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The solvent accessibility d€hromatiumeinosumhigh potential iron protein (HiPIP) has been investigated by
use of!lH—15N HMQC, and’®F NMR spectroscopy. These NMR experiments indicate that solvent accessibility
to the cluster core is similar, and minimal, for the reduced and oxidized states of native HiPIP, but increases
significantly for mutant proteins (Tyrl19Leu and Tyrl19His). These results support a proposed role [Agarwal, A.;
Li, D.; Cowan, J. A.Proc. Natl. Acad. Sci. U.S.A995 92, 9440-9444] for Tyrl9 in maintaining hydrolytic
stability of the [F@S,] cluster, and demonstrate a general strategy for mapping out the solvent accessibility of
protein-bound metalloredox prosthetic centers.

Introduction from the C-terminal domain (residues 43 - 80) and a short
portion of the N-terminal domain (residues 420)8 This
N-terminal sequence adopts anhelical conformation and
accommodates a conserved tyrosine residue that lies in close
proximity to the reduced clustéf. Previously we have used
19F NMR and site-directed mutagenesis to probe the chemistry
of this sitel®1® These studies provided information on the
dynamics and bonding interactions of this residue with the
cluster, and suggested a novel functional role for this residue.

High-potential iron proteins (HiPIP’s) represent one class of
iron—sulfur cluster protein that has received extensive examina-
tion by spectroscopic and structural methéd9. In spite of
the increasing understanding of the electronic properties and
functional chemistry of iror-sulfur proteing-17 the functional
roles of specific residues that form the cluster binding pocket
are ill-defined. The [F£54] center in Chromatiumeinosum

HiPIP is enclosed by several hydrophobic aromatic side chains

T Abbreviations: HiPIP, high potential iron protein; NMR, nuclear
magnetic resonance; COSY, 2D correlation spectroscopy; HMQC, hetero-
nuclear multiple quantum correlated spectroscopy.

*JAC is a Fellow of the Alfred P. Sloan Foundation, a Camille Dreyfus
Teacher- Scholar, and a National Science Foundation Young Investigator.

Kinetic studies of cluster stability, and two-dimensional COSY
NMR data support a model where Tyr19 serves to maintain a
hydrophobic barrier for exclusion of water from the cluster
cavity!®* Tyrl9 mutant proteins demonstrated, to varying
extents, the ability of water molecules to exchange with
ionizable protons in the cluster binding pocket. Solvent
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Figure 1. Examples of 2D'H—N HMQC spectra recorded for reduced recombinant native HiPIP and Tyr19Leu mutant HiPIP. For each group
of spectra, the accumulated solvent exchange time at the end of each acquisition is indicated (in min) in the top left corner.

Experimental Methods order: X= Phe> Trp > Leu > His > Arg > Cys> GIn >

The preparation and purification of Tyr19 mutants has been described Ser!® These studies Sh,OW that when Tyr19is replace,d by either
previously!922 The preparation of uniformi§N-labeled and selectively ~ Small (Leu) or polar (His, Arg, Cys, GIn, or Ser) residues the
19F-labeled HiPIP have also been described elsewiidfe NMR cluster becomes less stable. This arises from facile oxidation
samples were prepared by dissolving a lyophilized sample of the protein, Of the solvent-exposed cluster, which in turn results in significant
previously equilibrated in an appropriate buffer, in the solvent system hydrolytic instability. Solvent accessibility to the hydrophobic
of choice. The resulting sample solutions contained 10 mM sodium cluster-binding pocket appears to be sensitive to the size and
phosphate (pH 6.0) and 0.1 M NaCl. For the/’H exchange  polarity of the residue at position 19. The results detailed in
experiments, thé*N-labeled native and mutant HiPIP samples were s yaport focus on two of the eight mutants reported in previous
lyophilized and then re-dissolved in,O immediately before NMR work® The Phe and Trp mutants behave in a similar fashion

data acquisition. For th¥F T; and isotope-effect measurements, the . . .
experiments were performed in both® and QO buffered solvent. to native protein, while the Arg, Cys, Gln, and Ser mutants

