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The backbone 'H, *C and '*N chemical shifts of cyclophilin (CyP) when bound to cyclosporin A (CsA) have been assigned from heteronuclear

two- and three-dimensional NMR cxperiments involving sclectively “N- and uniformly *N- and "*N,"*C-labeled cyclophilin. From an analysis of

the 'H and "*N chemical shifts of CyP that change upon binding to CsA and from CyP/CsA NOEs, we have determined the regions of cyclophilin
involved in binding to CsA.

Cyclophilin; Cyclosporin A; NMR

1. INTRODUCTION

Human cyclophilin (CyP) from T lymphocytes is a
protein of 165 amino acids and binds specifically to the
immunosuppressive drug, cyclosporin A (CsA)[1,2]. Se-
veral pieces of evidence suggest that the CyP/CsA com-
plex is the biological effector involved in immunosup-
pression, possibly by binding to and modulating the
effects of a protein involved in T cell activation [3].
Indeed, it has recently been shown that the CyP/CsA
complex as well as another immunophilin/immunosup-
pressant complex (FKBP/FK506) bind to and inhibit
the calcium- and calmodulin-dependent phosphatase,
calcineurin, which may play an important role in T cell
and IgE receptor signaling pathways [4].

In order to understand the structural basis for the
interaction between the immunophilins and immuno-
suppressants as well as the common structural features
that may be required for the binding of the immuno-
philin/immunosuppressant complexes to other proteins,
it is important to determine the three-dimensional struc-
tures of the immunophilin/ligand complexes. A crystal
structure of the FKBP/FK 506 complex has been solved
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binding protein; NOE, nuclear Overhauser effect; HSQC, heteronu-
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[5] and solution structures of FKBP have appeared
[6,7]. The conformation of CsA when bound to cyclo-
philin has been determined [8,9], and very recently, an
X-ray crystal structure of a tetrapeptide substrate
bound to CyP [10] as well as NMR studies of uncom-
plexed CyP [11] and CyP bound to a water-soluble CsA
derivative [10] have been described. However, the com-
plete three-dimensional structure of the CyP/CsA com-
plex has not yet been reported.

As a first step in determining the complete three-
dimensional structure of the CyP/CsA complex by
NMR, we have assigned the backbone 'H, '*C and *N
chemical shifts of cyclophilin when bound to CsA from
heteronuclear two- and three-dimensional NMR experi-
ments involving selectively '*N- and uniformly '*N- and
'*N,"*C-labeled cyclophilin. From an analysis of the 'H
and "N chemical shifts of CyP that change upon bind-
ing to CsA and from the identification of CyP/CsA
NOEs, we have identified those portions of CyP that
bind CsA.

2. MATERIALS AND METHODS

2.1. Materials

Cloning of human cyclophilin and expression in E. coli was per-
formed as previously described [12]. Competent E. coli strains AG-1
were obtained from Stratagene and DL-39 [13] was obtained from the
E. coli Genetic Stock Center, Department of Biology, Yale University.
All isotopically labeled amino acids were purchased from Cambridge
Isotopes. The isotopically labeled cyclophilin samples were purified as
previously described [12] from a prototrophic (AG-1) or polyauxo-
trophic (DL-39) E. coli strain [13] harboring the pBS12 plasmid that
overproduced human cyclophilin (~10 mg/l). For [U-""N]CyP and [U-
N,BC]CyP, AG-1 cells were grown on minimal media containing
[*NINH,CI and unlabeled or uniformly "*C-labeled glucose (Martek
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Fig. 1. H(w,), "Hiw,) cross-sections corresponding to the "N frequencies () of M136-E140 and 1156-D160 of a 3D NOESY-HSQC spectrum
of [U-"N]CyP/CsA. NH/H? cross-peaks that were observed in a 313 TOCSY-HSQC spectrum of [U-"NJCyP/CsA are indicated by boxcs.

