-
of these models for the unfolded-state Complex indicates that|ogous dependence on the local electrostatic potential will
there should be only a modest differential conformational apply.
stability between the Fe(ll) and Fe(lll) states of rubredoxin.  The simplest model of a uniform dielectric environment
Distance Dependence of Differential Hydrogen Exchange. yields the 1Iv¥ dependence for the electrostatic potential of
Interpreting these hydrogen exchange data in terms of metalCoulomb’s Law. The log ratios of the base-catalyzed
charge-induced residue-specific conformational free energy exchange rate constants for Zn(ll)- versus Ga(lll)-substituted
appears to generate a conundrum. The most slowly exchangPf A2K rubredoxins were analyzed as a function of inverse
ing region of the Zn(ll) form of rubredoxin experiences a distance to the metal (Figure 3). Close correlation to a linear
decrease in apparent stability of more than 8 kcal/mol upon dependence was observed for nearly all amides within 12 A
Ge*' substitution, yet the redox potential measuremeftts ( of the metal. A similar inverse distance dependence was
indicate no substantial alteration in the global conformational observed for the log ratio of the hydrogen exchange rate
stability between thet2 and +3 metal charge states of constants with the Zn(ll)- and Ge(IV)-substituted proteins,
rubredoxin. A more straightforward explanation can be when normalized for the two unit charge difference (Figure
obtained by reassessing the assumptions used to derive thes&). The exchange rate constant ratios for these residues span
residue-specific conformational free energy estimates. Thenearly 4 orders of magnitude. In contrast, for amides more
exchange rates are proportionate to Giéncentration over ~ than 12 A from the metal, the exchange rates were com-
a range of pH near neutrality, consistent with pre-equilibra- paratively insensitive to the charge of the metal site, indi-
tion for the conformational opening transition. On the other cating virtually no differential effect on the apparent con-
hand, direct experimental evidence supporting the model formational stability for the rest of the protein.

0 005 010 015 020 025 030
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The fact that the Zn(ll)- versus Ge(1V)-substitutetiA2K rubredoxins yields a severely erroneous estimate of the
rubredoxin data, normalized for th&¢2 charge change, differential local conformational stability among these pro-
closely follow the data from the Zn(ll) versus Ga(lll) form teins. The electrostatic potential-dependent variations in the
protein comparison indicates that the response is operation-hydrogen exchange rates account for a large proportion of
ally linear with respect to the electrostatic potential. The only the total apparent protection for many of the most slowly
marked deviation from proportionality between the Zn(ll) exchanging amides in the most thermostable protein char-
versus Ga(lll) and Zn(ll) versus Ge(lV) exchange data occurs acterized to date. As discussed below, thealue of 15
at Tyr 11, for which the amide proton is hydrogen bonded obtained in this study is not atypical of previous estimates
to the metal-coordinated sulfur of Cys 9 [note that all other of the effective dielectric constants within the protein interior,
sulfur-bonded amide protons exchange too rapidly in suggesting that comparable electrostatic potential-dependent
Ge(IV)-substitutedf A2K rubredoxin to be detected]. The variations should be anticipated in other proteins for ex-
nonlinear behavior for the amide of Tyr 11 may reflect the change reactions that occur via local conformational fluctua-
limitations of assuming that the differential charge lies tions. On the other hand, direct experimental measurement
exclusively on the metal for therl¢alculation, when in fact  of the electrostatic potential at a specific position within a
electron density transfers to the metal from the covalently protein interior is problematic, so a quantitative comparison
bound sulfurs. Given the nearly tetrahedral arrangement ofto the rubredoxin system is not straightforward. However,
the metal cluster, this point charge approximation will rapidly in certain cases, direct determination of the local electric field
become more accurate as the amideetal distance in-  gradient within a protein interior has proven to be feasible.
creases. However, the Tyr 11 amide proton that is directly The Stark effect has been monitored in the bacterial
hydrogen bonded to a bridging sulfur will surely be more photosynthetic reaction center to measure how the electric
sensitive to electron density redistribution along the metal field that is induced by the charge separation between the
sulfur bond as a function of the metal charge. Qa quinone and the bacteriochlorophyll special pair shifts

