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Complete proton und enrbon sidechuin agsignments are reported for 22 lysine und 11 leucine residues in staphylococeul nuelease, an enzymie with

149 residues. These assignments are readily oblained in a direct munner from the correlutions vbserved in the 3D HCCH-COSY and HCCH-

TOCSY spectra and the knawn pratein backbone assignments, These assignments open the wiy to detuiled studies of the sidechuin structure and
dynamies at the setive site, in the hydraphobic core and on the surfuce of the protein,

Staphylococeu) nuelease: Sidechain structure; Assignment: 3D NMR

1. INTRODUCTION

In the last few years substantial progress has been
made in assigning the NMR signals of proteins having
molecular weights in the 15-20 kDa range. One ap-
proach to obtain backbone assignments has been to

apply a variety of double resonance two- and three-

dimensional 2D and 3D) NMR experiments to proteins
containing amino acids labeled with 2H, '*C and/or '*N
[1-5]. More recently it has been shown [6,7] that com-
plete backbone assignments can be obtained more effi-
ciently by applying sophisticated triple resonance 3D
NMR techniques to proteins that are uniformly enrich-
ed with N and '*N. Once backbone assignments are
made, recently developed 3D 'H-'*C experiments [7-11]
are an-attractive way to extend the assignments to the
sidechains. Herein we show that a combination of the
HCCH-COSY [7,9,10] and HCCH-TOCSY {7,11] 3D
experiments provide a particularly effective way to ob-
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tain assignments of sidechain protons and carbons of
complex amino acids of staphylococcal nuclease
(SNase) an enzyme containing 149 amino acids.

Sequential assignments of ca. 90% of the amide
nitrogen, amide proton and «-proton signals of SNase
have been reported {1-3,12]. Except for a few residues
in the disordered N-terminus. of the protein, the
assignments of the a-protons have been completed, us-
ing 'H-'>’N NOESY-HMQC and HOHAHA-HMQC
spectra. [13,14] together with. HCCH-COSY and
HCCH-TOCSY spectra. In contrast with the nearly -
complete set of backbone assignments, only the proline
sidechains [12], the aromatic sidechains [15] and some
of the smaller sidechains [1-3] have been assigned.
Perhaps the most difficult assignment problem involves
the Lys residues because (i) the protein contains 23 Lys
residues [16], and (i) each residue contains a. large
number of protons whose signals resonate in a narrow
spectral range. Assignment of the 11 Leu sidechains is
also a challenge because, in addition to poor signal
dispersion of the sidechain proton signals, the -,
protons have small T values because the Leu sidechains
are normally buried and immobile. Assignment of these
complex sidechains is important since it opens the way
to study structure and dynamics at the protein active
site, surface and hydrophobic core.

In our ititial attempt to assign these residues, we (i)
obtained 2D HOHAHA spectra of deuterated proteins
in which either the Lys or Leu residues were protonated,
(ii) obtained '*N edited NOESY spectra of proteins that
were labeled with either [**N}Lys or [**N]Leu, and (ii)
obtained '*C edited NOESY spectra and '*C edited
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HMQC-RELAY' spectra of SNase labeled with
[Methyl-"Ci]Leu. Although these experiments were
partially successful, many proton assignments could
not be made because of (i) signal overlap, (ii) the
absence of proton J correlations, because J is often less
than 1/Tz, and (¢) the difficulty of distinguishing se-
quential from long-range correlations in NOESY spec-
tra. The assignment problem was solved by obtaining
HCCH ~COSY and HCCH-TOCSY spectra of a
uniformly °C labeled sample of SNase, »

2. MATERIALS AND METHODS

SNase enrivhed with *N andg "¢ was oblained by growing £, coll,
strain KL740 transformed with plasmid PNJS, on MY media conlaine
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ing 99% NELCT and 99% D-Glucose:"’Co. The pretein wa prepared
av deveribed previously (1), and t4my of the wildatype Foggi [16) pro
teln, revidues F=149, was obtained per gram of D-glucove, NMR spees
tra were recorded on a solutlon of [N, YCiSnave, 1.2 mM. in
99.996% DO bulfer celiaining 100 mM NaCl, $ mM pdTp. 10 mM
Cuall and 30 mM borate buffer, pb 6.8,

Spevird were récorded at 37°C on a Bruker AM- 300 specirometer
thit has been modified 1o eliminate overbead flme at the endd of every
4y and 73 increment. The 3D HCCH.COSY und HECH-TOCSY ¢x-

