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NMR Studies of [U-13C]Cyclosporin A Bound to Cyclophilin: Bound
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ABSTRACT: Cyclosporin A (CsA), a potent immunosuppressant, is known to bind with high specificity to
cyclophilin (CyP), a 17.7 kDa protein with peptidyl-prolyl isomerase activity. In order to investigate the
three-dimensional structure of the CsA /CyP complex, we have applied a variety of multidimensional NMR
methods in the study of uniformly *C-labeled CsA bound to cyclophilin. The 'H and !*C NMR signals
of cyclosporin A in the bound state have been assigned, and, from a quantitative interpretation of the 3D
NOE data, the bound conformation of CsA has been determined. Three-dimensional structures of CsA
calculated from the NOE data by using a distance geometry/simulated annealing protocol were found to
be very different from previously determined crystalline and solution conformations of uncomplexed CsA.
In addition, from CsA/CyP NOEs, the portions of CsA that interact with cyclophilin were identified. For
the most part, those CsA residues with NOEs to cyclophilin were the same residues important for cyclophilin
binding and immunosuppressive activity as determined from structure/activity relationships. The structural
information derived in this study together with the known structure/activity relationships for CsA analogues
may prove useful in the design of improved immunosuppressants. Moreover, the approach that is described
for obtaining the structural information is widely applicable to the study of small molecule/large molecule

interactions.

Cyclophilin (CyP)!is a 17.7 kDa protein (163 residues) that
specifically binds to cyclosporin A (CsA; Figure 1), an im-
munosuppressive drug widely used in organ transplantation
(Handschumacher et al., 1984). Although some exceptions
have been noted (e.g., MeAla® CsA) (Durette et al., 1988),
the relative affinity for cyclophilin within a series of cyclosporin
A analogues correlates with their immunosuppressive activities
(Handschumacher et al., 1984; Quesniaux et al., 1987, 1988;
Durette et al., 1988). Thus, it has been hypothesized that the
immunosuppressive activity of CsA is in some way mediated
by binding to cyclophilin. The relationship between the binding
of cyclosporin A to cyclophilin and the inhibition of T-cell
activation at the molecular level is still unresolved. However,
it has been suggested that some of the biological effects of CsA
(Takahashi et al., 1989) may be linked to the inhibition of the
cyclophilin-catalyzed cis—trans isomerization of peptide bonds
involving proline (Takahashi et al., 1989; Fischer et al., 1989).
As shown for another immunosuppressant (FK506) that binds
to a different peptidyl—prolyl cis—trans isomerase, however,

* To whom correspondence should be addressed.

isomerase inhibition may not be the only requirement for
immunosuppressive activity (Bierer et al., 1990).

In order to aid in the design of CsA analogues that are
clinically useful as immunosuppressants, it would be of value
to determine the bound conformation of CsA and to identify
those portions of CsA that bind to CyP. The CsA analogues
synthesized to date (Wenger, 1983, 1985; Durette et al., 1988,

! Abbreviations: CyP, cyclophilin; CsA, cyclosporin A; NMR, nuclear
magnetic resonance; ATCC, American type culture collection; HMQC,
heteronuclear multiple-quantum correlation; TOCSY-REVINEPT, total
correlation spectroscopy-reverse insensitive nucleus enhancement by
polarization transfer; DIPSI, decoupling in the presence of scalar inter-
actions; GARP, globally optimized alternating-phase rectangular pulses;
NOE, nuclear Overhauser effect; COSY, correlation spectroscopy;
HMBC, heteronuclear multiple-bond correlation; AMT, American Mi-
crowave Technologies; TTL, transistor transistor logic; HSQC, hetero-
nuclear single-quantum correlation; HMQC-NOESY, heteronuclear
multiple quantum correlation-nuclear Overhauser effect spectroscopy;
TPPI, time-proportional phase incrementation; PTS, programmed test
sources; MeAla, N-methylalanine; MeVal; N-methylvaline; MeBmt,
(4R)-N-methyl-4-butenyl-4-methylthreonine; Abu, aminobutyric acid;
Sar, sarcosine; MeLeu, N-methylleucine; MePhe, N-methylphenyl-
alanine; Melle, N-methylisoleucine; MeThr, N-methylthreonine.
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FIGURE 1: Primary structure of cyclosporin A. The filled circles
indicate those CsA protons with NOEs to cyclophilin as observed in
a 3D HMQC-NOESY experiment acquired with a mixing time of
50 ms.

Acbi et al., 1988, 1990; Rich et al., 1989) have been based
on the conformation of CsA determined by X-ray crystal-
lography and NMR spectroscopy in the absence of cyclophilin
(Loosli et al., 1985; Lautz et al., 1987). In a recent study
(Fesik et al., 1990a) of the CsA/CyP complex using CsA
BC-labeled (>95%) at the 9 and 10 positions, it was shown
that CsA adopts a 9,10-trans peptide bond when bound to
cyclophilin in contrast to the cis amide bond observed for
uncomplexed CsA in solution and in the crystalline state.
These studies suggest that the conformation of CsA when
bound to cyclophilin is very different from the uncomplexed
crystalline and solution conformations of CsA.

In this report we describe our NMR studies of uniformly
13C-labeled CsA bound to recombinant human cyclophilin.
From these studies we have assigned the proton and carbon
signals of CsA, determined the conformation of CsA when
bound to cyclophilin, and identified those portions of CsA that
interact with this protein.

