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ABSTRACT: Paramagnetic agents produce line broadening and thus cancellation of anti phase cross-peak 
components in two-dimensional correlated nuclear magnetic resonance spectra. The specificity of this effect 
was examined to determine its utility for identifying surface residues of proteins. Ubiquitin and hen egg 
white lysozyme, for which X-ray crystal structures and proton N M R  assignments are  available, served as 
test cases. Two relaxation reagents were employed, 4-hydroxy-2,2,6,6-tetramethylpiperidinyl- 1-oxy and 
the gadolinium(II1) diethylenetriaminepentaacetate complex ion. Correlations were sought between 
reagent-produced decreases of side-chain cross-peak volumes in double-quantum-filtered proton correlation 
(DQF-COSY) spectra and the solvent-exposed side-chain surface area of the corresponding residues. The 
lanthanide complex produced strong effects ascribable to association with carboxylate groups but was not 
otherwise useful in delineating surface residues. The nitroxyl, on the other hand, produced clear distinctions 
among the Val, Leu, and Ile residues that generally paralleled side-chain exposure in the crystal, although 
consistent correlations were not observed with residues of other types. Although an instance of possible 
specific protein-nitroxyl association was noted, the nitroxyl appears to be a tool for identifying hydrophobic 
surface residues. 

F o r  most enzymes and for globular proteins in general, 
surface residues play a critical functional and immunological 
role. Identification of a protein surface may therefore be of 
value in several ways. For hormonally active proteins, 
knowledge of the surface may aid in the design of peptide 
agonists and antagonists, especially when the functional regions 
are composed of residues not in a continuous sequence. For 
enzymes, mapping of surface residues may aid in identifying 
substrate or inhibitor binding sites, which in turn will facilitate 
inhibitor design. Furthermore, identification of surface res- 
idues may supplement NOE' and coupling constant data in 

the determination of protein structures by NMR. 
Several methods have been proposed for using N M R  

spectroscopy to explore the surface structure of proteins and 
peptides. The photo-CIDNP technique has been used suc- 
cessfully to look at solvent-exposed aromatic side chains of 
several proteins (Kaptein et al., 1978; Kaptein, 1982; Stob et 
al., 1988). Other methods that have been employed or pro- 
posed include temperature dependence of amide proton 
chemical shifts (Kopple et al., 1969), proton-deuteron ex- 
change rates (Wagner & Wuthrich, 1982), pH-rate profiles 
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(Molday et ai., 1974), solvent saturation (Pitner et al., 1975), 
and paramagnetic broadening by soluble free radicals (Kopple 
& Schamper, 1972; Kopple & Zhu, 1983; Niccolai et al., 
1982). This last technique, the use of spin-labels as para- 
magnetic probes, is the subject of this study. 

The effect of free radicals and other paramagnetic species 
on proteins has been explored for the most part by one-di- 
mensional NMR spectroscopy (Chazin et al., 1987; Lane & 
Jardetzky, 1985). One-dimensional measurements are however 
limited to peptides and small proteins, since spectra of larger 
proteins are too crowded to allow the broadening of any but 
a few resonances to be observed. The obvious advantage of 
two-dimensional spectroscopy is the greater spectral dispersion 
it provides. For proteins of up to 10000-15000 kDa there are 
still many cross-peaks which are resolved well enough in 2D 
spectra for quantitative intensity measurements to be made. 
Use of the effects of spin-labels on 2D N M R  spectra was 
demonstrated by Kosen et al. (1986), who successfully used 
2D spectroscopy to look at bovine pancreatic trypsin inhibitor 
which had been covalently spin-labeled at three different 
positions. Their absolute-value COSY data showed that 
cross-peaks from residues close to the spin-label were atten- 
uated. DeJong et al. (1988) subsequently demonstrated that 
a spin-labeled ligand can be used to delineate a binding region 
by its effect on TOCSY or NOESY spectra, revealed by 2D 
difference spectra. For our experiments, using a spin-label 
as cosolute, we have employed the double-quantum-filtered 
phase-sensitive COSY experiment. The advantage of the 
COSY experiment for this purpose over, say, a NOESY or 
TOCSY experiment lies in the antiphase nature of the COSY 
cross-peaks. Since the line widths in NMR spectra of proteins 
are usually comparable to the coupling constants, a small 
amount of broadening can result in a significant amount of 
multiplet cancellation (Weiss et al., 1984). 