There are 23 other amides for which exchange data werethe absorption of the bacteriopheophytin and the intervening
obtained on all three metal forms. For all but one of these bacteriochlorophyll monomeb(). The electric field at these
residues, the differential exchange rates for the Zn(ll)- versustwo chromophores along each of the two branches in the
Ge(IV)-substitutedPf A2K rubredoxin agree with those of  photosynthetic complex ranges from 2.4 to 5.1.0° V/cm.
the Zn(ll) versus Ga(lll) form proteins to within an rmsd of  An analogous Stark effect on the vibrational spectra of carbon
10°1 (a factor of 30%). This value provides an upper monoxide has been used to determine an electric field
boundary for the experimental uncertainty of the independent intensity of 1x 107 V/cm within the Xe 4 internal cavity of
data sets being compared. It also provides an independentnyoglobin 62). As deduced from the rubredoxin data of
test with regard to the linearity of the assumed electrostatic Figure 3, the difference in electrostatic potential for amides
effects and of any structural variation among the three metal that are 4 ad 8 A from the metal predicts an electric field
form proteins. intensity of 2.8 x 10° V/cm. Although Pf rubredoxin is

Interpreting these differential exchange kinetics in terms exceptionally well suited for deconvolution of the contribu-
of shifts in the K values of the amide nitrogens allows an tions from electrostatic interactions and conformational
effective dielectric constant valueof 15 to be derived from  equilibria to the observed hydrogen exchange data, the
the slope of the best-fit line (Figure 3). This effectiwealue occurrence of electrostatic interactions of comparable inten-
is intermediate between the bulk water dielectric of 80 and sity in other proteins indicates that residual conformation-
the lowe values that are commonly assumed for the protein dependent modulation of chemical exchange rate constant
interior in continuum electrostatics analysi€); The residual ks must be more generally anticipated.
deviations from the best-fit line between the differential log ~ Changes in surface charge have long been known to shift
exchange rate constants and the inverse distance to the metahe pH value at which protein amides exchange most slowly
generally exceed the experimental uncertainty. Much of this (45, 46). However, it is not always straightforward to
residual deviation likely results from the overly simplistic determine whether this effect results from an electrostatic
assumption of a uniform dielectric, indicating that these data potential-dependent shifting of thetHversus OH-cata-
may serve to monitor systematic variations of the effective lyzed intrinsic chemical rate constants rather than from a
dielectric sensed at each amide nitrogen. pH-dependent change in conformational stability. Solvent-

The effective dielectric constant derived from these exposed amides on protein surfaces and in moeletlical
hydrogen exchange measurements can be expected to excegubptides have been observed to exchange up to 20-fold faster
the value that is directly estimated from the native-state (53—55) as well as comparably slowe#, 55) than their
structure, since at minimum one water molecule, and more reference peptide values, despite the absence of any apparent
likely a chain of water moleculessQ), must contact the  conformational opening transition being required. Such
amide hydrogen to effect base-catalyzed exchange. Theconformation-dependent perturbations from ideal peptide
effective dielectric constant observed for th& A2K exchange kinetics can be expected only to be increased for
rubredoxin exchange is well below that of the bulk water more buried amide sites which are less solvated in their
phase, indicating that the chemical exchange step does noexchange-competent state.
occur from a conformational state that is adequately repre-  Even application of the peptide normalization assumption
sented by a fully hydrated free peptide. to the estimation of protein thermodynamic global stability

based on the exchange behavior of the most protected amides
DISCUSSION can warrant circumspection as the effects of conformation-