EXPERIMENTAL PROCEDURES

Preparation of [U-"*C]Cyclosporin A. Spores of Beauveria
nivea ATCC 34921 (American type culture collection;
Rockville, MD) were used to inoculate 500-mL Erlenmeyer
flasks containing [U-3C]Celtone medium (Martek Corpora-
tion, Columbia, MD) supplemented with 1.2% p-['*C¢]glucose
(Cambridge Isotope Laboratories, Woburn, MA) in order to
obtain [U-13C]CsA (99%). For nonrandomly !*C-labeled CsA,
a 3/7 mixture of 1*C labeled/unlabeled glucose was part of
a minimal medium that contained glucose, 1%; KH,PO,, 0.1%;
(NH,),HPO,, 0.4%; NaCl, 0.01%; MgS0O,7H,0, 0.05%;
CaCly2H,0, 0.01%; FeSO,7H,0, 10 ppm; ZnSO,+7H,0, 8.8
ppm, CuSO,5H,0, 0.4 ppm; MnSQO,, 0.06 ppm; H,BO,, 0.06
ppm; and (NH,)¢Mo0,0,,4H,0, 0.04 ppm. The flasks were
incubated at 28 °C for 6—12 days on a rotary shaker (5.6-cm
stroke) at 225 rpm. At harvest, the culture broth (typically
400 mL) was extracted with ethyl acetate (4 X 400 mL). The
extracts were combined and concentrated to an oil. This oil
was partitioned between methanol (400 mL) and hexane (800
mL), the hexane layer discarded, and the methanol layer
concentrated to dryness. This material was triturated with
ethyl acetate (400 mL) leaving behind a solid residue. The
ethyl acetate soluble material was concentrated to dryness and
partitioned between 100 mL each of chloroform, methanol,
and distilled water. The lower layer from this partition was
concentrated to dryness, then applied to a Sephadex LH-20
column and eluted with a solvent system of heptane/chloro-
form/ethanol (10:10:1). CsA-containing fractions from this
column were combined, concentrated to dryness, and applied
to a silica gel column, which was eluted with a gradient of
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1-6% methanol in chloroform. From this column was re-
covered 1.7 mg of pure 1*C-labeled CsA. Throughout the
isolation, CsA-containing fractions were detected by using the
Abbott TDy instrument with a cyclosporin and metabolites
serum reagent pack (Abbott Laboratories, Abbott Park, IL).

Sample Preparation. Recombinant human cyclophilin
prepared as recently described (Holzman et al., 1991) was
exchanged into a 2H,O solution (pH 6.5) containing phosphate
buffer (50 mM), NaCl (100 mM), and dithiothreitol (5 mM)
and concentrated to 1.3 mM with a centricon YM-10 (Am-
icon). The [U-13C[CsA /cyclophilin complex was prepared as
previously described (Heald et al., 1990) by gently shaking
a suspension of ~ 1,5 mol equivalents of [U-'*C]CsA in a D,0
solution of cyclophilin at 6 °C for 12 h under argon. The
excess CsA was removed by centrifugation.

NMR. All NMR spectra were acquired on either a Bruker
AMS500 (500-MHz) or AMX600 (600-MHz) NMR spec-
trometer at 20 °C. The spectra were processed with in-house
written software for Silicon Graphics computers and the
Bruker UXNMR software package on a Bruker X32.

The HMQC (Muller, 1979) spectra were collected as pre-
viously described (Bax et al., 1983). The 2D !*C TOCSY-
REVINEPT spectra (Fesik et al., 1990b) were acquired at
500 MHz with the pulse sequence 90,~1,,,~180,(*H)~t;,,—
DIPSI- 2(13C)—-r—180,,(‘H 1B3C)-7-90,(*C),90,('H)-7-180,-
('H, 13C)—v-—acqu1re(t2) in which 0 = X.X-X,-X, ¢ = X,-
X, X,-X, and the receiver is cycled X,-X,-X,X. DIPSI-2 mixing
periods of 8 and 12 ms were used. A BSV3 CW amplifier
connected to the observe channel was used for the hard 90°
3C pulses (24 us) and the DIPSI-2 (Rucker & Shaka, 1985)
mixing scheme. An additional BSV3 driven from a PTS
synthesizer and interfaced to a GARP box (Tschudin Asso-
ciates) was used for 13C decoupling during the acquisition
period with a GARP decoupling scheme (Shaka et al. 1985).
The 2D experiments [150(¢,) X 2048(r,)] were collected in
16 h each with 128 scans and 4 dummy acquisitions. To
enhance the heteronuclear 3C/'H NOE and suppress the
residual solvent signal, a series of 90° 'H pulses separated by
10-ms delays was applied during the delay between scans.

The 3C COSY experiment was collected at 600 MHz in
the phase-sensitive mode (Marion et al., 1989) with a sweep
width of 31250 Hz in F, and 13888 Hz in F,. A total of 288
scans for each of the 128 complex ¢, points were acquired with
8192 complex points in F,. 'H decoupling was used during
the entire experiment with reduced power during the relaxation
delay between scans to avoid excessive sample heating.

The HMBC experiment (Bax & Summers, 1986) was
collected at 600 MHz with the pulse sequence 90('H)-7-
90sel(*C=0)~t,/,~180('H)-180sel(1*C*)~¢, ,,~90sel (1} C=
O)-t, with a delay (7) of 21 ms. The transmitter frequency
for 13C was set to 176.4 ppm, and selective 90° Gaussian pulses
(90sel) of 200 us were used to avoid excitation outside the
carbonyl region. Decoupling of the C* resonances in F; was
accomplished by applying a selective 180° pulse (180sel) of
300 us in the middle of the ¢, period. For this purpose, we
used an AMT amplifier (gated with a TTL signal from the
spectrometer) driven by an external 250-MHz PTS set to a
frequency corresponding to a '3C chemical shift of 52 ppm.
A total of 32 and 4096 complex points were acquired in ¢, and
1, respectively. The sweep width was 9434 Hz in F, (*H) and
2841 Hz in F, ('3C). The data set was processed in mixed
mode (Bax & Marion, 1988) with an exponential line
broadening (10 Hz) in F, and shifted sine bell (45°) in F|.

The HSQC spectrum (Bodenhausen & Ruben, 1980) was
recorded on the AMS500 with 4096 real points in F, (sequential
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acquisition). In F,, 512 complex points were acquired with
96 scans and 4 dummy scans. The sweep width was 7813 Hz
in Fy and 7463 Hz in F,.

Several 3D HMQC-NOESY experiments (Fesik & Zui-
derweg, 1988) were performed on the AMS500 with a variety
of mixing times (30, 50, 70, and 140 ms). The NOE data
acquired with a mixing time of 50 ms was collected as a series
of 47 complex (#;) 2D experiments [128(z,) X 2048(¢;)] with
a spectral width of 7463 Hz in w, and 7812 Hz in w, and w,.
A total of 32 acquisitions were collected per ¢, experiment for
a total experimental time of approximately 6 days. In order
to maintain a steady state and reduce disk 1/0O, an AM timing
accessory (Tschudin Associates) was employed.