TheH/?H exchange experiments were performed on a Bruker DMx Proved to be too unstable for the studies described herein.
600 instrument using a standad—!5N HMQC pulse sequenc&:2 However, the Leu and His mutants were of moderate stability
Taking advantage of the large memory and digital filter capabilities of and were amenable to the approach detailed below. These
the DMX instrument, the time typically spent on collecting dummy studies provide insight on the functional (and structural) role
scans beford; data collection, and on saving eathdata set was  of specific residues with regard to the regulation of solvent
eliminated, resulting in a considerable time saving. Each 2D HMQC accessibility, and illustrate the use of multinuclear NMR
datg set was collected in a time-frame of_less Fhan 12 min for a spectrum mnathods (in one- and two-dimensions) to map out the solvent
defined by a 2K ) x 256 () data matrix, with four scans for each accessibility of HiPIP as a function of oxidation state in native

t; increment and 16 dummy scans for the whole experiment (reduced d tant tei Th . f I rel f
from 4 x 256 dummy scans previously required on our AM 500 and mutant proteins. €Se€ are ISsues of general relevance for

instrument). The delay time that distinguished each experiment was Structure/function studies of metalloredox proteins.

calculated from the time when the lyophilized sample was dissolved H—1N HMQC To Probe Backbone Amide Proton

in D20, to the endpoint of each experiment. Cross-peak intensities Exchange. Since *H—15N coupling is over one bond, the

were found to diminish with increasing delay time. intensity of cross-peaks in#d—1N HMQC experiment does

'F NMR spectra were acquired on a Bruker AM 250 Spectrometer not depend on backbone conformation, per se. This contrasts

at 235.36 MHz. Experimental details for measurement®f T, with the intensity of cross-peaks (and the magnitude of coupling

relaxation times and isotope effects have been described elsetfhere. . . ; N 1
constants) in the fingerprint region of a homonucl&dH-

In these experiments, &fF NMR spectra were recorded witH broad- . :

band decopupling through the Féntire experiment to eliminate the COSY experiment, which results from a three{N—C*—H),

possibility of contributions from cross-relaxation to the obserfed  Or higher (in the case of a TOCSY experiment) bond correlation

relaxation time. All experiments were performed at 303 K with 16 K that will vary with a change of backbone dihedral angles.

data points of memory. ThiH spectra were referenced to TMS and  Accordingly, the rate of change of the intensities!bf—1°N

%F spectra were referenced to TFA. cross-peaks for a lyophilized sample dissolved y0provides

a direct measure of the accessibility of solvent to the backbone

amides, and permits an evaluation of ##2H exchange rate.
Previous studies of Tyr19X mutants &f. vinosumHiPIP The selected mutants (Tyrl9Leu and Tyr19His) for this study

have demonstrated decreasing cluster stability in the following are of intermediate stability and display appropriate rates of

exchange. Data could not be obtained for the oxidized forms

(22) Agarwal, A.; Tan, J.; Eren, M.; Tevelev, A;; Lui, S. M.; Cowan, J. A.  as a result of the hydrolytic instability and very short half-life

Results

Biochem. Biophys. Res. Commu§93 197, 1357-1362. of this statel®
(23) Li, D.; Caottrell, C. E.; Cowan, J. Al. Protein Chem1995 4, 115.
(24) Li, D.; Soriano, A.; Cowan, J. Anorg. Chem, in press. The exchange ofH by 2H for the backbone amide protons
(23) Bax, A; Griftery. R. R.; Hawkins, B. L). Magn. Resonl983 55 was monitored by the decay and disappearance ofHhe€SN
(26) Bax, A.: Ikura, M.: Kay, L. E.; Torchia, D. E. Tshudin, B. Magn. cross-peaks in HMQC spectra. These were recorded at a regular