As one model system we chose ubiquitin, a 76 amino acid 
protein which occurs throughout the plant and animal king- 
doms. Although the exact physiological function of ubiquitin 
is not known, there is evidence that it may play a role in 
cytoplasmic degradation of certain target proteins. The NMR 
spectrum of ubiquitin has been almost completely assigned via 
both sequential and main chain directed methods (Weber et 
al., 1987; DiStephano & Wand, 1987). Furthermore, the 
X-ray structure of ubiquitin has been determined to 1.8-A 
resolution (Vijay-Kumar et al., 1987), and this matches closely 
the structure in solution (P. L. Weber, personal communica- 
tion). Less completely, we also examined hen egg white ly- 
sozyme and its interaction with the inhibitor tri-N-acetyl- 
glucosamine (tri-NAG). The proton NMR spectrum of ly- 
sozyme has been almost completely assigned (Redfield & 
Dobson, 1988), and crystal structures of lysozyme and lyso- 
zyme complexed with tri-NAG have been determined (Blake 
et al., 1965; Phillips, 1967). 

Two paramagnetic agents were employed. 4-Hydroxy- 
2,2,6,6-tetramethylpiperidinyl-N-oxy (HyTEMPO) is an or- 
ganic free radical with one unpaired electron. Although ni- 
troxyls do produce significant contact and/or pseudocontact 
shifts on tight complexation, e.g., hydrogen bonding in CC& 
or CHCI3 solution (Morishima et al., 1975), in the absence 
of tight complex formation, as in a polar solvent environment, 
they do not give rise to chemical shifts large enough to hinder 
comparison of complex 2D spectra. Gadolinium diethylene- 
triaminepentaacetate complex ion (Gd[DTPA]) is an octa- 
coordinate complex of Gd3+ and the diethylenetriamine- 
pentaacetic acid moiety. The complex has a net charge of -2 
and a very high association constant, ca. loz3. Gadolinium 
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ion is a pure relaxation probe. Both reagents were employed 
with ubiquitin; only the nitroxyl was used in the lysozyme 
study. 

MATERIALS AND METHODS 
Ubiquitin, hew lysozyme, and tri-N-acetylglucosamine 

(N,N',N''-triacetylchitotriose) were purchased from Sigma 
Chemical Co. Deuterium oxide and acetic acid-d4 were ob- 
tained from Merck, Sharp and Dohme, and HyTEMPO was 
obtained from Aldrich. Gd[DTPA] was prepared via a minor 
modification of previously published procedures (R. Rycyna, 
personal communication; Marsh, 1955; Rubin & Dexter, 
1962). Protein spectra were obtained at the same temperatures 
and pH used for the published assignments. NMR samples 
of ubiquitin ( -5  mM) were prepared in 100% deuterium oxide 
and 25 mM acetic acid-d4, and the pH was adjusted to 4.7 
(direct pH meter reading at room temperature). Lysozyme 
samples ( - 5  mM) were prepared in the same way except the 
pH was adjusted to 3.8. HyTEMPO, Gd[DPTA], and tri- 
NAG were added to the protein samples as microliter volumes 
of concentrated D,O solutions. 

NMR experiments were carried out at 500 MHz on a JEOL 
GX-500 spectrometer, under conditions matching those for 
which the NMR assignments were made. Data were trans- 
ferred to a MicroVAX I1 for processing with FT NMR 
software (Hare Research Inc., Woodinville, WA). DQF- 
COSY experiments were performed followed standard pro- 
cedures (Piantini et al., 1982; Shaka & Freeman, 1983), and 
quadrature detection in w ,  was obtained by the hypercomplex 
method (States et al., 1982). Ubiquitin spectra were collected 
at 50 OC, and suppression of the residual HDO signal was 
carried out by continuous irradiation with weak power during 
the relaxation delay, 1.7 s. A total of 400 t ,  spectra were 
collected per experiment, 2K data points each, with 16 tran- 
sients per spectrum. Data sets were 2K X 2K zero-filled 
matrices processed with a skewed-shifted (30") sine bell in 
both dimensions. Lysozyme spectra were recorded and pro- 
cessed in the same way, but the probe temperature was 
maintained at 35 OC. 

Integrated COSY cross-peak volumes were calculated by 
using the FT NMR software, and the ratio (V /V , )  of cross- 
peak volume in the presence of paramagnetic agent to the 
volume in its absence was determined. For nonoverlapping 
cross-peaks produced by diastereotopic pairs, as in Val or Leu 
CH(CH3)2 or Ile CH2CH3 units, the average value of VIVO 
was calculated. In some instances, however, measurement of 
both peaks was precluded by overlap with other resonances. 
Those exceptions are indicated in the tabulated results. 