Corp.), respectively. [*N-Lys]CyP and ["N-Gly]CyP were obtained
from AG-1 cells grown on a defined medium containing 4 mixure of
unlabeled amine acids [14] and uniformly *N-labeled Lys or “N-
labeled Gily, respectively. |'*N-Phe, ’C=0-Lec]CyP, ["N-Ile, 'C=0-
Phe]CyP, [WN-Val, "C=0-lle[CyP. and ["*N-Ala]CyP were isolated
from DL-39 containing pBS12 grown on a defined medium [14] con-
taining the appropriately labeled amino acid.

22, NMR sample preparation

The cyclophilin samples in phosphate buffer (S0 mM, pH 6.5),
containing NaCl (100 mM) and dithiothreitol (5 mM) in H,O were
concentrated to~1.3 mM with a centricon YM-10 (Amicon). The CsA/
cyclophilin complexes were prepared [15] by gently shaking a suspen-
sion of ~1.5 mol equivalents of CsA in a solution of cyclophilin at 6°C
for {2 h under argon. Uncomplexed CsA was removed by centrifuga-
tion prior to NMR analysis,

2.3. NMR experimenis

All NMR spectra were acquired on a Bruker AMX600 (600 M Hz)
NMR spectrometer at 20°C except for the 2D "H-"H NOESY spee-
trum which was sequired at 25°C on a Bruker AMX 500 NMR spec-
trometer. The spectra were processed using in-house written software
on Silicon Graphics computers.
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The 2D 'H-'H NOESY spectrum was acguired on an unlabeled
CyP/CsA complex dissolved in "H,O using a sweep width of 7692.3
Hz in @, and 10000 Hz in @.. The data was collected as 320(1,) %
2043(1,) complex points using 160 scans per increment and & mixing
time of 100 ms.

The 'H-"N heteronuclear single quantum correlation (HSQC) spec-
tra {16,17] were acquired using 2048 complex peints in 1, and 3512
complex peintsin t,, with 96 scans per t, experiment. The sweep width
was 10000 Hz in @, ("H) and 2890 Hz in @, ("N).

For the “N-resolved 3D NOESY-HSQC experiment [17 19] 256(1,)
% 25(0,) % 1024(1,} complex points were acquired using spectral widths
of Y434 Hz (w,. 'H), 2890 Hz (@,, "*N), and 10000 1z (@, 'H). A 10
ms homospoil pulse was applied during the 30 ms NOESY mixing time
and water suppression was accomplished with a 3 ms spinlock pulse
using the methed of Withrich and coworkers [17]. 16 acquisitions
were collected per t,,t, experiment for a total experimental time of
approximately 6 days,

The "N-resolved 3D TOCSY-HSQC [20] spectrum was acquired
with identical parameters except for § scans per 1,1, experiment, 26
complex points in , ("*N), and a 5 ms spinlock was used for water
suppression. The TOCSY mixing time consisted of a 20 ms MLEV-17
spinfock period (10 kHz) modified for the suppression of rotating
frame NOE contributions [21].
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Fig. 2. C*e,). NH{c,) cross-sections cotresponding 1o the YN frequencies (@,) of M136-E140 and TI156-D160 of a 3 HNCA (top) and 3D
HN(COICA (bottom) spectrum of [U-""N CJCyP/CsA. NGVCHi-1)/NH(1) cross-peaks are indicated by boxes. For M 136, the N(1)/C#(i- 1)/NH(i}
cross-peak 1o (G135 is not present in this portion of the spectrum but was observed at 46.1 ppm.

The 3D HNCA experiment {22] was acquired with 32 scans per t,.1,
experiment with 42*80*1024 complex points and sweep widths of
2890, 4717, and 10000 Hz in @("*N). @:{"*C). and @, H). respec-
tively. The delay for the evolution of the "N-"C* coupling was set to
22 ms to minimize relaxation losses.