. petiments were performed using pulse sequences previeusly deseribed
p

(10, H ] In both experiments the 'H earrivr wax positioned a1 2.8 ppwn
and the P'C carrier a1 43 ppm. Al protan pulses were apphied with.a
10,5 kHa rf ficld, 'C pulses were applicd with a 7.1 kHz (HCCH-
COSY)and u 7.8 kHa (HCCH-TOCSY) rf field and the DANTE.1ype
carbonyl inversion pulse was applied with a weak 1.4 RHz ¢f field. In
the HCCH-TOCKY experiment, three loaps of the DIPSI2 sequenee
were used for isotrople mixing, corresponding 1o a duration of 24 ms,
using a 2.9 kHz rf field. Acquisition times were 34, 12 and 51 ms in
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Fig. 1. Comparison of F1/F3 slices of (a) the 3D HCCH-COSY and (b) the 3D HCCH-TOCSY spectra of SNase, The F2 coordinate, 59,9 ppm,
of each slice corresponds to the '*C chemical shift of the carbons attached to the protons on the diagonal. The correlations within the dashed boxes
arise from residues whose a-carbon signals are centered in adjacent slices:
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e 1y, £y aned 1 dimensions, respectively, The siae of the acquived 3y
mateiy was (138 comples) % t32. complesk% (312 reall and retal
wigasuring timve was 60 v withy 2 0.7 s delay Between wain, The Y0 dasa
sels wire pravevied as devwribed previeusly (9= 1),

3, RESULTS AND DISCUSSION

The portion of the 3D HCCH.COSY spectrum of
this sample (Fig. ‘1a) clearly shows the H"-H” correla-
tions for 8 resisues in the protein whose a-carbons
resonate at ¢a. 39.9 ppm. Although the HCCH-COSY
experiment is analogous to the proton COSY experi-
ment, the correlations in the HCCH-COSY speetrum
are a consequence of farge and uniform CH and CC
one-bond J couplings {9,10). They are therefore more
intense and easier to interpret than the proton COSY
correlations of SNase. For example, in Fig, la, when
two H"-H* correlations are observed for a particular

residue, the cross peaks have essentially equal Intensity
(K.133); therefore a single strang H*-H* carrelation is a
clear signature of equivalent g-protons (K127).

In contrast, with the relatively simple HCCH-COSY
spectrum, the HCCH-TOCSY spectrum (Fig. 1b) shows
correlations from ¢ach a-proton to virtually all of the
other aliphati¢ protons in the amino acid residue. In
particular, ¢correlations are evident from each a-proton
to- the corresponding protons in the long sidechains of
Lys-127 and Lys-133. Asg is evident in Fig. 2, correla-
tions involving the aliphatic protons of Lys-133 are seen
in each of the 5 planes in which the five Lys-133
aliphatic carbons resonate. The observation of these
correlations confirms the sidechain proton assignments
indicated in Fig. !, and, in addition, provides the
assignments of all sidechain carbons. [t is clear from
Fig. 2 that the Lys-133 proton chemical shifts are
significantly different from their expected random coil
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Fig. 2. A set of F1/F3 slices from the 3D HCCH-TOCSY spetrum of SNase showing the Lys-133 aliphatic proton c_orrelations. The F2 coorcliinate
of each slice corresponds to the chemical shift of the indicated aliphatic carbon. The proton assignments are indicated at the top of the figure,
and the heavy dotted line defines the diagonal in each slice.
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Fig. 3. A set of F1/F3 slices from the 3D HCCH-TOCSY spectrum of SNase showing thie Leu-103 aliphatic correlations. The F2 coordinate of
each slice corresponds to the '3C chemical shift of the indicated aliphatic carbon. The proton assignments are indicated at the top of the figure,
and the dotted lines define the diagonal in each slice.

values [17]. This is a consequence of the fact that many
of the proton of the buried Lys-133 sidechain ex-
perience ring current shifts as a consequence of their
proximity to the Trp-140 sidechain [18]. It is notewor-
thy that strong correlations are observed for Lys-133,
an inflexible sidechain expected to have short Tz values.