The accessible surface areas for specific proton groups of 
ubiquitin and hen egg white lysozyme were calculated from 
crystal structures by using the Connolly molecular surface 
program (Connolly, 198 1 ; Quantum Chemistry Program 
Exchange, Department of Chemistry, Indiana University). For 
ubiquitin two different radii were used, 2.5 and 4.5 A, taken 
from models to represent effective radii for HyTEMPO and 
Gd[DTPA], respectively. Only the 2.5-A value was used for 
lysozyme. Protein Data Bank files for ubiquitin (Vijay-Kumar 
et al., 1987) and lysozyme (Diamond, 1974) were used as input 
for the surface program. The default van der Waals radii of 
the Connolly program, which are chosen to produce a united 
atom approximation to include hydrogens, were used. The 
areas calculated were of the groups producing the cross-peaks 
examined, not of entire side chains. For example, the surface 
area calculated for the CY'H,-C6H3 cross-peaks of Ile 3 was 
the area of the yl-methylene group plus the area of the 6- 
methyl group. Since stereospecific assignments of the dia- 
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FIGURE 1 : Effect of HyTEMPO and Gd[DTPA] on the ID spectrum 
of ubiquitin: (a) no paramagnetic reagent; (b) 20 mM HyTEMPO; 
(c) 1 mM Gd[DTPA]. 

stereotopic methylene protons are not available, no attempt 
was made to treat these or other diastereotopic pairs separately. 
The density of dots used in the Connolly representation of the 
surface was 20 dots/A2, and surface areas in A2 were obtained 
by counting dots. 

RESULTS A N D  DISCUSSION 
Figure 1 shows one-dimensional spectra of 

ubiquitin (a) with no paramagnetic reagent present, (b) in the 
presence of 20 mM HyTEMPO, and (c) in the presence of 
1 mM Gd[DTPA]. the two paramagnetic reagents cause 
relatively slight overall broadening of the ubiquitin resonances 
at  these concentrations. It is possible to observe some dif- 
ferential effects in the relatively uncrowded aromatic region 
of these spectra. The width of half-height of a His resonance 
at 7.15 ppm is observed to broaden from 5 to 19 Hz on ad- 
dition of HyTEMPO and from 5 to about 24 Hz on addition 
of Gd[DTPA], while the other aromatic resonances are 
broadened by a few hertz a t  most. To observe differential 
effects in the aliphatic region, however, it is necessary to turn 
to two-dimensional spectra. 

Figures 2 and 3 are expansions from the upfield regions of 
ubiquitin DQF-COSY spectra containing CH-CH, cross- 
peaks of Ile, Leu, and Val. Figure 2 shows peaks arising from 
Ile 3, 13, 36 and 44. It can be seen that 20 mM HyTEMPO 
completely eliminates the peaks from Ile 36 and 44, leaving 
those from Ile 3 and 13 visibly unaffected. Exploratory ex- 
periments had indicated that such distinctions were clearest 
at that radical concentration. Addition of 1.0 mM Gd[DTPA] 
broadens but does not eliminate the Ile 36 and 44 peaks. In 
Figure 3 are expansions containing cross-peaks from Leu 8, 
Ile 13, Ile 30, and Val 70. Examination shows that the peaks 
from Leu 8 and Val 70 are strongly affected by both Hy- 
TEMPO and GD[DTPA] while those from Ile 13 and Ile 30 
are unaffected. The hypothesis that arises from these ob- 
servations is that the side chains with resonances affected by 

Ubiquitin. 

PPM 

FIGURE 2: Effect of HyTEMPO and Gd[DTPA] on isoleucine side 
chains: shown are CY1H-CdH3 cross-peaks for 13,113,136, and 144. 
(a) No paramagnetic agent; (b) 20 mM HyTEMPO; (c) 1 mM 
Gd [DTPA] . 

( C )  N 

1.0 0:s 

FIGURE 3: Effect of HyTEMPO and Gd[DTPA] on isoleucine, valine, 
and isoleucine side chains: shown are CrH-C6H3 cross-peaks for L8, 
CDH-CYH cross-peaks for V70, C@H-Cr2H3 cross-peaks for 130, and 

20 mM HyTEMPO; (c) 1 mM Gd[DTPA]. 

the paramagnetic reagents, Le., of Ile 36, Ile 44, Leu 8, and 
Val 70, are on the surface of the protein, in contact with solvent 
and the paramagnetic reagent, while the side chains that are 
not affected by the reagents are buried. To obtain a quan- 
titative estimate of the effect of the paramagnetic reagents 
on the DQF-COSY cross-peaks, we measured the ratio of 
cross-peak volume in the presence of paramagnetic reagent 
(V) to the cross-peak volume in the absence of reagent ( Vo). 
A value for VIVO of 0.6 was taken to be sufficiently outside 
error to be an arbitrary dividing line between clearly exposed 
and at least partially buried. More quantitative analysis in 
many instances would be difficult, since the extent of can- 
cellation produced by line broadening will be dependent on 
the coupling constants involved. For a given residue type we 
have compared cross-peaks arising from the same proton 
group, chosen to be as far from the backbone as possible. For 
Ile we monitored CY1H-C*H3 cross-peaks. We also calculated 
the exposed surface area for these proton groups in the crystal 
structure of ubiquitin. Table I gives the volumes of the 