The 3D HN{CO)CA experiment [23] was acquired with 48 scans/
increment under identical sweep widths using 26%64*1024 complex
points in @, (""N), @-(""C) and w+('H). respectively.

The 3D HNCO spectrum {22] was collected as 40*80*1024 complex
points using sweep widths of 2890, 2273 and 10 000 Hz in @,("*N).
w-("*C) and e.('H), respectively. 16 scans were acquired per incre-
ment for a total acquisition time of 3 days. bor all of the triple
resonance NMR experiments. water suppression was accomplished
using a 3 ms spinlock pulse using the method of Wiithrich and co-
workers [17].

3. RESULTS AND DISCUSSION

The 'H, °C and "N amide chemical shifis of CyP
when bound to CsA were assigned from an analysis of
five three-dimensional NMR spectra of [U-""N]CyP/
CsA (3D NOESY-HSQC, 3D TOCSY-HSQC) and [U-

PNPCICYP/CsA (3D HNCA, 3D HN(COYCA, 3D
HNCO) and six two-dimensional HSQC spectra of sec-
lectively labeled CyP/CsA samples. Fig. | depicts 'H,'H
cross-sections (@,,®,) of an "“N-resolved 3D NOESY-
HSQC spectrum of [U-""N]JCyP/CsA extracted at differ-
ent "N amide frequencies (w,). NOEs between CyP
amide (@,) and other protons appcar along @,. The
chemical shifts of the x-protons that are scalar coupled
to the CyP amide protons were obtained in the comple-
mentary 3D TOCSY-HSQC spectrum of [U-"N]CyP/
CsA cxtracted at the same "N amide chemical shifts,
The a-protons identified in the 3D TOCSY-HSQC ex-
periment are indicated by boxes in Fig. 1. From an
analysis of these two 3D NMR spectra using a strategy
that involves the matching of NOE cross-peaks [20.24],
the amides of several adjacent amino acids of CyP were
identified. For a-helical regions of the protein, adjacent
amino acids were identified from NH/NH and other
characteristic NOEs [25] as illustrated in Fig. 1 for
M136-E140 of CyP. Ambiguities in the analysis of these
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Fig. 3. 'H, '*N HSQC spectra ('H, horizontal axis; '*N, vertical axis)
of (A} ['"N-Phe,"C=0-Leu]CyP/CsA, (B) [*N-Gly,Ser,CysCyP/CsA,
(C) [U-PNICyP/CsA, and (D) [U-"NICyP. The inset in (A) corre-
sponds to a cross-section (vertical axis) of the amide 'H and "N
frequency of F25. The cross-peaks marked by an x" in (A) and (B)
were due Lo sample impurities as they were not observed in (C). CyP
amide resonances in (C) that do not match any of the cross-peaks in
(D} within the range of £ 0.7 ppm for °N and/or £ .17 ppm for 'H
are labeled in {C).

spectra arose for amide protons of adjacent amino acids
that resonate at identical chemical shifts {e.g. M 136 and
MN137). In principle, these ambiguities could be resolved
from a 3D HMQUC-NOE-HMQC experiment [26]., or, as
described below, from triple resonance 3D NMR ex-
periments [22,231

The amides of adjacent amino acids for the f-sheet
regions of CyP were identified (rom matching NOEs
{primarily NH(i+1)/H™(i)) [25] as illustrated for TI156-
160 of CyP (Fig. 1). In some cases, however, the anal-
ysis was complicated by the overlap of a-protons, mis-
ging cross-peaks in the TOCSY experiment, or the ob-
servation of NOEs involving non-adjacent amino acids.