The HCCH-TOCSY spectrum (Fig. 3) of Leu-103,
another residue having a large buried sidechain, ex-
hibits correlations among all of its ‘aliphatic protons.
Systematic examination of the SNase HCCH-COSY
and HCCH-TOCSY spectra, together with the known
a-proton assignments, has the yielded assignments
(Table I) of all aliphatic protons and carbons of all Lys
and Leu residues except Lys-5. (Lys-5 and Lys-6 are in
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the disordered N-terminus of the protein and appear to
have essentially identical aliphatic chemical shifts.)

The sidechain assignments open the way for studies
of SNase solution structure using heteronuclear edited
3D NOESY spectroscopy [13,14,19,20) and SNase
dynamics by means of '3C relaxation measurements.
Lys-84 is in the active site while Lys-45, -48 and -49 are
in the functional omega loop at the active site. While
most lysine sidechains are near the protein surface, a
few lysine sidechains and all leucine sidechains are
buried, with Leu-36, -37 and -38 located in the
hydrophobic core of SNase. Therefore the assignments
provided herein make it possible to probe the structure
and dynamics at many important sites in SNase.
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, Table |

Cheerdeal shifiy® of 'H®, C* and PN* nueles of Lys® and Len® rovidues I the SNavespd TpeCal ™ teenury complex.
Roldue"N  NH  ¢r  H* ¢ WY @t v WY RY et e g Wi |t
K3
K& 133, £I0 362 4N 3T LS LE6 0 24T 1AS 1S M9 {0 S U ). S 0 S N L S 1L
K9 1240 840 60 48T 330 va2 LAY BN 68D 1Y a2 090 103 40.&  LE0 )80
Kid. 116 804 367 444 M9 L& 18 262 L3 B3 29 L&6 168 420 396 196
K3 1278 941 363 343 M6 14y 204 237 Fl& 1LY 0.0 163 L6y - 419 281 L@
K26 12%7 928 604 339 M6 1% 18 2% Lle L2 00 NI T I Y OF S A (TR X T
K4 12%)  &09 %60 40 1o Led 182 247 BN 1R 290 L&t 16 420 296 246
Kda¥% 1176 921 369 4,60 M9 203 190 350 E47 138 288 [ S O - SR TIE B N¢) S W}
K49 1196 891 S0 2% 0T B2 LI 254 KO3 128 249 L26 E4T 414 287 L%
K3 1257 $33 590 330 120 66 185 250 085 . 101 190 LEY LAY A1e 276 2116
Kdéy 1302 &0 3578 L& 10 B8 LR 280 049 Q&Y 294 LS LS axt 397 297
Ked N3 190 394 294 3220 EX 138 249 W 139 292 138 138 420 286 286
K70 1258 1002 S7TR 436 328 194 264 252 186 163 e 1 2 N T 2 T 3 SN+ S N+ )
K71 1214 BB6 886 465 387 BT 186 249 L4 149 2 166 166 420 290 290
K78 1194 1022 880 423 107 18 198 250 162 167 3 L83 18X 4220 32 L2
K8 M6 781 $78 408 14 1S6 L6 232 007 0.8 29, 153 L4d 421 265 0 274
K97 1214 786 34,8 468 34 176 188 M7 14 149 28R .74 L7 421 06 0 106
KO 1174 752 %40 510 355 LB 189 M8 121 L3296 160 1,60 4LR 252 2.6
K16 1254  R70 563 . 402 321 W7 L8 249 133 1582 105 170 L7 420 301 A0
K127 1224 796 601 403 320 202 202 2371 14} .64 12 171 L7 420 298 298
K133 1173 R13 897 344 323 126 081 244 043 008 203 0.84 Q99 412 195 209
K34 1224 778 803 397 3235 195 195 248 146 130 292 1.67 167 420 297 297
KI36 VI68 779 569 336 298 182 207 150 140 142 2.3 173 LI 423 07 3O
L7 1222 826 S49 456 4.8 177 LIT 2R 180 49 2.0 096 1.04
Lid 1250 933 569 44 431 115 194 220 12R 233 270 076 091
L25 1273 934 533 520 458 L78 l4d 220 .48 254 248 0.02 075
136 1249  R32 564 436 425 1S 1.65 28H 170 4.4 2.2 076 078
L37 1220 743 863 395 459 075 L08 278 128 6.6 265 041 119
L38 117 935 564 433 408 192 229 229 192 283 251 L1319
L89 1261 825 529 8522 433 170 113 259 .48 252 222 0.67 0.68
L 103 1156 792 579 332 459 102 172 213 LG4 27,0 240 079 0.90
L10R 1154 777 837 429 440 122 143 2685 122 258 227 048 074
1125 1183 804 SB8 - 395 415 144 192 288 1.86 238 264 079 09
L137 171 755 552 418 445 137 1.5 269 1,69 23.0 255 0.86 . 1.02

“In ppm.

bRelative (o the water signal at 4,64 ppm in *Ha0 and at 4.66 ppm in Ha0 at 37°C, uncerwainty 0.02 ppm,

“Relative 10 hypothetical internal (trimethylsilyl propionic acid.
YRelative to liquid NHy.