Reson.1986 86, 304. series of time intervals after dissolving the lyophilized sample
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H-D exchange in reduced HiPIP H-D exchange in oxidized HiPIP
very slow very slow
moderate moderate
very fast very fast
Aspt0 Asn20 Ala30 Glu40 GIn50 Trp60 Leu70 Trp80 Asp10 Asn20 Ala30 Glud0 GIn50 Trp60 Leu70 TrpsO
Residue Residue
H-D exchange in reduced Y19L HiPIP H-D exchange in reduced Y19H HiPIP
very slow very slow
moderate moderate
very fast very fast
Asp10 Asn20 Ala30 Glu40 GIn50 TrpS0 Leu70 Trp80 Asp10 Asn20 Ala30 Glud0 GIn50 Trp60 Leu70 Trp80
~ Residue Residue

Figure 2. Scale bar presentation 8fi/?H exchange rate for backbone amide protons in the native and mutant proteins. Data could not be obtained
for the oxidized mutant proteins as a result of the hydrolytic instability of this &tafbe missing bars correspond to the proline residues at
positions 3, 34, 37, 38, and 67, which lack an amide proton.

in D,O. Each spectrum required a time of-82 min for
completion prior to the next acquisition. Figure 1 shows (A)
examples of a series of spectra collected for reduced native
HiPIP, and for the Tyrl9Leu mutant. The exchange rates of
assigned backbone amide protdr’s have been classified as

slow, moderate, or fast (Figure 2), and designated by color
coding in the backbone traces shown in Figure 3. Those
residues where th&H—15N cross-peaks remain visible at the

end of a 7 to 8 fexperiment lie in regions defined as showing

very slow exchangg@ed in Figure 3). Residues that show cross-
peaks that can be seen in the first spectrum, but not in the lastji;
one, exhibitmoderate exchangates (yellow in Figure 3). The
remaining residues, the cross-peaks of which do not show in
the spectrum immediately after redissolving ig@ belong to

the very fast exchangeegion (blue in Figure 3).

The results summarized in Figures 2 and 3 lead to several
conclusions. First, there is no significant difference in #Hé = f
2H exchange regimes observed for the reduced relative to the & "-...-Q:
oxidized form of recombinant native HiPIP. Second, many
residues lie in the very slow exchange regime for native HiPIP
(and show cross-peaks in thEl—15N HMQC spectra at the 17
end of the experiment) in contrast to the smaller number of
peaks observed for the mutant proteins. Third, in all samples,
the four cluster-binding cysteines and their neighboring residues
lie in the very slow exchange region. Finally, the backbone
amide of Tyrl9 and neighboring residues are found to lie in
the slow exchange regime in the native protein, but switch to
the moderate or very fast exchange regimes in the Tyrl9Leu

and Tyr19His mutant HiPIP’s.
198 %MR Parameters as a Probe of Solvent Accessibilit Figure 3. Color-coded presentation &fl/?H exchange rate for amide
Y. protons is given for reduced (B) and oxidized (C) recombinant native

Fluorine-19 NMR resonances exhibit a strong environmental ang the reduced Tyr19Leu (D) and Tyr19His (E) mutants. The exchange
dependence, and provide a useful complement to'tdieH regimes are color-coded: red very slow, yellow= moderate, and
exchange experiments just described eaffié?. It has been blue = very fast. These exchange rates are defined in the text. The
observed that both the chemical shift afidrelaxation time backbone numbering scheme is illustrated in part A.