The ambiguities encountered in the analysis of the
two "N-resolved 3D NMR experiments were alleviated
using two triple resonance 3D NMR experniments ap-
plied to [U-"N,PC]CyP/CsA. In a 3D HNCA experi-
ment (Fig. 2. top), the amide 'H (w,) and "N (@,
chemical shifts of ith residue were correlated to the
a-carbons (-) of the i and i-1 amino acids [22]. The
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Fig. 4. Secondary structure of the proposed CsA binding site as deter-

mined from NOEs observed in a 3D HSQC-NOESY spectrum of

[U-"N]CyP/CsA (solid arrows) and 'H,"H NOESY spectrum (open-

headed arrows) of CyP/CsA. NOEs observed in a “C 3D HMQC-

NOESY spectrum of [U-PCJCsA bound 1o CyP [9] are indicated by
the dashed arrows.

NIVC*(i--1)/NH(i) cross-peaks that could not be ob-
served in the 3D HNCA spectrum fe.g. Fig. 2, A159,
top). that overlapped with the NGYC*(WYNH() cross-
peaks (e.g. Fig. 2, T157, top), or that could not be
unambiguously distinguished from the N(i)/C*(i)/NH(i)
cross-peaks by their relative intensities (e.g, Fig. 1, [158,
top) were identified in 2 3D HN(CO)CA experiment. In
this specirum the 'H (@,) and N (@,) ¢hemical shifis
of the amides (1) are correlated exclusively to the a-
carbons {@,) of the -1 residues by magnetization trans-
fer through the intervening carbonyl carbons [23], re-
sulting in high sensitivity and an unambiguous distine-
tion between the C*(1) and C*(i--1) cross-peaks.

As llustrated in Fig. 2, data obtained from these two
triple resonance 3D NMR experiments complement the
"N-resolved 3D NMR data. For example, although the
NH or a-protons overlap in the 3D NOESY-HSQC
spectra, these ambiguities may be resolved in the triple
resonance 3D NMR experiments {Fig. 2}, since they rely
on the identification of adjacent residues through the
correlation of different chemical shifts (C*). Other com-
plications arising from the observation of NOEs be-
tween non-adjacent amino acids could also be resolved
in the triple resonance 3D NMR experiments, since
unlike the NOE experiment, the triple resonance experi-
ments depend on throughbond couplings between the
atoms of the peptide backbone.

From an analysis of the Tour 3D NMR experiments,
many strings of adjacent amino acids of CyP were iden-
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tified. In order to obtain the sequence-specific assign-
ments, however, it was important to identify the amino
acid spin systems by amino acid type. Since this was
difficult to accomplish in the conventional manner from
"H.'H scalar correlation experiments, we resorted to
selective labeling of the individual amino acids {27,28].
For labeling the Phe, lle, Val, and Ala residues, a po-
lyauxotrophic strain, DL-39 [13], containing pBS12 was
employed to prevent the scrambling of the label. As
illustrated  for [**N-Phe.””C=0-Leu]CyP/CsA, the
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amides of the Phe residues were easily identified in the
HSQC spectrum (Fig. 3A), and from the *“N/**C cou-
pling observed for the unique L24-F25 dipeptide se-
quence (inset), the amide of F25 was assigned. For *N-
labeling of Gly and Lys, a prototrophic strain (AG-1)
was employed as the host strain. Although scrambling
of the label occurred when "*N-labeled Gly was part of
the culture medium, the additional labeling of the Ser
and Cys residues of CyP was useful for identifying the
amides of these amino acids (Fig. 3B).

Table I. 'H, 3C, and **N backbone chemical shifts of CyP when bound to CsA
(~1.3 mM) measured at 20°C in phosphate buffer (50 mM, pH=6.5), containing

NaCl (100mM) and dithiothreitol (5mM).