Application of the peptide normalization protocol to the dependent variation of the electrostatic potential have previ-

hydrogen exchange data of the metal-substitiREA2K ously been observed in the unfolded state. Non-nearest
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neighbor chargecharge interactions caus& shifts of at residues 48 and 50. This 4-fold increase in rate per unit
least 0.5 pH unit for side chain carboxylates of an unfolded change in metal site charge is far higher than that anticipated
SH3 domain $6). Similar electrostatic potential variations from a local unfolding model. The dielectric value of 80 for

at the backbone amide nitrogens must necessarily result inthe bulk water exchange assumed in the local unfolding
comparable shifts of theirpvalues. model would markedly decrease the electrostatic field

Electrostatic potential variations are by no means the only potential effect of the metal site charge that is sensed by the
mechanism by which chemical exchange rate congtazdn Phe 49 amide nitrogen. Furthermore, any loss of nativelike
be altered from model peptide values by residual conforma- conformation for the backbone segment separating the Phe
tional structure. The amide nitrogeK palue is also known 49 amide from the metal would tend to increase their
to depend on the local backbone torsion ang&a.(The interatomic distance. Twenty-three covalent bonds separate
lack of conformational averaging of those angles due to the the amide nitrogen of Phe 49 from the metal via the side
presence of residual structure will yiel&k walues differing chain of Cys 42. If the peptide segment between Cys 42
from those of a flexible model peptide. In addition, steric and Phe 49 were to adopt a random coil-type conformation
hindrance to complete solvation of the amide group is known in the exchange-competent state, the distance between these
to alter the hydrogen exchange behavior even in simple two atoms could be expected to be2fold larger than the
model dipeptide studies58). Such effects will further  distance shown by the X-ray structure with a corresponding
contribute to the differential ionization behavior of the smaller electrostatic potential effect.
backbone amides when larger-scale residual conformational The hyperthermophile rubredoxin frobh furiosusoffers
structure is present. an excellent model system for analyzing the effects of

The differential exchange rate constants resulting from a electrostatic potential on hydrogen exchange which occur
change in the metal site charge correlate closely with the via small-scale conformational fluctuations. Rubredoxin is
reciprocal of the distances between the amide nitrogens andhe only system for which the diamagnetic metal charge state
the metal in the X-ray structure. These results strongly in a protein binding site has been varied freh2 to +4
indicate that the exchange-competent conformations retainwith a reference structure knowa 1 A resolution 80). Of
significant resemblance to the native structure. A measurethe slowly exchanging amides Bf rubredoxin, only Cys 6
of the preservation of nativelike structure in the exchange- exhibits denaturant-dependent hydrogen exchange rates for
competent state can be drawn from the data of Figure 3.guanidinium chloride concentrations sfL M at 60°C (28),
Although the deviations from the best-fit line may largely indicating that small-scale conformational fluctuations domi-
reflect local variations in the effective dielectric constant, a nate much of the hydrogen exchange behavior at tempera-
complementary analysis can be based on the assumption ofures well below the proteiii, value of 144°C (21).

a purely uniform dielectric and that all of the experimental =~ The hydrogen exchange behavior for two-thirds of the
deviations from the best-fit line arise solely from variations backbone amides can be readily monitored by the conven-
in the amide nitrogenmetal distances relative to those of tional 2H,O exchange protocol in two or more metal site
the reference X-ray structure. The apparent distance betweertharge states. Changing the metal site charge appears to have
the amide nitrogen and the metal in the exchange-competenbnly a small effect on the global conformational stability
state can then be estimated by adjusting the distance for eacland no apparent discernible effect on the nonglobal confor-
residue to match the best-fit line. This analysis predicts a mational transitions that give rise to the hydrogen exchange
median difference of only 0.6 A in the nitrogemetal kinetics monitored in this study. This interpretation is
distance as compared to the X-ray coordinates for all of the reinforced by ab initio unrestricted HartreEBock calcula-
amides within 12 A of the metal. This estimate approximates tions on the Fe(ll) and Fe(lll) forms of the structurally
an upper bound to the radial displacement from the metal homologousC. pasteurianunubredoxin which indicate that
which occurs in the transition to the exchange-competent little change occurs in the interactions between the metal
state. For a given amide to maintain the same observedsite and the surrounding protein, and thus, the structure and
electrical potential effect on the hydrogen exchange, a largerelectric field arising from the surrounding protein do not
increase in distance from the metal must be complementedappreciably change upon reductio®0). As a result, the