“The superscripts 1 and 2 serve to distinguish methylene protons and are not meant to imply stereospecific gssignments,

Acknowledgements: This work was supported by the Intramural
AIDS Antiviral Program of the Office of the Dircctor of the National
Institutes of Health, We thank Drs Ad Bax, Mitsu Ikura and Lewis
Kay for helpful discussions regarding the 3D pulse sequences and data
processing, Weare grateful to Professots John Gerlt and David Shor-
tle for plasmids and transformed E. co/i, We thank Rolf Tschudin for
expert instrument support.

REFERENCES

[1] Torchia, D.A., Sparks, S.W, and Bax, A. (1989) Biochemistry
28, 5509-5524.

2] Wang, 1., LeMaster,
Biochemistry 29, 88~101.

{31 Wang, I., Hinck, A.P,, Loh, S.N. and Markley, J.L. (1990)
Biochemistry 29, 102-113,

14] Mecintosh, L.P., Wand, A.J,, Lowry, D.F., Redfield, A.G. and
Dahlquist, F.W. (1990) Biochemistry 29, 6341-6362,

D.M. and Markley,. J.L. (1990)

[5] Driscoll, P,C., Clore, G.M., Marion, D., Wingfield, P.T. and

Gronenborn, A.M. (1990) Biochemistry 29, 3542-3556.

[6] lkura, M., Kay, L.E. and Bax, A. (1990) Biochemistry 29,
4659-4667.
[7} Clore, G.M., Bax, A., Driscoll, P.C., Wingfield, P.T. and
Gronenborn, A.M. (1990) Biochemistry 29, 8172-8184.
[8) Fesik, S.W,, Eaton, H,L,, Olejniczak, E.T., McIntosh, L.P.
and Dahlquist, F.W. (1990) J. Am. Chem. Soc. 112, 886-888,
[9] Kay, L.E., Ikura, M, and Bax, A. (1990) J. Am. Chem. Soc.
112, 888-889,
(10} Bax, A., Clore, G.M,, Driscoll, ‘P.C., Gronenborn, A.M,,
Ikura, M. and Kay, L.E. (1990) J, Magn. Reson. 87, 620-627,
[11] Bax, A., Clore, G.M., and Gronenborn, A.M, (1990) J. Magh.
Reson, 88, 425-431,
[12] Torchia, D., Sparks, S.W,, Young, P.E. and Bax, A. (1989) I.
Am, Chem. Soe. 111, 8315-8317, ]
[13] Marion, D., Kay, L.E., Sparks, S.W., Torchia, D.A. and Bax,
A, (1989) J. Am. Chem. Soc. 111, 1515-1517.
[14] Marion, D., Driscoll, P.C., Kay, L.E., Wingfield, P.T., Bax, A,
Gronenborn, A.M. and Clore, G.M. (1989) Biochemistry 28,
6150~6156,

37



Voluwie 281, number 1,2 FEBS LETTERS , April 1991

(18] Wang. J., Hingk, AP, Leh, S04 and Markley, J.L. (19%0) (1) Lolt, P, andd Latuman, BB, (1989) Proteine Strueture. Fune:
Biochemistry 29, 4242-423%, , tion, aid Ceneiley 3, 183201,

(16) Tuvker, P.W., Hazen, E.E. Jr and Coven, F.A, (1979 Qell, Ei9) Thura, M., Kay LB, und Bas, A, (1990) 1, Magn. Resen. 86,
Biachem 23, Y17, 204209,

(F7] Wathreich, K. (1986) NMR of Projeins and Nucleie Acids, p. 17, (20} Zulderwey, ERP,, Melntesh, L.P., Duablguis, EW. and
Johw Wiley & Sony, New Yerk, Fesik, 3. W, (19903 1. Magn, Reson. &6, 210-216,

38