PPlM 

a CY'H-C 3 H3 cross-peak for I1 3. (a) No paramagnetic reagent; (b) 
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Table I:  Effect of Paramagnetic Reagents on Ubiquitin Side-Chain Resonances 

V I  voa surface area VI voa 
cross-peak Hy- (A2Ib cross-peak Hy- surface area (A2)b 

residue tvPe TEMPO GdlDTPAl r = 2.5 r = 4.5 residue type TEMPO GdlDTPAl r = 2.5 r = 4.5 
13 C"H-C6H3 
113 C"H-C6H3* 
123 C"H-C*H, 
I30 C"H-C6H, 
136 C"H-C*H,* 
144 C"H-CbH3 
161 CYiH-C*H3 
L8 C'H-C*H, 
L I5 C'H-C6H3* 
L43 C'H-C'H, 
L50 C'H-C*H, 
L56 C'H-C'H3 
L67 C'H-C*H, 
L69 C'H-C6H, 
L71 C'H-C6H, 
L73 C'H-C'H, 
V5 CBH-C'H, 
V I7  C@H-C'H,* 
V26 C@H-C'H3* 
V70 CBH-C'H, 
G I 0  C"H-C"H 
G35 C"H-C"H 
G47 C"H-C"H 
G53 C"H-C'H 
G75 not observed 
G76 not observed 
S20 C"H-C@H 
S57 C'H-CBH 
S65 C"H-C@H 
A28 C"H-C@H, 
A46 CaH-CsH, 

1 
0.8 
0.9 
0.9 

<0.1 
<o. 1 

1 

0.3 
1 
0.9 
0.8 
1 
1 
0.6 
0.5 
0.5 
1 
1 
1 
0.3 
0.7 
0.8 
0.2 
0.8 

0.5 
0.5 
0.9 
0.8 
0.7 

0.9 
1 
0.8 
I 
0.8 
0.5 
0.8 
0.3 
1 
0.7 
0.9 
0.9 
0.9 
1 
0.5 
0.4 
0.8 
0.5 
0.7 
0.3 
0.2 
0.9 
0.2 
0.4 

<o. 1 
0.6 
0.5 
0.2 

<0.1 

0 
0 
0 
0 
2.9 
2.4 
0 

17.3 
0 
0 
0 
0 
0 
0 
3.4 

16.7 
0 
0 
0 
4.4 
4.8 
4.9 
6.6 
4.4 

9.7 
5.1 
1.3 
7.2 
9.8 

0 
0 
0 
0 
0.4 
0 
0 
9.5 
0 
0 
0 
0 
0 
0 
0.5 
9.6 
0 
0 
0 
1.1 

2.4 
3.1 
4.6 
1.8 

6.7 
2.9 
0.5 
2.6 
3.6 

T7 CBH-C'H, 
T9 CBH-C'H, 
T I 2  C@H-C'H, 
T I 4  CBH-C'H, 
T22 CBH-C'H, 
T55 CBH-C'HS 
T66 CBH-C'H, 
F4 C*H-C'H 
€45 C6H-C'H 
Y59 C*H-C'H 
H68 C"H-CsH 
D21' C"H-CBH 
D32 C"H-CBH 
D39 C"H-C@H 
D52 C"H-C@H 
D58 C"H-C@H 
N25d C"H-C@H 
N60 C"H-C@H 
K6 C6H2-C'H2 
K11 C6H2-C'H2 
K27 not observed 
K29 not observed 
K33 not observed 
K48 not observed 

R42 not observed 
R54 not observed 

K63 C6H2-C'H, 

R72 C'H2-C6H2 
R74 C'H2-C6H2 

<o. 1 
0.3 
0.6 
0.9 
0.9 
1 
0.9 
0.9 
0.9 
0.3 
0.4 
1 
0.6 
0.6 
0.6 
0.9 
0.5 
0.6 
0.7 
0.6 

0.9 

0.6 
0.7 

0.6 
0.4 
0.4 
0.6 
0.5 
0.1 

<o. 1 

0.8 
0.4 
0.8 
0.4 

<o. 1 
<o. 1 
<o. 1 

0.1 
0.6 
0.2 

<0.1 

<o. 1 
0.3 

0.4 

0.5 
0.5 

0 0 
15.4 9.6 
3.5 1.2 
5.1 2.8 
7.2 3.8 
4.8 2.1 
2.2 0.8 
5.9 2.9 
2.5 0.7 
2.1 0.4 
0.2 0 