The half-filtered 3D HMQC-NOESY experiment was ac-
quired with the pulse sequence 90('H)-A-90(**C)~1, ,~180-
(*H)~1,,-90(**C)-A~1,~90('H)-7,~90(*H)-A-90(!C)-
180("H)-90('*C)—-A—(acquire)z, as two separate data sets, one
with the last two 90° ('3C) pulses with identical phase (i.e.,
a 180° pulse), the other one with the two pulses with opposite
phase (corresponding to a 0° pulse). By adding the two 3D
data sets, NOEs from “labeled” CsA protons to other protons
attached to '’C-labeled nuclei were removed, leaving only
CsA/CyP NOEs. By subtracting the two data sets, only
CsA/CsA NOEs remained. Both 3D spectra were acquired
on the AM500 with 2048 real points in r, (sequential acqui-
sition), 64 complex points in ¢,, and 64 complex points in .
Sweep widths were 7812.5 Hz in both 'H dimensions (¢, and
t;) and 7463 Hz in t,. Quadrature detection in both indirect
dimensions was accomplished according to Marion et al.
(1989). For the t, incrementation, an external timing device
(Tschudin Associates) was used. The residual HDO signal
was suppressed by presaturation and irradiation during the
100-ms NOESY mixing delay. '*C composite pulse decoupling
was performed with a BSV3 amplifier, driven by an external
PTS 250 and modulated by a GARP box (Tschudin Associ-
ates). Total measuring time for both experiments was 104 h
each. Both data sets were processed separately, after zero
filling to 256 complex points in ¢, and 128 complex points in
t,. Linear prediction was used to calculate an additional 16
complex data points in ¢, and ¢, (Olejniczak & Eaton, 1990).
The window functions used to process the data were Lor-
entz-to-Gauss transform (15-Hz line broadening, shift 0.05)
in F; and Hamming functions shifted by 45° in F, and F|.

The isotope-edited 2D NOE spectrum of a H,O solution
of CsA bound to {U-1N] cyclophilin was collected with the
pulse sequence 90('H)-t,,~180(**N)-t, ,,~90(*H)-7,~90-
("H)-7-90,('N)-180,("H)-90,(*N)~-r-acquire(t,) with a
phase-cycling scheme for axial peak suppression, quadrature
detection (TPPI) in t;, and suppression of single- and multi-
ple-quantum coherence transfers. In addition, the two 90°
5N pulses were phase cycled: ¢ = X, X and § = X,—-X while
maintaining a constant receiver phase (X,X). By use of this
half-filter (Otting et al., 1986; Fesik et al., 1987), the signals
corresponding to the protons attached to the *N-labeled nuclei
of cyclophilin were removed. The data were acquired at 600
MHz as 215 complex ¢, points (F,) and 4096 complex points
in F, with a sweep width of 13 889 Hz in F, and 9433 Hz in
F,. A total of 192 scans were acquired for each ¢, value by
using a delay r = 5.5 ms. The large water signal was sup-
pressed by irradiation during the 100-ms mixing time and the
relaxation delay between scans. The data was processed with
a Lorentz-to-Gauss transform in F, (5-Hz line broadening,
shifted by 0.15) and a squared sine bell in F, (shifted by 60°).
A 5th order of polynomial baseline correction was applied in
F.

Fesik et al.

Structure Calculations. Three-dimensional structures were
calculated by a hybrid distance geometry/dynamical simulated
annealing approach (Nilges et al., 1988a; Holak et al., 1989;
Clore et al., 1990). psPACE (Hare Research) was used as the
distance geometry algorithm to generate 219 initial structures
with the correct chirality after bounds smoothing, embedding
into 3D Cartesian space, and conjugate gradient energy
minimization, All of these structures were refined by a dy-
namical simulated annealing protocol (Nilges et al., 1988a,b;
Holak et al., 1989; Clore et al., 1990) using the XPLOR program
(Briinger, 1990). In stage 1, 50 steps of Powell minimization
were applied to ensure a good initial geometry. Stage 2
consisted of 4 ps of molecular dynamics at 1000 K (time step
of 2 fs) using the Fi,y, function (Nilges et al., 1988a) for the
van der Waals repulsive term with a force constant of 0.002
kcal-mol™'-A~2 and the same radii as in CHARMM (Brooks et
al., 1983). NOE constraints were introduced with a soft-
square-well potential with an asymptote slope of 0.1 with a
value of 0.5 A for the transition from the square-well to as-
ymptote function. The NOE force constant was 50 kcal-
mol~".A-2 In stage 3, the asymptote slope was stepwise in-
creased by adding 0.1 to the previous slope to a final value
of 1.0. Concomitantly, the van der Waals force constant was
increased by multiplying the previous value by 1.5 until a final
value of 0.1 was obtained. Each step consisted of 1 ps of
restrained molecular dynamics at 1000 K (time step of 2 fs).
This stage was followed by slow cooling from 1000 to 300 K
in steps of 25 K. During this stage, each step consisted of 0.15
ps restrained molecular dynamics (time step of 2 fs) with a
square-well NOE potential, a van der Waals force constant
of 4 kcal-mol™'-A~2, and van der Waals radii of 0.8 times the
value used in CHARMM (Brooks et al., 1983) for F ;. In the
last stage, the structures were subjected to 500 steps of Pow-
ell-restrained energy minimization.

The proton—proton distances, 7, used as constraints in the
structure calculations were obtained from the NOE cross-peak
volumes (Z;;) measured from a 3D NOE spectrum acquired
at a mixing time of 50 ms. The distances were calculated with
a known fixed distance of 1.79 A (distance between « protons
of Sar’) from the equation 7; © I,7'/S. A total of 57 pro-
ton—proton distances were used in the structure calculations
with upper and lower bounds of £ 20% of the calculated
distance. For the distances involving methyl groups, 0.5 A
was added to the calculated distance to correct for the pseu-
doatom. In addition to these constraints, several lower bound
constraints were added on the basis of the lack of observable
NOEs. These constraints were only included when the absent
NOE could be unambiguously interpreted (i.e., no spectral
overlap and the observation of other NOEs involving these
protons). The minimum approach distance chosen for these
constraints was 2.8 A for NOEs involving single protons and
3.5 A for NOEs involving methyl groups. NOEs corre-
sponding to these distances were easily observed in the 3D
NOE data.