are sensitive to interaction with the solvent. WH#his solvent

exposed thd; relaxation times become longé?° and the'F
(27) Gerig, J. TMethods EnzymolL986 177, 3—23. resonance frequency shows an isotopic shift when the aqueous
(28) Gerig, J. TProg. Nucl. Magn. Resorl994 26, 293. solvent is changed from @ to D,0O.3%3! This solvent shift
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Table 1. F NMR Solvent Isotopic Shifts and Relaxation Times of the-3Phe Derivatives of Tyr19Leu andTyr19His Mutant HiPIP’s

reduced oxidized
Tyrl9Leu param Phe48 Phe(31) Phe66 Phe48 Phe() Phe66
o (ppm), in HO —38.41 —38.08 —37.59,—37.87 —37.13 —37.88 —40.37
o (ppm), in D,O -38.56 —38.24 —37.58,—37.90 —37.25 —38.16 —40.37
A6 (ppm), mutarit 0.15 0.16 0.01, 0.03 0.12 0.28 0.0
A6 (ppm), nativéc 0.06 0.12 0.01 0.12 0.09 0.07
T1 (S), mutant 0.23 0.65 0.12 0.13 0.69 0.02
T, (s), nativé 0.13 0.67 0.05 0.21 0.65 0.03
reduced
Tyr19His param Phe48 Phet)? Phe66
o (ppm), in HO —38.45 —38.13 —37.66,—37.89
o (ppm), in DO —38.57 —38.24 —37.50,—37.98
A6 (ppm), mutart 0.12 0.11 0.16, 0.09
A6 (ppm), nativée 0.06 0.12 0.01
T, (sec), mutant 0.17 0.56 0.053
T, (sec), native 0.13 0.67 0.045

aPhe(-1) is an additional Phe residue resulting from the gene congfulttprovides a useful control as a solvent exposed surface residue.
b Typically Ad must exceed 0.1 ppm to indicate a bona fide solvent effect. This represents a frequency shift of 23.5 Hz, which is readily detectable.
¢ From ref 24 for comparison.

should be greater than 0.1 ppm to be of significance. In general

T1 measurements are less reliable than the isotopic shift as a YI9L ox. in D20
probe of solvent accessibility for proteins that contain para- e
magnetic cofactors, since the paramagnetic relaxation mecha-

nism may also reduce the relaxation time.

Both T, values and isotopic shifts MF resonances for 3-F 43
Phe-labeled Tyrl9Leu and Tyrl9His mutants were measured
and compared with data collected for the 3fFhe-labeled native
protein. The F-Phe group provides a nonperturbative probe of
local structure and dynamié$. lllustrative 1°F NMR spectra

are shown in Figure 4, and specific assignments 1%t
resonances to fluorine-labeled Phe residues have been made Y19L red. in D20
previously on the basis of results from mutational analysis of o

Phe66 and Phe8. The resonance ascribed to Phéj derives
from an additional Phe residue that was added during construc-

tion of the synthetic gen®&. For Phe48, both the longdi and
larger isotopic shifts for thé’F resonances indicate that Phe48 Y19L red. in H2O
is more solvent exposed in the mutant proteins than in native

HiPIP. For Phe66, there is no significant isotopic effect for (-1) 48
6

either the native protein or the Tyrl9Leu mutant in either 6
oxidation state. Table 1 shows a large isotopic shift for the recomb nat red.in HyO
Tyr19His mutant in the reduced state, which is consistent with

an increase in solvent exposure and the known relative stabilities

D

Y19L ox. in HO 66

of the His and Leu mutanf§. Data could not be obtained for -350 -360 370 380 -390 400 410
the oxidized form as a result of the very short half-life of this ppm
State. Figure 4. F NMR spectra of 3-FPhe-labeled Tyrl9Leu and

For both Tyrl9Leu and Tyrl9His mutants two peaks are Tyr19His mutants recorded inZB_and I_)O, r_espectively. Thé‘_*F NMR
observed for thé°F NMR sianal from Phe66 in the reduced of reduced 3-FPhe labeled native HiPIP is included to highlight the
Table 1 and Fi 4g b | . | ._splitting of one resonance in the reduced mutant forms, as described
:[Srtitix(idziizeg st:[relz 'I'Ii?iince{atg dg:n%:gtrc;?ssstlﬁgtathvgari tsa(:igrrll Igfin the text. Assignments are indicated on representative spectra.