0 (4.6) 0 (2.2) 
0.2 (22.4) 0 (13.9) 
7.4 (12.4) 3.2 (5.2) 
2.3 (8.8) 0.6 (2.5) 
0.5 (8.6) 0 (4.9) 
1.2 (8.7) 0.2 (4.0) 
3.5 (21.7) 0.9 (12.2) 
5.0 0.9 
9.7 6.5 

13.0 8.4 

4.9 2.0 
9.6 5.4 

V /  Vo is the ratio of the integrated cross-peak volume in the presence of the paramagnetic reagent to that in its absence. Where there are two 
nonoverlapping cross-peaks of the type indicated, e.g., from the Val or Leu CH(CH,)2, Ile CH2CH3, or Asx CHCH2 units, the mean value of VIVO 
is given. As asterisk indicates that measuring both peaks was precluded by overlap with other resonances and the value of V/Vo is for a single 
cross-peak. is the probe radius used in the Connolly surface program. Surface areas given are for the complete unit, e.g., -CH(CH,)*, -CH2CH3, 
or -CH2CH2-; diastereotopic groups are not separated. 'For Asp and Asn side chains, the surface area values given in parentheses are for the 
CuH-C@H,-COO- and C"H-C@H,-CONH, units, respectively. dMeasured at 25 OC. 

cross-peaks examined and the areas of the coupled proton 
groups exposed to 2.5- and 4.5-A radius probes. 

The observed relaxation of the hydrophobic side chains of 
Ile, Leu, and Val by HyTEMPO correlates in general with 
the ubiquitin crystal structure, although a quantitative relation 
between exposed surface area and loss of cross-peak intensity 
is not found. The two Ile side chains with VIVO I 0.6, 36 and 
Ile 44, are the only Ile Cy1H-C6H3 units in the crystal structure 
with any area exposed to a 2.5-A radius probe. Similarly, the 
coupled CHCH, proton groups of Leu 8, 69, 71, and 73 and 
Val 70 are sensitive to the nitroxyl, and with the exception of 
L69, these are also the only Leu or Val CH(CH,), units with 
any surface exposed to the probe. The Leu 69 CH(CH3), 
group has no exposed surface in the crystal structure; it is 
shielded from the exterior by an overlying type I @-turn, T7- 
L8-T9-G 10. However, the main-chain atoms in that turn have 
some of the largest temperature factors in the crystal structure 
(Vijay-Kumar et al., 1987), and the region is also not well- 
defined in solution by nuclear Overhauser effects (Weber, 
personal communication). Mobility of this region may allow 
access of radical to the Leu 69 side chain, but an alternative 
rationale appears below. 

Two of the residues exposed to HyTEMPO, Ile 36 and Leu 
69, are not exposed by our criterion to Gd[DTPA]. One 
reason may be that Gd[DTPA] is larger than HyTEMPO and 
may not have access to so much of the protein surface. In 
addition, the solvation requirement of the change (-2) on the 
complex ion may specifically hinder its approach to hydro- 

phobic regions of the protein surface. In contrast, Val 17 is 
broadened by Gd[DTPA] but not by HyTEMPO. This may 
be a consequence of its location between Glu 16 and Glu 18, 
the carboxylate groups of which may, by coordination, ensure 
a higher average local concentration of the complex ion. The 
behavior of the Asp and Asn resonances, described next, 
strongly indicates that this is likely. 

Figure 4 shows expansions of the DQF-COSY spectra 
containing aspartic acid and asparagine C"H-C@H cross-peaks. 
The Asx resonances are much more sensitive to Gd[DTPA] 
than those of Ile, Leu, and Val. Figure 4 shows that 0.25 mM 
Gd[DTPA] eliminates entirely, VIVO < 0.1, the cross-peaks 
of Asp 21, 32, and 39 and Asn 60. The nitroxyl-sensitive 
hydrophobic side chains are much less affected at this con- 
centration of Gd[DTPA], VIVO = 0.5-0.8. (Cross-peak 
volume data in Table I are for 1.0 mM Gd[DTPA].) This 
difference in sensitivity between Asx and the hydrophobic 
residues suggests that Gd[DTPA], like lanthanide NMR 
reagents with chelating ligands of lower valence, coordinates 
with nucleophilic oxygen. Lanthanide-DTPA complexes are 
in fact 9-coordinate, bearing 8 ligands from the DTPA moiety 
plus 1 water molecule (Jenkins & Lauffer, 1988; Stezowski 
& Hoard, 1984). Coordination of side-chain carbonyl oxygen 
at  the ninth site should provide more efficient relaxation of 
nearby protons than if the side chain approached only the outer 
sphere of the Gd[DTPA] ion. In the crystal, the carboxylate 
groups of the two Asp side chains least affected by Gd[DTPA], 
Asp 52 and 58, are involved in a salt bridge (to Lys 27) and 
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hydrogen bond (to the N H  of Thr 5 9 ,  respectively. These 
interactions would be expected to make coordination with 
gadolinium less favorable. 