RESULTS AND DiIscussION

Assignments. The NMR signals were assigned (Table I)
from an analysis of two-dimensional 'H/!*C and '3C/*C
correlation experiments and NOE data. In the heteronuclear
multiple-quantum correlation (HMQC) spectrum (Muller,
1979) shown in Figure 2A, the o, NCH,, methyl, and some
of the MeBmt! resonances of CsA were readily identified from
their chemical shifts and relative signal intensities. The Sar?,
Ce, and He signals were assigned directly from this spectrum,
since Sar? is the only CsA residue in which two a protons are
correlated to the same a carbon.
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Table 1: 'H and '*C NMR Assignments of [U-1*C]Cyclosporin A

Bound to Recombinant Human Cyclophilin

residue assignment 'He ek
MeBmt! NCH, 3.28 34.4
C=0 172.4
a 6.82 58.1
8 4.04 75.7
Y 1.50 25.0
SCH3 1.14 15.1
) 2,25, 2.60 34.0
€ 5.46 124.3
s 6.15 130.1
n 1.61 17.2
Abu? NH
C=0 172.0
a 5.02 50.7
I¥] 1.45, 1.65 244
k% 0.67 9.8
Sar? NCH, 293 33.7
C=0 170.6
o 3.04, 5.31 50.9
MeLeu* NCH, 2.84 29.3
C=0 171.1
a 5.15 53.8
8 1.57, 1.68 36.0
¥ 1.38 23.8
8! 0.93 21.5
2 0.88 21.8
Val® NH 8.53
C=0 174.9
a 4.30 56.4
8 2,02 29.4
A! 0.94 18.2
+? 0.93 19.4
MeLeu® NCH, 3.09 31.8
C= 171.9
a 5.42 54.8
8 1.73, 1.82 37.0
L% 1.60 24.0
8! 0.89 22.4
8 0.78 19.8
Ala’ NH 7.56
C= 173.2
a 4.20 49.3
8 1.39 17.0
D-Ala® NH 8.33
C=0 175.1
a 4.68 45.3
8 1.16 15.5
MeLeu® NCH, 2.61 29.2
C=0 171.2
a 5.19 52.1
8 -0.15, 1.13 36.4
¥ 0.77 22.6
6! 0.32 23.2
8? 0.54 20.2
MeLeu'® NCH, 2.83 32.2
C== 173.1
a 5.98 52.9
B 1.47, 1.55 36.9
‘yl 1.45 25.0
o 1.10 23.5
82 1.10 19.1
MeVal! NCH, 2.73 33.2
C=0 170.5
a 4.55 59.3
8 1.47 24.7
! 0.47 18.8
vl -0.69 16.3

2!H NMR assignments are reported relative to sodium 3-(tri-
methylsilyl)propionate (0 ppm). 2'°C NMR assignments are refer-

enced relative to external dioxane (66.5 ppm).

In order to correlate the NMR signals corresponding to the
protons and carbons of the individual cyclosporin A spin
systems, a 2D 3C TOCSY-REVINEPT experiment (Fesik
et al.,, 1990b) was employed in which a 3C-13C isotropic
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FIGURE 2: (A) 'H/!3C heteronuclear multiple-quantum correlation
(HMQC) and (B) '*C TOCSY-REVINEPT spectrum (Fesik et al.,
19902 of the [U-BC]CsA /cyclophilin complex. Correlations involving

the 1°C and 'H spins of MeVal!! are indicated in the TOCSY-RE-
VINEPT spectrum.
L 45
AL ;
AEINE S
04807 ¢
08y, 14% [ ppm
{8 ] 00 r
0 ¢4 C
g .
0 (I 55
] i
0ef r
o .
AR i
o
60
rrTTTT T T T T T T T T T T T T T T e T T T T
174 172
pPpm

FIGURE 3: Contour plot of a *C-13C COSY experiment of the
[U-13C]CsA /eyclophilin complex. The C=0/C= correlations are
identified in the spectrum by their residue number in CsA.

mixing period was followed by 13C~'H magnetization transfer.
For large molecules, these methods (Fesik et al., 1990b; Kay
et al., 1990) are preferred over '"H/!'H correlation experiments
for identifying scalar-coupled nuclei, since all of the coherence
transfer steps depend on relatively large 13C-13C and *C-'H
one-bond J-couplings (!/oc = 35 Hz and Jcy = 125 Hz) and
can therefore be effected in a short period of time in this
experiment. As illustrated for the MeVal!! spin system in
Figure 2B, the scalar (through-bond) coupled protons and
carbons could be identified in the spectrum despite the large
size (~19 kDa) of the CsA/cyclophilin complex.

The carbonyl carbons belonging to the individual spin
systems were identified in a 13C/!3C COSY experiment. As
shown in Figure 3, all 11 of the expected CsA C=0/C*
cross-peaks were observed in the spectrum.

Sequence-specific assignments of the unique CsA residues
(MeBmt!, Abu?, and Sar?) were obtained directly from the



6578 Biochemistry, Vol. 30, No. 26, 1991

A N 609‘19'51
\ ! 8a
114 3?: : )@m’@a “45
B
A v
Saa 61: mNdsg;'
@

)

'—651,511
tos1 |
T, ]

N
[
C ' bo2.93
2?1 O; N ¢3N ‘ ‘HYI
1o Sa /‘ZJ 6N 2

o -

D 0 UIN
. 093
) by
P
E ; " L o
P | .94
LN
PPM
F ) ' \
Pob ] 0 L 161
L 4N n !
|G P
‘ 4 8 ;g ' | + 047
IN 1yl
§ [T & . !
C A
b | ) 2 b o067
‘ P P P ‘
|

PPM

FIGURE 4: (A-I) Cross sections (w,, vertical axis; w,, horizontal axis)
from a 3D ¥C HMQC-NOESY data set of the [U-’C]CsA/
cyclophilin complex acquired with a mixing time of 50 ms at the 1*C
chemical shifts (w;) (A) 29.3, (B) 31.8, (C) 34.4, (D) 19.4, (E) 18.2,
(F) 17.2, (G) 18.8, (H) 9.8, and (I) 16.3 ppm. The diagonal peaks
are indicated in each of the planes by a solid line. The NOE
cross-peaks occur between protons at the diagonal peak frequencies
and other protons along w,. The scale for the w, axis is 1.0 ppm. (J,
K) Cross sections (w,, wy) from the half-filtered 3D °C HMQC-
NOESY data set of the [U-C]CsA bound to cyclophilin at the C
chemical shift (w;) of the ¥? carbon of MeVal!! (16.3 ppm). CsA/CsA
NOE:s involving the 2 protons of MeVal!! are present in the subtracted
(J) data set, and CsA/CyP NOEs are observed in the added data
(K). See cross section I for comparison.