Res. HN BN ¢ Ce He
Ml —

V2

N3

P4 — 1745 56.9

T5 879 1144 1748 604 5.71
V6 872 1200 1731 585 531
F7 896 1189 1720 549 5.88
F8 954 1170 1744 530 532
D9 927 1237 176.6 544  5.52
110 9.06 1237 1754 577 520
All 965 1319 1742 505 5.15
V12 893 1178 175.9 60.1 4.50
D13 987 1304 1752 545 4.32
G14 858 101.1 173.1 450 4.19,3.41
E15 806 1229 525 4.78
P16 — 1754 64.4

L17 9.19 1256 1753 552 4.70
G18 724 1016 1694 449 4.21,3.95
R19 839 1204 1744 547 563
V20 939 1263 173.2 59.6 4.58
$21 878 1200 173.1 55.1  5.53
F22 949 1185 174.8 554 521
E23 871 1226 174.0 54.7 4.70
L24 816 1219 176.5 514 471
F25¢ 891 1241 1759 543 5.13
A2 847 1285 1756 541 3.75
D27 897 1129 1763 549 4.27
K28 754 1174 176.2 56.2 4.56
V29 836 1144 57.9 441
P30 — 180.2 65.9

Res. HN 1IN (' ce He
K31} 1071 1233 181.0 60.1 4.00
T32 1028 123.7 1770 669 3.98
A33 923 1248 1774 556 4.03
E34 803 1174 1767 576 4.49
N35 713 1152 1740 56.4 4.03
F36 7.02 1166 178.1 61.1 4.11
R37 896 1204 1773 60.1

A38 867 1185 1817 539 4.04
L39 822 1204 1788 569 3.75
S40 791 1189 1738 622 4.44
T41 7.99 1077 1775 626 4.27
G42 758 1077 1770 454 3.87,3.46
E43 800 1178 1758 58.2

K44 9.13 1178 1759 53.9 4.28
G456 794 1048 1719 443 4.2873.55
F46 6.42 1133 172.1 53.7 4.60
G47 7.74 1040 1709 452 4.34,2.50
Y48 6.86 113.3 177.3 57.1  4.20
K49 847 1245 1768 60.8

G50 9.52 116.7 173.7 449 4.804.41
S51 841 1163 171.1 587 4.63
C52t 996 1144 1756 556 5.94
F53 8.68 1226 1744 577 4.87
H54 7.49 1188 1748 57.0 4.66
R55! 6.89 123.7 1725 546 5.09
1561 9.15 1267 1731 61.2 4.60
157 849  126.7 572  5.28
P58 — 177.0 625

G59t 9.83 113.7 1715 448 4.04
Fé0t 8.11 1189 1720 56.1 5.19

Table Ia
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With the information obtained from selective labeling
and the known primary sequence of CyP, the amides
corresponding to the previously identified strings of ad-
jacent amino acid residues were assigned. From the
amide assignments the carbonyl carbons were dssigned
by correlating the 'H(w;) and ""N(w,) amide chemical
shifts of CyP to the carbonyl "*C frequencies (w,) in a
3D HNCO [22] experiment.

The 'H, PC and "*N backbonc assignments of CyP
when bound to CsA are given in Table 1. These back-
bone assignments arc important for assigning the 'H
and "*C resonances of the CyP side chains [29-31] and
are critical for interpreting heteronuclear 3D [24] and
4D NOE [32-34] data sets used in the three-dimensional
structure determination of the CyP/CsA complex (in
progress). The current NMR data were analyzed in
terms of the secondary structure of CyP when bound to

Res. HN BN Cce H
Mé61t 785 109.6 173.7 543 5.15
C62 832 112.6 1722 573 4.81
Q631 933  127.1 173.5 543 5.13

Mpat lra Lrd 11n n

1722 445

04! .41 11u.y

G65'  9.11  104.8 1748 464

D66t 999 1237 1758 512 4.2
F67t 6.73 1155 1735 558  4.61
T68 7.25 108.1 1751 614 4.62
R69 870 121.5 1756 546 4.38
H70t 6.58 110.7 173.6 56.8 4.42
N71} 744 1118 1751 521 4.51
G2t 966 1107 1745 448  4.47
T73t 7.87 109.2 1756 619 4.15
G74% 880 113.3 1745 448 4.46,3.45
G75 8.09 1085 1715 429 4.57,2.64
K76 6.95 1152 1718 55.6 4.66