For Val, Leu, and Ile then, exposed surface in the crystal 
structure correlates with significant loss of cross-peak intensity 
when HyTEMPO is added to the ubiquitin solution, and for 
Asx (and presumably Glx) there is specific sensitivity to 
Gd[DTPA]. Further light on the behavior of the two relax- 
ation reagents is obtained from their effects on the Lys and 
Arg side chains. Figure 5 shows the effects on the Lys 6, 11, 
and 63 C6H,-CfH2 and Arg 72 and 74 CYH2-C6H2 cross- 
peaks. Although all of these side-chain groups have exposed 
surface in the crystal, it is clear from Figure 5 and Table I 
that HyTEMPO produces only borderline effects relative to 
its effects on exposed hydrophobic residues, this suggests that 
HyTEMPO is a t  least partially excluded from the solvation 
shells of charged or polar side chains. Although it is negatively 
charged, Gd[DTPA], which cannot coordinate with ammo- 
nium or guanidinium ions, does not in general affect those 
positively charged side chains strongly as it does most of the 
Asx side chains, which supports the hypothesis that Gd[DTPA] 
coordination products specific effects. 

The correlation between exposed surface and sensitivity to 
nitroxyl is not so clear-cut for any of the other residues ex- 
amined as it is for Val, Leu, and Ile. Although there are very 
definite distinctions in sensitivity among residues of a given 
type, their interpretations are not obvious. Figure 6 shows the 
region of the DQF-COSY spectrum of ubiquitin in which lie 
the Gly and Ser cross-peaks. The Ser 20 and 57 CaH-C@H 
and the Gly 47 CaH-CaH cross-peaks are clearly affected by 
HyTEMPO, while the Ser 65 and Gly 10, 35, and 53 cross- 
peaks are unaffected or only marginally affected. Nitroxyl- 
insensitive Ser 65 is the least exposed of the serines in the 
crystal and nitroxyl-sensitive Gly 47 is the most exposed of 
the glycines, but the coupled proton groups of all of the Ser 
and Gly residues have some exposed surface. 

Similarly, there is no clear correlation between exposure in 
the crystal and sensitivity to nitroxyl for the alanine and 
threonine residues (data in Table I ) .  The C@H-C'H, of Thr 
9 is highly exposed in the crystal and sensitive to nitroxyl, but 
although the corresponding group of Thr 7 has no exposed 
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FIGURE 5 :  Effect of HyTEMPO and Gd[DTPA] on lysine and ar- 
ginine side chains: shown are C6H2-CeH2 cross-peaks for K6, K11, 
and K63 and CrH2-C*H2 cross-peaks for R72 and R74. (a) No 
paramagnetic reagent; (b) 20 mM HyTEMPO; (c) 1 mM Gd[DTPA]. 

surface area in the crystal, it is even more sensitive to Hy- 
TEMPO. The spatial proximity of Thr 7 and Leu 69, both 
sensitive to nitroxyl and neither with exposed protons in the 
crystal, suggests that they might form part of a preferential 
site for association with HyTEMPO (see Figure 7). 

The most notably sensitive of the Ser, Thr, and Ala residues 
to Gd[DTPA] are Ser 20, Thr 55 and 66, and Ala 46. For 
one of these instances the crystal structure provides an obvious 
explanation involving coordination of Gd[DTPA]. Ser 20 is 
the i + 2 residue of a turn, and the adjacent i + 3 residue is 
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FIGURE 6: Effect of HyTEMPO and Gd[DTPA] on glycine and serine 
side chains: shown are C"H-C"H cross-peaks for G10, G35, G47, 
and G53, CaH-C@H2 cross-peaks for S20 and S57, and C611H-C62H 
cross-peaks for P I 9  and P37. (a) No paramagnetic reagent; (b) 20 
mM HyTEMPO; (c) 1 mM Gd[DTPA]. 

Asp 2 1, also extremely sensitive, which presumably coordinates 
with the Gd complex. Similar explanations for the others are 
not obvious; ad hoc explanations including changes in side- 
chain position and coordination to backbone carbonyls may 
be possible, but would not yield predictive generalizations. 