correlation experiments described above. The MeLeu® and
MeLeu!? signals were assigned previously by using a CsA
analogue selectively 13C-labeled at residues 9 and 10. The
remaining spin systems (D-Ala®/Ala’, MeLeu®/MeLeu$, and
Val’/MeVal!!) were distinguished on the basis of the 3D NOE
data (Figure 4) and a heteronuclear multiple-bond correlation
(HMBC) experiment (Bax & Summers, 1986) in which the
NCH, protons and carbonyl carbons of adjacent residues were
correlated (Figure 5). The p-Ala® and Ala” spin systems were
distinguished in the HMBC experiment by a correlation be-
tween the carbonyl carbon of D-Ala® and the NCH, protons
of MeLeu® (previously assigned by using the selectively *C-
labeled CsA analogue). This assignment is consistent with
the large MeLeu’(NCH,)/pD-Ala®(H*) NOE observed in a
13C-resolved 3D NOE experiment (Figure 4A). The NCH,
protons of MeBmt!, Sar?, MeLeu*, and MeLeu® were assigned
from correlations to the carbonyl carbons of residues 11, 2,
3, and 5, respectively, in the HMBC experiment (Figure 5)
and were consistent with the observed 1INCH,/11H=* (Figure
4C), 3NCH,;/2H* (Figure 4C), 4NCH,/3H* (Figure 4A),
and 6NCH,;/5H, (Figure 4B) NOEs. The signals corre-
sponding to the 4- and 6MeLeu residues were distinguished
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FIGURE 5: Contour plot of an HMBC experiment of the [U-13C]-
CsA /cyclophilin complex. In this spectrum, the NCH, protons and
carbonyl carbons of CsA are correlated. An isotope-edited proton
NMR spectrum is shown at the top of the 2D spectrum with the NCH,
protons labeled. The carbonyl region of a 1’C spectrum is depicted
to the left of the spectrum. The asterisks denote peaks that could
not be observed at this contour level but that were detected at a lower
level.

from NOEs between the assigned 4- and 6NCHj protons and
their respective side-chain protons (Figure 4A,B). The Me-
Val'l and Val® spin systems were distinguished by first as-
signing the only remaining NCHj protons to MeVal!! by the
NOE between MeVal''(NCHj;) and MeLeu!?(H®), followed
by the identification of the other MeVal!! signals from Me-
Val''(NCH;)/MeVal''(H?) and MeVal'!(NCH,)/MeVal'l-
(H"®) NOEs.

Three of the four CsA amide protons were assigned from
a 2D NOE spectrum of a H,O solution of CsA bound to
[U-'SN]cyclophilin in which the signals corresponding to the
protons attached to the *N-labeled nuclei of cyclophilin were
removed by a half-filter (Otting et al., 1986; Fesik et al., 1987).
As shown in Figure 6, this allowed the observation of the
unlabeled amide protons of CsA (as well as other protons of
cyclophilin) that resonate in this region of the spectrum. Due
to spectral overlap with the aromatic protons of cyclophilin,
the Sar? amide of CsA could not be unambiguously assigned
from the NOE data.

Stereospecific assignments of the y-methyl groups of Val,
MeVal'l, and the 8-methyl groups of the 4, 6, 9, and 10 MeLeu
residues were made from an analysis of a high-resolution
heteronuclear single-quantum correlation (HSQC) spectrum
(Bodenhausen & Ruben, 1980) of a CsA/CyP complex com-
posed of 13C-labeled CsA prepared biosynthetically from a 3/7
mixture of uniformly '3C-labeled and unlabeled glucose.
During the biosynthesis of valine and leucine (Sylvester &
Stevens, 1979; Crout et al., 1980), the isopropyl group is
derived from a two-carbon fragment containing the pro-R
methyl and a migrating methyl group (pro-S) originating from
a different pyruvate. As previously demonstrated by Wiithrich
and co-workers (Senn et al., 1989; Neri et al., 1989, 1990),
the stereoselective biosynthetic reactions allow the pro-S and
pro-R methyl groups to be distinguished. The '*C NMR signal
of the pro-R methyl groups of valine (v') and leucine (8') are
coupled (J = 35 Hz) to the 8 and « carbons, respectively,
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FIGURE 6: Contour plot of an isotope-edited 2D NOE spectrum of
a 1.3 mM solution of CsA and [U-"*N] human cyclophilin (1:1) in
H,0 in which the signals corresponding to the protons attached to
the !N-labeled nuclei of cyclophilin were removed by a half-filter
(Otting et al., 1986; Fesik et al., 1987). Three of the four unlabeled
amide protons of CsA (as well as other protons of cyclophilin) are
observed in this region of the spectrum. The CsA amides (top) and
NOEs involving these protons are indicated in the spectrum.

whereas the pro-S methyls (v?, 8%) appear as a singlet (at this
level of enrichment a doublet of 4-fold less signal intensity is
observed superimposed on the singlet). Compared to previous
studies (Senn et al., 1989; Neri et al., 1989, 1990) in which
a relatively low amount of 1*C enrichment was employed, a
higher level of 13C labeling was used in this study to reduce
the amount of background from the signals corresponding to
cyclophilin at natural abundance. As shown in Figure 7, the
background protein signals did not interfere significantly with
the identification of the CsA resonances, and the stereospecific
assignments were readily obtained from the spectrum.
Bound Conformation of CsA. In the 13C-resolved 3D NOE
spectrum, NOEs were observed that originated from protons
attached to the *C-labeled nuclei of CsA to other protons of
CsA and cyclophilin. By editing in a third dimension by the
B3C frequencies in the 3D NMR experiment, many NOEs were
well-resolved and easily assigned. For example, as illustrated
in Figures 4D and 4E, the NOEs involving H*? and H"! of
Val® that resonate at nearly the same frequency are clearly
distinguished in a 13C-resolved 3D NOE experiment at their
different 13C frequencies. CsA/CsA and CsA/CyP NOEs
were distinguished from one another by the presence or absence
of diagonally related peaks. CsA/CsA NOEs were detected
from both NOE partners at the two corresponding 13C fre-
quencies [e.g., Sar}(NCH,)/Val’(H"?), (Figure 4C) and
Val¥(H?)/Sar*(NCHj,), (Figure 4D)], whereas CsA /cyclo-
philin NOEs were only detected in one plane at the CsA 13C
frequencies. These NOEs were also distinguished in a F,
half-filtered 3D NOE experiment by combining two 3D NOE
data sets that were acquired with or without at 180° carbon
pulse during the half-filter. This experiment is analogous to
previously described double half-filtered 2D experiments
(Otting & Wiithrich, 1989; Wider et al., 1990) with the ad-
vantage of improved resolution offered by the third dimension.
In the difference of the two 3D data sets, only CsA/CsA
NOEs were observed, and in the added data only CsA/
cyclophilin NOEs were detected. For example, the CsA /CsA
and CsA/CyP NOE:s arising from MeVal!'(H"?) in the 3D
NOE spectrum (Figure 4I) were unambiguously distinguished
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FIGURE 7: Portion of a 2D HSQC spectrum of the nonrandomly
13C-labeled (30%) CsA bound to cyclophilin. The pro-R (41, ') and
Pro-S (v%, 8%) methyl signals of CsA residues determined by the
3C-13C coupling pattern are indicated.

in the subtracted (Figure 4J) and added (Figure 4K) half-
filtered 3D NOE spectrum.