S77 779 1141 1751 567  5.21

178 857 1103 1755 633 4.20
Y79 BO0B 1204 1748 586.0 4.66
G80 7.12 1059 1734 427 4.653.80
E81 897 1226 1752 60.2 4.49
K82 7.89 1122 1748 535 5.54

F83  9.20 1159 1729 556 4.96

E84 925 1189 1756 56.2 3.78
D85 866 1185 1755 54.2 4.28
E86 956 1315 1756 60.0

N87 7.07 1063 170.0 52.4 4.12
F88' 833 1122 1770 555 5.96
189 831 1193 177.0 646 3.74
LO0  7.79 1170 1756 537  4.45
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CsA. Based on the NOE data obtained {rom the "*N-
resolved 3D NOESY-HSQC spectra, the secondary
structure of CyP when bound to CsA was found to
consist of an antiparalict S-sheet composed of 8 strands
and 2 a-helices, similar to that determined previously by

Wiithrich and coworkers [11] for uncomplexed CyP.

As indicated in Table I and Fig. 3C. several CyP
amides shift upon binding CsA. These changes in chem-
ical shift mainly occur in four regions of Cyp. These
include CyP residues 55-74, 98- 104, 112--116 and 120~
126. Wiithrich and co-workers [10) reported similar
shifts of CyP signals upon binding a water-soluble CsA
derivative to CyP. Although these regions are far apart
in the primary structure of CyP, the NOE data indicates
that they are relatively close to one another in space
(Fig. 4). On the basis of chemical shift differences be-
tween uncomplexed CyP and CyP bound to CsA or a

Res. HN 15N C’ ce H*

K91 809 1185 1756 54.1  4.60
H92! 10.58 1219 177.0 56.3 4.34
T93 7.24 1096 174.8 62.9  4.00
Goat 754  106.6 45.3  4.754.44
P95  — 176.4 624

G96* 9.24 1103 1725 447  4.60,3.35
197 678 1207 172.1 592  4.02
Log8t  7.82 1293 173.0 530 4.81
S99t 7.96 1189 1734 54.1 521
M100T 8.29 1226 1784 535 551
A101' 823 126.3 1745 514 4.72
N102' 7.70 113.3 1723 534 471
A103" 9.26  120.7 1759 50.1 4.73
G104t 824 107.7 43.1  4683.72
P105 — 175.5 63.7

N106 8.86 1189 1744 540 4.11
T1074 10.31 1100 1729 59.9 4.44
N108 7.43 120.0 173.4 555 4.20
G109 9.15 1103 1704 455 469
S110 8.77 116.7 1753 57.1 4.78
Ql11 842 1245 1755 57.9 4.99
F112! 817 117.0 1714 55.0 6.05
F113' 983 1144 1721 547 585
11141 9.03 117.0 176.7 58.7 4.86
C115f 950  124.1 1759 61.1 458
T116¢ 9.05 1152 1719 60.3 4.40
All7 762 1219 1745 504 437
K118 873 1193 1756 57.3 3.79
T119 7.38 1174 1745 567  3.55
E1200 909 1241 1766 590 5.19

Table Ib
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watcr soluble CsA derivative [10], the CyP binding site
for CsA can be inferred. However, changes in CyP
chemical shifts may arise from either a direct interaction
between CsA and CyP or a conformational change in
the protein distant from the CsA binding site. Further-
more, the CyP chemical shift data cannot be used to
determine the orientation of CsA in the CyP binding
pocket. Further structural characterization of the CsA
binding site was obtained from an analysis of CyP/CsA
NOEs which were previously observed in ’C-resolved
3D HMQC-NOESY spectra of uniformly "*C-labeled
CsA bound to CyP [9]. Using the NMR data obtained
in this study, some of the previously observed intermo-
lecular NOEs could now be assigned. Thesc include:
A101 (H?YAbu(H”), A101(HPyAbu’(H"), A10H(H*Y/