Because of the potential for specific binding by coordination 
we do not consider that Gd[DTPA] or related molecules will 
be useful in general for mapping protein surfaces. However, 
Gd-based relaxation reagents might in some instances be useful 
for identifying, by elimination, some Asx C*H-C@H cross- 
peaks in crowded protein spectra. 

On the other hand, the experiments with ubiquitin do sug- 
gest that line broadening by HyTEMPO (and presumably 
similar nitroxyl radicals) can be used to identify surface hy- 
drophobic residues, although in view of the probable mobility 
of the surface residues and the possibility of specific association 
as tentatively suggested above for the Thr 7-Leu 69 region, 
the correlation with a crystal structure may not be perfect. 
A stereoview of ubiquitin showing Val, Leu, and Ile residues 
(Figure 7) shows a striking distinction between nitroxyl-sen- 
sitive and nitroxyl-insensitive residues. The insensitive residues 
are inside the ubiquitin barrel, and the sensitive residues are 
at the top, bottom, or side. In view of the relative rarity of 
surface hydrophobic residues, the ability to identify them (and 
the linearly adjacent residues by nuclear Overhauser effects) 
in advance of a complete structure could be useful in providing 
indications of chain folding or clues to functional portions of 
a protein surface. 

Hen Egg White Lysozyme. The binding pocket of hen egg 
white lysozyme contains a high proportion of hydrophobic 
residues. Therefore, we used it to examine further the utility 

Table 11: Effect of HyTEMPO on Lysozyme Side Chains 
residue cross-Deak tvDe V /  V 2  accessible area* [A2) 

Asp 5 2  C"H-C@H 1 .o 0.4 
Leu 56 CYH-C6H, 1 .o 0.0 
Ile 58 C@H-CY2H, 0.9 0.0 
Asn 59 CaH-C@H <o. 1 1.7 
Trp 62 C4H-CSH <0.1 5.2 
Trp 63 C4H-CSH <0.1 2.4 
Leu 75% C'H-C6H3 <0.1 13.0 
Ile 98 C@H-CY~H, <0.1 0.0 
Val 99 C@H-C'H, 1 .O 0.0 
Asp 101 C"H-C@H <o. 1 5.3 
Gly 102 C"H-C"H <o. 1 3.1 
Ala 107 CaH-C@H3 <o. 1 1.2 
Trp 108 C4H-CsH 0.9 0.0 
Val 109* C@H-CYH, 0.6 12.7 

a V/Vo is the ratio of the integrated cross-peak volume in the pres- 
ence of the paramagnetic reagent to that in its absence. Where there 
are two nonoverlapping cross-peaks of the type indicated, e.g., for the 
Val or Leu CH(CH,), or Asx CHCH2 units, the mean value of V/Vo is 
given. An asterisk indicates that measuring both peaks was precluded 
by overlap with other resonances and the value of V/ V, is for a single 
cross-peak. Probe radius 2.5 A. Stereospecific assignments of dia- 
stereotopic groups are not available. The surface areas given are for 
the complete unit, e.g., -CH(CH3)2 or -CHCH2-. 

of HyTEMPO for mapping exposed protein surface and ligand 
binding to the surface. 

Clear differential broadening effects for lysozyme occurred 
at a lower concentration of HyTEMPO, 10 mM, than for 
ubiquitin, 20 mM. For the paramagnetic perturbations in- 
volved, T2(dipolar) is inversely proportional to rotational 
correlation time (Kemple et al., 1988). Since lysozyme, 14.6 
kDa, should have a longer rotational correlation time than 
ubiquitin, 8.6 kDa, this observation suggests that the effects 
of HyTEMPO are produced not solely by collision, for which 
the effective correlation time would be comparable to that of 
HyTEMPO in solution, but to some extent by an association 
that persists for a period at least of the order of the longer 
protein rotational correlation time. 

Figure 8 shows expansions from the upfield region of ly- 
sozyme DQF-COSY spectra containing CH-CH3 cross-peaks 
of Ile, Leu, and Val. By comparison of panels a and b, it can 
be seen that 10 mM HyTEMPO eliminates the cross-peak for 
Leu 75, leaving the others effectively unchanged. The surface 
area of the Cy and two C6 groups of Leu 75 exposed to a 2.5-A 
probe was calculated to be 13 A2. In contrast, of the groups 
giving rise to the resonances that are unchanged, the C@ and 
C y  groups of Val 92, the C@ and Cy2 groups of Ile 5 5  and Ile 
88, and the CY and C* groups of Leu 8, Leu 83, and Leu 129 
are all calculated to have zero accessibility. 