For a qualitative interpretation of the 3D NOE data, NOE
cross-peaks were analyzed from the different 'H-'H 2D planes
at the individual 13C frequencies. However, the magnitude
of the NOE peaks was difficult to determine from a simple
analysis of the 2D planes, since the cross-peaks intensity was
spread over more than one plane, depending in part on the 3C
line width and 3C-!3C coupling pattern. Therefore, in order
to obtain a semiquantitative interpretation of the 3D NOE
data, the 3D NOE cross-peak volumes were used. From the
integrated 3D NOE cross-peak volumes measured from a 3D
NOE data set acquired with a mixing time of 50 ms and a
known proton—proton distance, unknown proton—proton dis-
tances were estimated. The upper and lower bounds (£20%
of the calculated distance) used in the structure calculations
were rather conservative due to the potential error in the
calculated distances from spin diffusion effects and differences
in the relaxation properties of the nuclei. Indeed, spin diffusion
effects were clearly evident between the 3 protons of MeLeu
residues even in the 50-ms NOE data. Thus, the additional
32 NOEs that were observed involving the 8 protons were not
included in the structure calculations as distance constraints
due to the large errors associated with these distances. All
of the 32 additional NOEs were intraresidue NOEs within
MeLeu residues. For these constraints, spin diffusion effects
must be taken into account, and the distances involving these
protons must be accurately calculated (e.g., by using a method
that includes a full relaxation rate matrix) (Olejniczak et al.,
1986). These studies are in progress.

The fixed distance used in the calculations was the distance
between the two o protons of Sar?. Other known distances
calculated from the NOE data (e.g., H32/H@3? of MeLeu’ and
Abu?) were all within 0.1 A of the actual distance. A total
of 219 initial structures were generated from the DSPACE
distance geometry algorithm and further refined with dy-
namical simulated annealing using XxPLOR (Briinger, 1988).
From these structures, 95 were chosen that best satisfied the
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FIGURE 8: Stereoview of the superposition of the 20 CsA structures with the lowest NOE energy contribution out of 95 converged structures.

Table 1I: Structural Statistics and Atomic rms Differences?
Structural Statistics . .
(SA) SA (SA),
0.023 £ 0.002 0.017 0.031

rms deviation from
distance constraints (A)?
EnoE (kcal/mol)
E epet (kcal/mol)?
E, .; (kcal/mol)*
deviation from
idealized geometry
bonds (A)
angles (deg)
impropers (deg)

1.935 £0.323  0.996 3.591
3.695 £ 0369  217.17  7.792
-15.25 £ 2.89 10070  -8.61

0.010 £ 0.0005 0.451 0.012
2.242 £ 0.033  47.859  2.668
0.178 £ 0.012  0.304 0.303

Atomic rms Differences
backbone (C',N,C?)

all heavy atoms

(SA) vs SA_ 0.37 £ 0.11 0.50 % 0.14
(SA) vs (SA)y, 0.69 % 0.08 0.95 % 0.10
SA vs (SA),, 0.77 0.81

9 (SA) refers to the average value over the final 95 structures; SA

refers to the average structure; (SA),, refers to the structure obtained
after restrained energy minimization of SA. ®None of the structures
violated the constraints greater than 0.2 A. ¢ Eyog is the energy con-
tribution from the square-well NOE potential using a force constant of
50 kcal-mol™.A-2, E\epe is the van der Waals repulsion energy term
calculated with the F,.,, potential (Nilges et al., 1988a) and a force
constant of 4 kcal-mol'ﬂ"z and a hard-sphere van der Waals radii 0.8
times the CHARMM (Brooks et al.,, 1983) function. ¢E_; is the Len-
nard-Jones van der Waals energy calculated by using the CHARMM
function.

experimentally derived distance constraints. All of these
structures satisfied every distance constraint to within 0.2 A.
Furthermore, as shown in Table II, the structures have rela-
tively minor deviations from idealized geometry. For these
95 structures, the average rms deviation of the backbone atoms
to a calculated average structure was 0.37 (£0.11) A and for
all of the heavy atoms was 0.50 (£0.14) A. A total of 20 CsA
structures with the lowest NOE energy contribution were
chosen from the final 95 structures and are depicted in Figure
8.

CsA was found to adopt an extended backbone conformation
in which all of the peptide bonds are trans. This is supported
by the lack of NOEs between a protons of adjacent residues,
which would be indicative of cis peptide bonds, the large
NCH,;(i+1)/H=(i) (Figure 4A-C) or NH(i+1)/H*({) NOEs
(Figure 6), and, with the exception of MeLeu* and Ala’, the
weak intraresidue NCH,/H* and NH/H* NOEs. The NOE
data support a conformation in which residues 9, 11, 2 and
4, 6 are located on opposite sides of the macrocyclic ring with

their side chains pointing outward away from the macrocyclic
ring. The side chains of residues 10, 1, and 5, on the other
hand, face inward toward the center of the ring. Some of the
specific long-range NOEs that support this conformation in-
clude MeBmt!(NCHj,)/Val’(H"!) (Figure 4C,E); MeBmt!-
(NCH,)/Val’(H"?) (Figure 4C,D); MeLeu$(NCH,)/Me-
Leu!9(H%) (Figure 4B); Sar’(NCH,)/Val’(H"?) (Figure
4C,D); MeLeu*(NCH;)/MeBmt!(H") (Figure 4A,F); Me-
Leu$(NCH,)/MeBmt!(NCH,) (Figure 4B,C); MeBmt!-
(NCHj;)/MeLeu!®(NCH,) (Figure 4B,C); and MeLeu®-
(NCH,)/MeLeu!®(NCH,) (Figure 4B).

The side-chain conformations of Val® and MeVal!! were also
determined from the 3D NOE data. Both residues contain
a x, angle of ~180°, which is supported by very small H%/H?
NOEs, NOE:s of equal intensity between H%, and H*!, and
H™, and by MeBmt!(NCH,)/MeVal'!(H"!) (Figure 4C,G),
MeVal'!/(NCH;)/MeVal'!(H?) (Figure 4I), MeLeu®-
(NCH,)/Val’(H"') (Figure 4B,E), and Val*(NH)/Val{(H"?)
(Figure 5) NOEs. For all of the MeLeu residues a x; of
~ —60° is supported by intraresidue NCH,/HY NOEs (Figure
4A,B). The x, angle for residues 6, 9, and 10 was found to
be ~180° on the basis of the strong intraresidue H*/H* NOE
for each of these residues. The side-chain conformation of
MeLeu* could not be determined unambiguously.