Res. HN BN Cce H*

wiz21t 731 1178 1755 59.7 4.72
L122t 7.06 1204 1765 540 4.32
D123 759 121.9 1775 554 5.18
G124% 958 110.7 1715 447

K125' 7.59 114.1 1744 559 4.06
H126' 7.44 1200 173.2 54.7 4.80
V127 825 1241 1741 634 4.24
V128 9.45 1326 1744 629 3.98
Fi29 8.12 116.7 172.1 556 5.24
G130 7.37 1100 170.1 46.2 3.08
K131 830 1144 1744 545 5.16
V132 9.01 123.3 1748 63.7

K133 9.45 1311 1748 564 4.42
E134 7.54 117.7 1743 55.0 4.55
G135 8.70 1074 1765 46.1 4.80,3.97
M136 8.88 1229 177.0 565 4.46
N137 8.92 113.7 176.8 557 4.4
1138 7.65 123.7 1770 61.1 3.75
V139 7.28 1215 1774 657 3.86
E140 831 1174 1787 589 4.67
Al41 7,51 1207 1799 545 4.09
M142 831 1166 1772 593 3.96
E143 7.89 1159 177.3 58.7 3.74
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MecVal''(H?'),  F60(H®/MeVal'(H™),  F60(HY/
MeVal''(H??), F60(H’)/MeLeu’(H%), and F60(H?)/
MeLeu'%(NCH,). As shown in Fig. 4, these NOEs to-
gether with CyP/CsA NOEs assigned previously be-
tween MeLeu’(H%) of CsA and the sidechain of WI121
[35] can be used to orient CsA in the CyP binding site.
Further characterization of the 3D structure of the CyP/
CsA complex is in progress from an analysis of hetero-
nuclear 3D [24] and 4D NOE {32-34] data which can be
interpreted using the 'H, '°N, and ">C assignments ob-
tained in this study combined with those obtained from
BC-1C coherence transfer experiments [29~31].

Acknowledgements: P. Neri acknowledges support from a fellowship
from the CNR, Italy (Bando 203.03.22, Com. Scienze Chimiche).

Res. HN N (¢ ce H?

R144 7.01 1141 1766 57.3 3.92
F145 7.63 1148 1752 57.7 4.79
G146 7.57 1044 171.2 43.7 4.59,3.61
S147 8.21 109.2 1748 57.8 4.80
R148 893 1200 1762 59.4

N149 7.87 1107 176.2 52.1 4.83
G150 8.07 1103 1727 446 4.17,4.00
K151 7.56 119.3 178.0 56.8 4.40
T152 8.88 116.7 1754 595 5579
S153 9.47 117.4 1740 587 4.42
K154 7.54 1185 173.8 54.3 4.53
K155 880 121.1 1755 56.2 4.30
1156 9.63 133.7 1758 588 5.8
T157 9.23 117.0 173.0 59.1 5.30
1158 858 121.1 1740 60.5 4.22
A159 8.86 1319 177.9 539 4.12
D160 8.06 110.7 1722 524 4.87
C161 859 1155 1719 55.0 4.53
G162 6.85 1040 169.6 451 3.51
Q163 9.09 1204 1748 548 5.05
L164 859 1256 1755 545 4.62
E165 8.15 1256 57.8 4.15

* ' and !3C chemical shifts are reported relative to TSP. ®N chemical shifts are referenced to

NH,4'SNO; (376.25 ppm)[36].

t Amide cross-peaks observed in the HSQC spectrum of [U-'*N]CyP/CsA that do not match any
of the cross-peaks in the HSQC spectrum of uncomplexed CyP within the range of + 0.7 ppm for

15N and/or % 0.17 ppm for 'H.

1 As for (1) but within the range of + 0.2-0.7 ppm for N and/or % 0.08-0.17 ppm for 'H.
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