by a decreased effective dielectric constant, while an differential hydrogen exchange rates, which vary by up to
increased value would be required for amides which move ~1(0f-fold as a function of metal site charge state, appear to
closer to the metal during the hydrogen exchange transition.arise nearly exclusively by variation of the intrinskg
This correlation implies a distance dependence of the exchange rate constant due to the electrostatic potential-
effective dielectric constant which is the opposite of what is dependent alteration in th&pvalues of the backbone amide
normally expected. nitrogens.

A particular case in point regarding the preservation of Most of the earliest protein electrostatic calculations
nativelike structure in the exchange-competent state is thatassumed a simple two-phase model of a weakly polarizable
of residue Phe 49. In the X-ray structure Bff rubredoxin protein with a dielectric constant of-21 surrounded by a
(59), the distance between the Phe 49 amide nitrogen andbulk aqueous phasél). Although the desirability of directly
the metal is just more than 8 A, which is closer than the modeling the more heterogeneous dielectric character of the
corresponding distance for either residue 48 or 50. The protein structure was discussei®), the experimental basis
average differential exchange rates of the Zn(ll) versus against which to test such models has often consisted of one
Ga(lll) and zZn(ll) versus Ge(lV) data for residue Phe 49 of or a few structurally perturbed side chaiK palues (e.g.,

Pf A2K rubredoxin indicate a 4-fold increase in rate for each refs63—66) so that a freely adjustabtevalue for the protein
unit change in the charge of the metal site. A correspondingly phase often proves sufficient to fit the data. When dielectric
smaller effect is observed for the more distant amides of constant optimization is carried out on a large set of proteins
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with shifted K values from charged residues exhibiting a
range of exposure to bulk solvent, a much higher value of

~20 is obtained&7). The primary contribution to this high

polarizability of the protein is believed to arise from the
mobile charged side chains on the protein surface that can 9.
effectively shield electrostatic interactions near the aque-
ous interface but are less efficient at shielding structurally

buried interactionsg8). This observation has given rise to

three-phase models which include a low internal dielectric

and a protein surface boundary region having aalue of
20-30 (69, 70).
As the dielectric contribution of dynamic conformational

reorientation has become more explicitly considered, the
inherent incompatibility between the dielectric constant

approximation and the standard atomic force fields used for
molecular dynamics calculations becomes more apparent.

These nonpolarizable force fields are optimized dor 1

conditions with the internal fixed charge distributions being
hyperpolarized to model the average dielectric susceptibility

interactions in the bulk phase. Polarizable force fieldH (

appear to offer a promising means of directly modeling the
electrostatic forces within the protein in a self-consistent
fashion. Using such calculations to interpret the detailed
hydrogen exchange kinetics may aid in overcoming the
pessimism expressed by Hvidt regarding the value of these 17.
measurements in the absence of the peptide normalization

assumption 4). The large number of structurally buried
amide nitrogen W shifts described in this work should

provide a valuable experimental basis for testing such
approaches. The small size and the availability of high-
resolution structures for various rubredoxins will facilitate

these efforts.
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A table containing the differential base-catalyzed hydrogen

exchange rate constants at°Z3for each monitored residue
in the zZn(ll)-, Ga(lll)-, and Ge(IV)-substitutedf A2K

rubredoxins. This material is available free of charge via the

Internet at http:/pubs.acs.org.
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