It was of interest to compare the cyclophilin-bound con-
formation of CsA to the three-dimensional structure of CsA
that had been previously determined by X-ray crystallography
and NMR in the absence of cyclophilin (Loosli et al., 1985).
When bound to cyclophilin, CsA adopts a 9,10-trans peptide
bond (Fesik et al., 1990a) in contrast to the 9,10-cis peptide
bond found in the previously determined structures (Loosli et
al., 1985). In addition, the NCH, protons of residues 1, 6,
and 10 are close to one another in the bound conformation but
are far apart in the crystal structure (Loosli et al., 1985),
suggesting marked differences in the backbone conformation
(Figure 9). The orientations of some of the side chains also
differ between the structures. When CsA is bound to cyclo-
philin, the Val’ side chain points toward the ring (Figure 9)
and is near the NCHj group of Sar?. In contrast, in the crystal
and solution structure of CsA determined in the absence of
cyclophilin (Loosli et al., 1985), the Val’ side chain is pointing
away from the ring and is closer to the NCHj, group of Me-
Leu?. The location of the MeLeu!? side chain of CsA was also
found to be different in the structures. When bound to cy-
clophilin, the MeLeu!? side chain points toward the ring and
is near the NCH, protons of MeLeu®, whereas, in the crystal
structure (Loosli et al., 1985), the MeLeu!? side chain points
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FIGURE 9: Stereoview of CsA (restrained energy-minimized average structure generated from 95 individual structures) bound to cyclophilin
(black) superimposed on the X-ray crystal structure of CsA (grey) (Loosli et al., 1985) determined in the absence of cyclophilin.

away from the ring and is far apart from MeLeuS(NCH,).
The MeBmt! side chain is folded back across the ring either
in the crystal structure or in solution when bound to cyclophilin
but is located on opposite faces with respect to the main plane
of the CsA ring. Moreover, its exact location in the two
structures differs as evidenced by the MeBmt'(H")/Me-
Leu*(NCH,) (Figure 4A,F) and MeBmt'(H)/MeLeu*-
(NCH;) (Figure 4A) NOEs. In the crystal structure (Loosli
et al., 1985), these protons are far apart.

Portions of Cyclasporin A in Close Proximity to Cyclo-
philin. NOEs between cyclosporin A and cyclophilin were
used to identify those portions of CsA that interact with the
protein. Figure 1 schematically depicts the CsA protons that
are in close proximity to cyclophilin as evidenced by CsA /CyP
NOEs observed in a 3D NOE spectrum acquired with a
mixing time of 50 ms. NOEs were observed between the
protons of the MeLeu® residue and aromatic protons of cy-
clophilin that were tentatively assigned (Fesik et al., 1990a)
to Trp'?! and Phe protons. The MeLeu'%(NCH;) (Figure 4B),
MeLeu'°(H?) (Figure 4D), MeLeu'*(H?), MeVal''(NCH,),
MeVal''(H") (Figure 4G), MeVal''(H?) (Figure 41,K),
MeBmt'(HF),MeBmt'(H?), MeBmt'(H¢), and MeBmt!(H?)
protons of CsA are also all near aromatic (as well as aliphatic)
protons of cyclophilin. The Sar}(H*"), Sar’(H*?), and
Abu?(H") (Figure 2H) protons of CsA are not close to aro-
matic but only to aliphatic protons of cyclophilin. Additional
CsA/CyP NOEs were observed in the 3D NOE spectra ac-
quired with longer mixing times (e.g., 140 ms) that were not
detected in the NOE data with a 50-ms mixing time., Some
of these NOEs were interpreted as peaks arising from spin
diffusion and were therefore not included in Figure 1.

The CsA/CyP NOEs that were observed are consistent with
the bound conformation of CsA. For example, the MeVal'!
NCH; and H*! protons of CsA, which are close to one another,
both have NOEs to cyclophilin protons that resonate at 6.96,
6.64, and 0.93 ppm. NOEs were also observed between the
MeVal'!(H"!) and Abu?(H) protons of CsA and cyclophilin
protons that resonate at 4.73 and 1.21 ppm. Although no
NOE was observed between the MeVal'!(H*') and Abu?(H")
protons of CsA, the side chains of CsA residues 11 and 2 both
point in the same direction away from the CsA ring in a
location that could explain the observed NOE:s.

As a general rule, those portions of CsA that were found
to be close to cyclophilin as evidenced by CsA/cyclophilin
NOEs were those CsA residues important for cyclophilin

binding (Handschumacher et al., 1984; Quesniaux et al., 1987,
1988; Durette et al., 1988) and immunosuppressive activity
(Wenger 1983, 1985; Durette et al., 1988: Aebi et al., 1988,
1990; Rich et al., 1989) as determined from structure/activity
relationships. Cyclophilin binding affinity and immunosup-
pressive activity is particularly sensitive to most modifications
at either the MeVal'! or MeBmt' CsA residues as evidenced
by a dramatic loss of activity for MeAla'!, MeLeu'!, Melle!!,
(OAc)MeBmt!, (3'-deoxy)MeBmt'!, and MeThr! CsA ana-
logues (Wenger, 1983, 1985; Durette ct al., 1988; Quesniaux,
et al., 1987). Indeed, both 1 and 11 CsA residues are close
to cyclophilin on the basis of NOEs observed between these
residues and cyclophilin. Similarly, CsA analogues modified
at the MeLeu'? position (e.g., MeAla'® and MePhe'® CsA)
do not bind as well to cyclophilin and are less potent immu-
nosuppressants (Durette et al., 1988; Quesniaux, et al., 1987),
consistent with the NOEs observed between the MeLeu'?
protons of CsA and cyclophilin.

The Abu? residue of cyclosporin appears to be less sensitive
to modifications than some of the other CsA residues. CsA
derivatives containing Thr? (CsC), NorVal? (CsG), Ala?, Val?,
and fluorinated amino acids were all biologically active
(Wenger, 1983, 1985; Durette et al., 1988; Quesniaux, et al.,
1987). However, analogues containing much larger substit-
uents at the 2 position were less potent (Quesniaux et al.,
1987), suggesting a limited amount of space due to the close
proximity of cyclophilin to the Abu? residue of CsA. This is
consistent with the NOEs observed between the Abu? methyl
protons of CsA and cyclophilin.