Phe66 becomes slower in the reduced mutants than is observe@ach other in spacdethe change of rotation may result from a
for the reduced native HiPIP. This mirrors the situation minor conformational variation induced by the mutation. One

observed for 3-FTyrl9-labeled native HiPIP, previously possibility may be that Phe66 moves closer to the cluster.
reported from our laboratodf. In that case we deduced that

the close interaction between Tyr19 and the reduced cluster inDiscussion

C bond. Interestingly, Phe66 also lies close to the cléter of Tyr191° Figures 2 and 3 show the solvent accessibility of
and is presumably experiencing hindered rotation in the reducedine peptide backbone as determined from the rate of exchange
mutants, although this is not observed for either oxidation state of packbone amide protons BH—15N HMQC experiments.

of the native protein. Since Tyr19 and Phe66 are not close t0 The increase ofH/2H exchange from native to the mutants

indicates that the conformation of mutants is more “open” than
(29) Drake, S. K.; Bourret, R. B.; Luck, L. A.; Simon, M. |.; Falke, J. J.  that of native HiPIP. Tyrosine 19 lies in a slow exchange region
(30) %éeBr:gl'JC.hTe.Ers?c}l_gnaggzn?aRéggﬁllém 1 139 in native HiPIP, but this domain shows fast exchange for the
(31) Hansen, P. E.; Dettman, H. D.; Sykes, B.JDMagn. Reson1985 mutant proteins. All four cysteine residues and their immediate

62,487. neighbors lie in an hydrophobic environment. Another sequence
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of interest lies in the domain from residues 22 to 38. For these to an inorganic sulfur in the reduced [S3)2" cluster® The
residuestH/?H exchange lies in the slow to moderate range in phenolic side chain effectively stretches across the entrance to
native HiPIP, but moves to very fast exchange for the mutants. the cluster binding pocket, forming a portal that excludes solvent
These results suggest that these mutations change the solvenwater. ForC. vinosumHiPIP, hydrogen bonding between Tyr19
accessibility not only around Tyr19 but also around other and Asn 72 does not appear to be required to hold the side
residues in the cluster-binding pocket. chain in place, since the Tyrl9Phe mutant, which lacks the
The change in solvent accessibility suggested by the amidehydroxyl shows considerable stability relative to the native
proton exchange data is further supported by the isotope effectproteinl® However, neither small nor polar residues are capable
on 19F chemical shifts for 3-FPhe-labeled native and mutant of preventing solvation of the C|uster-binding pocket_
HiPIP’s (Table 1). The largest effect is observed for Phe66, In conclusion, both théH—2H exchange andSF NMR
which lies in the solvent exposed domain revealed in the Leu :
and His mutants (Figure 3). Also, the splitting observed for
the 19F resonance of 3-FPhe66 in the reduced Tyr19Leu and
Tyrl9His mutants is consistent with a closer interaction with
the [FaS4] cluster, which inhibits free rotation around thé-€
C” bond. As for Tyrl9, residue Phe66 lies in close proximity
to the [FQS,] cluster. In contrast to Tyrl9, however, which
appears to form an intimate complex with the reduced cluster
in native proteirf Phe66 appears to complex only after minor
conformational changes induced by the mutation of Tyr19.
Earlier _crystallogrgphic studies demonstrated that the hydroxyl Acknowledgment. Supported by the National Science
of Tyr19 in native HiPIP forms a hydrogen bond contact to the Foundation (Grant CHE-8921468)
side chain of Asn72 and donates a hydrogen bond to a water ’
molecule, while the aromatic side chain lies in close proximity 1C951160S

experiments described here provide direct evidence for an
increase in solvent accessibility following mutation of Tyrl9
to small or polar side chains and support the functional model
recently proposed for this residéfe.Given the importance of
determining solvent accessibility for the understanding of
substrate binding chemistry in enzymes, and the modulation of
the redox properties of prosthetic centers in metalloproteins and
enzymes, the strategies illustrated herein should be of general
interest and value.