Figure 9 shows analogously some Ala C"H-C@H, and Thr 
CN-CYH3 cross-peaks of lysozyme. Panels a and b show that 
the cross-peaks for Ala 122 and Ala 107 are removed by 
nitroxyl and that for Ala 31 is unaffected. The C" plus CB 
accessibilities for 107 and 122 are 1.2 and 3.4 A2, respectively. 
For Ala 31, there is no exposed surface. Although the cor- 
relation appears to hold for the 3 Ala residues in the figure, 
data were not obtained for all 12 Ala residues. There is no 
correlation for the 3 Thr residues in the figure. None of the 
Thr CDH-CYH, cross-peaks is strongly affected by nitroxyl, 
yet all have some calculated accessibility. The C@ plus Cy 
accessibilities to the 2.5-A probe are 1.5 A2 for Thr 43, 8.7 
A2 for Thr 89, and 7.8 A2 for Thr 118. 

Table I1 compares the V/V,  ratio for DQF-COSY cross- 
peaks of a number of additional residues, those in the vicinity 
of the binding site, with the accessibility of the corresponding 
atomic groups to the 2.5-A probe. The agreement here be- 
tween the relaxation result and the calculated exposure is good 
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FIGURE 7: Stereoview of the ubiquitin backbone in the crystal (Vijay-Kumar et al., 1987). Side chains and numbering of the Val, Leu, and 
Ile residues are indicated. Nitroxyl-sensitive residues are 8, 36, 44, 69, 70, 71, and 73. (See Table I). The possible nitroxyl binding region 
between Leu 69 and Thr 7 suggested in the text is visible in this view. The figure was generated at Abbott Laboratories with software written 
there. 
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FIGURE 8: Effect of HyTEMPO on some Ile, Leu, and Val side-chain 
cross-peaks of lysozyme in the absence and presence of tri-NAG. (a) 
Lysozyme. (b) Same as (a) with 10 mM HyTEMPo added. (c) Same 
as (a) with 10 mM tri-NAG added. (d) Same as (a) with IO mM 
tri-NAG and IO mM HyTEMPO added. 

for 12 of the 14 residues examined, including Asp and Gly 
residues. One exception is Val 109, which has exposure to the 
probe in the crystal structure but is less broadened than might 
be expected. The other is Ile 98. Ile 98 is very sensitive to 
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FIGURE 9: Effect of HyTEMPO on Ala and Thr side-chain resonanm 
of lysozyme in the absence and presence of tri-NAG. (a) Lysozyme. 
(b) Same as (a) with IO mM HyTEMPO added. (c) Same as (a) 
with 10 mM tri-NAG added. (d) Same as (a) with 10 mM tri-NAG 
and 10 mM HyTEMPO added. 
nitroxyl but has no area accessible to the 2.5-A probe of the 
crystal structure; it is exposed to a 1.4-A probe, however (Lee 
& Richards, 1971). 

Hen egg white lysozyme binds tri-N-acetylglucosamine 
(tri-NAG) with a dissociation constant of 6.6 X 10" M 
(Dahlquist et al., 1966). We examined the effect of Hy- 
TEMPO on side-chain resonances near the substrate binding 
site in the presence and in the absence of this inhibitor. Panels 
c and d of Figure 8 illustrate, for example, that the CYH-C6H3 
peak of Leu 75, which is part of the binding site, although 
broadened somewhat by association with tri-NAG, is protected 
by the ligand from the nitroxyl. Panels c and d of Figure 9 
show similarly that the Ala 107 resonance is shifted and 
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broadened by tri-NAG but protected by it from nitroxyl. In 
these experiments, enzyme concentration was 5 mM and in- 
hibitor concentration 10 mM, so that complex formation was 
nearly complete. Titration of lysozyme with tri-NAG showed 
that on the chemical shift time scale the inhibitor exchanges 
at an intermediate to slow rate, as monitored by following the 
behavior of the Trp 62 H2 singlet. This is consistent with the 
reported koff  rate of 28 s-' (Chipman & Schimmel, 1968). 

Further results of the lysozyme and lysozyme plus inhibitor 
experiments are reported elsewhere (Petros & Kopple, 1990) 
and indicate that the effects of nitroxyl can indeed be used 
to identify residues in the inhibitor binding region; i.e., residues 
exposed to HyTEMPO in the absence of tri-NAG become less 
exposed in its presence. The technique is thus an alternative 
to the use of spin-labeled ligand as proposed by deJong et al. 
(1988). Those experiments and the above results do indicate 
the ut i l i ty  of nitroxyl-catalyzed relaxation in DQF-COSY 
spectra as a probe of exposed hydrophobic residues and ligand 
binding sites including them. 
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