It has been suggested (Quesniaux et al., 1987) that all of
the other CsA residues (3, 4, 5, 6, 7, 8, and 9) have no sig-
nificant interaction with cyclophilin. In contrast, other workers
(Durette et al., 1988) have concluded on the basis of MeAla-
and Ala-substituted CsA analogues that residues 4, 5, and 9
of CsA are important for binding to cyclophilin and immu-
nosuppressive activity. The NOE data clearly indicate that
the MeLeu? residue of CsA is interacting with aromatic amino
acid residues of cyclophilin. However, in contrast to the
conclusions of Durette et al. (1988), the side chains of CsA
residues 4 and 5 do not appear to be in close proximity to
cyclophilin on the basis of the NOEs,

Although several CsA derivatives containing modifications
at residue 3 still retain significant biological activity (e.g.,
pD-MeAla® and p-MePhe? CsA) (Durette et al., 1988; Ques-
niaux et al., 1987; Aebi et al., 1988), other CsA analogues
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containing a L-MeAla or D-Pro at the 3 position are inactive
(Wenger, 1983, 1985; Aebi et al., 1988). The loss of activity
displayed by L-MeAla® CsA was suggested (Aebi et al., 1988)
to be due to the inability of this analogue to adopt a 3,4 type
I’ B-turn as found in the crystalline and solution conformation
of CsA determined in the absence of cyclophilin (Loosli et al.,
1985). Conversely, the loss of activity of the p-Pro® CsA
analogue was attributed (Aebi et al., 1988) to steric hindrance
with the cyclosporin receptor. The NOE observed between
the Sar? « protons of CsA and cyclophilin suggests that this
residue is close to cyclophilin. Therefore, bulky substituents
at the 3 position could prevent a favorable interaction with
the protein. However, for some analogues, the inability to
adopt the cyclophilin-bound CsA conformation could also be
a contributing factor.

In all studies on structure/activity relationships, the Ala’
and D-Ala® residues of CsA have been shown to be relatively
unimportant for immunosuppressive activity and cyclophilin
binding. Indeed, the D-Lys® CsA analogue with the side chain
of D-Lys® covalently attached to a column support has been
used as an affinity column to purify cyclophilin (Quesniaux
et al., 1987). These results are consistent with the lack of
NOE:s observed between these residues and cyclophilin.

For the 6 position, MeAla® and NorValé CsA appear to bind
quite well to cyclophilin (~50% binding affinity compared
to CsA), whereas MeValé, Mellef, and MePhe® CsA bind only
weakly to cyclophilin (Durette et al., 1988). The lack of NOEs
observed between the side chain of residue 6 and cyclophilin
suggests that the reduced activity for some of these analogues
may not be due to an unfavorable interaction with cyclophilin
but may arise from conformational differences. In order to
test this hypothesis, it would be of interest to determine the
conformation of the 8-branched 6-position CsA analogues
when bound to cyclophilin. It would also be of interest to study
the MeAla® CsA when bound to cyclophilin, since unlike other
CsA analogues, the relative cyclophilin binding affinity of
MeAla® CsA does not correlate with its immunosuppressive
activity (Durette et al., 1988).

CONCLUSIONS

Through the use of a 13C-labeled ligand and a variety of
heteronuclear two- and three-dimensional NMR techniques,
we have assigned the 'H and *C NMR signals and determined
the conformation of a ligand when bound to its putative target
protein. In addition, we have identified those portions of the
ligand that are close to the protein-binding site. These results
and those derived independently by Wiithrich and co-workers
(Weber et al., 1991), illustrate the utility of this approach for
obtaining detailed structural information from NMR data on
a protein/ligand complex of moderate size. The structural
information derived from such an approach could potentially
be used to aid in the design of analogues that have greater
clinical utility than the lead compound. From the structural
information derived in this study, CsA analogues could be
designed that are structurally very dissimilar to the parent
molecule and yet have the important functional groups in their
proper orientation for binding to cyclophilin. These analogues
(which would be difficult to design in the absence of 3D
structural information) may have improved physical properties
and less toxic side effects, making them more suitable as
immunosuppressive agents.
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Dynamics of the Quaternary Conformational Change in Trout Hemoglobin
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ABSTRACT: The kinetics of conformational changes in trout hemoglobin I have been characterized over the
temperature range 2—-65 °C from time-resolved absorption spectra measured following photodissociation
of the carbon monoxide complex. Changes in the spectra of the deoxyheme photoproduct were used to monitor
changes in the protein conformation. Although the deoxyheme spectral changes are only about 8% of the
total spectral change due to ligand rebinding, a combination of high-precision measurements and singular
value decomposition of the data permits a detailed analysis of both their amplitudes and relaxation rates.
Systematic variation of the degree of photolysis was used to alter the distribution of liganded tetramers,
permitting the assignment of the spectral relaxation at 20 us to the R — T quaternary conformational change
of the zero-liganded and singly liganded molecules and spectral relaxations at about 50 ns and 2 us to tertiary
conformational changes within the R structure. Analysis of the effect of photoselection by the linearly
polarized excitation pulse indicates that a major contribution to the apparent geminate rebinding in the
50-ns relaxation arises from rotational diffusion of molecules containing unphotolyzed heme~CO complexes.
The activation enthalpy and activation entropy for the Ry — T, transition are +7.4 kcal/mol and —12 cal
mol™! K-!. Using the equilibrium data, AH = +29.4 kcal/mol and AS = +84.4 cal mol™! K! [Barisas,
B.G., & Gill, S. J. (1979) Biophys. Chem. 9, 235-244], the activation parameters for the T, — R, transition
are calculated to be AH* = +37 kcal/mol and AS* = +73 cal mol™ K-1. The similarity of the equilibrium
and activation parameters for the T, — R, transition indicates that the transition state is much more R-like
than T-like. This result suggests that in the path from T, to Ry the subunits have already almost completely
rearranged into the R configuration when the transition state is reached, while in the path from Rqy to T
the subunits remain in a configuration close to R in the transition state. The finding of an R-like transition
state explains why the binding of ligands causes much smaller changes in the R — T rates than in the
T — R rates.

Upon deoxygenation tetrameric hemoglobins undergo a
structural change consisting of a global rearrangement of the
four subunits—the quaternary change—and widespread con-
formational changes within the individual subunits (Perutz,
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1970; Baldwin & Chothia, 1979; Perutz et al., 1987). In the
quaternary change the symmetrically related o8 dimers rotate
by about 15° relative to each other, resulting in atomic dis-
placements at the intersubunit contacts of up to 6 A (Baldwin
& Chothia, 1979) (Figure 1). Recent X-ray studies also show
that a change in ligation state in the absence of a quaternary
conformational change results in tertiary conformational
changes that are similar to, but smaller than, those associated
with the quaternary transition (Makinen & Eaton, 1974;
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