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The T;-accordion COSY experiment has been applied to acyl carrier protein (ACP) to locate the divalent ion binding

sites in the protein using the paramagnetic ion, Mn?*, as a substitute for Ca?*. Replacement with Mn?* leads to an en-

hancement of proton spin-lattice (7)) relaxation rates. These enhancements have a 1/r¢ distance dependence that makes

them extremely useful in structural analyses. Ion-proton distances ranging from 3.0 to 9.0 A have been obtained from

this experiment and subsequently used as constraints in the molecular mechanics module of AMBER to refine a protein
structure.

2D NMR; Mn?*; Acyl carrier protein; Spin-lattice relaxation rate; AMBER

1. INTRODUCTION

Divalent cations, such as Mg?* and Ca**, play
essential roles in the function of many biological
systems. Characterization of the sites that these
ions occupy is, therefore, an important prere-
quisite to understanding biological function. A
number of approaches to locating ion sites have
been devised and applied to macromolecules in the
past [1]. Here, we present a two-dimensional (2D)
NMR approach to the structural characterization
of an ion-binding site. The information obtained
on ion site locations complements the more general
structural descriptions now being accumulated on
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small soluble proteins using a 2D NMR approach
[2,3].

The system with which we plan to illustrate our
approach is a small protein, acyl carrier protein
(ACP). Acyl ACPs function as preferred
substrates for the fatty acid synthetase complex of
most organisms by carrying fatty acids during the
elongation process [4,5]. While ACP is not com-
monly regarded as a metalloprotein, Schulz et al.
[6] observed a stimulation of fatty acid synthesis
upon the addition of divalent cations that cor-
related with ion-induced changes in the structure
of ACP. Two sites, each capable of binding Mg>*
or Ca’*, have been proposed [7]. However, no
detailed information on the location of these sites
on ACP exists.

Recently, we completed a structural determina-
tion of Escherichia coli ACP using high-resolution
NMR methods [8]. The determination was based
on a nearly complete sequential assignment of
resonances for protons along the backbone of the
protein and on the use of cross-relaxation or
nuclear Overhauser effects (NOEs) among these
resonances to extract interproton distances [9].
Relaxation properties of the same resonances can
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also be useful in giving information about the loca-
tion of the ion-binding sites. Spin relaxation
properties of resonances from protons near the
ion-binding sites can be selectively perturbed by
the introduction of paramagnetic analogs of the
normal ions [10]. The well known dependence of
relaxation times on ion—proton distances (1/r%),
when the ion is a paramagnetic species, can be used
to extract structural information in much the same
manner as the 1/7% dependence of cross-relaxation
is used to extract proton—proton distances for the
basic structure determination. The wuse of
paramagnetic probes, however, offers some ad-
vantages in that the distances obtained span a
longer range than those typically obtained from 2D
NOE experiments [11].

Ion—proton distances can be determined from
either spin-lattice (71) or spin-spin (73) relaxation
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time perturbations. Some experiments of this type
have been pursued in the past, but 7> perturbations
are limited to rather qualitative interpretations
[11], and existing 2D NMR methods used for T;
determination are very time-consuming [12].
Recently, we introduced a pulse sequence based on
the accordion experiment of Bodenhausen and
Ernst [13,14] which enables extraction of T; values
from a single 2D experiment. The pulse sequence
for the T,-accordion COSY (coupling correlated
spectroscopy) experiment [15] is: 180,—x#,—90,,—
11—90,,—1; where x is a factor chosen to sample ef-
fectively the longitudinal relaxation time course of
the spins, and ¢; and ¢, represent rf phase shifts
chosen to minimize spectral artifacts. The 2D spec-
trum shows the same cross-peaks as a normal
phase-sensitive COSY spectrum, but 7; recoveries
are encoded in the line shapes in the w; dimension.
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Fig.1. Ty-accordion COSY spectra of ACP without Mn”* (a) and with Mn2* (b). Note the loss in intensity in several of the cross-peaks
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They can be extracted by appropriate processing
procedures and interpreted in terms of distances.

Here, we will use this pulse sequence to in-
vestigate the ion-binding sites of ACP using the
paramagnetic ion, Mn?*, to substitute for Ca®* or
Mg2*. Mn®* shows moderately strong binding
(K4 = 107%) for 1-2 sites depending upon the pH
(unpublished) and upon the state of acylation
(Mayo, K.H., personal communication). Ex-
change of Mn?* into the sites on ACP is rapid on
the NMR time scale, so fractional populations
result in a small, uniform perturbation of all
molecules in the sample. The degree of perturba-
tion can be adjusted by adding Mn?" in sufficiently
small amounts to produce measurable perturba-
tions without a complete loss of 2D cross-peaks.
The ion—proton distances we obtain can then be
used as constraints in molecular mechanics calcula-
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tions in order to locate the ion-binding sites of the
protein [9].

2. EXPERIMENTAL

ACP was isolated from E. coli B cells (Grain Processing) us-
ing the method of Rock and Cronan [16], and then reduced with
dithiothreitol (DTT) to the free sulfhydryl form. Data were ac-
quired on a 4 mM sample of ACP, 50 mM in KH,PQ,, at pH
6.1in D2O. After the first data set was collected, a small aliquot
of an MnCl, solution was added to the sample (~5 mol% with
respect to ACP) and the second data set was collected.

NMR experiments were performed at 490 MHz on a home-
built spectrometer. The data were generated from a double
quantum filtered COSY accordion sequence [15] and recorded
in the phase-sensitive mode using the method of States et al.
[17]. The 2D spectra were collected as 400 ¢, experiments, each
containing 2K complex data points over a spectral width of
5.0 kHz in both dimensions. For the first data set (ACP without
Mn?**), 80 scans were acquired per 7, value with » = 7.5; the
total time for this experiment was 74 h. For the second data set
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(ACP with Mn?*), 88 scans were acquired per ¢, value with x =
5.0; the total time was 71 h. Recycle times of 2.0 s were used for
both experiments. The data were processed on a Vax 11/750
computer equipped with a CSPI Minimap array processor.
Data sets were multiplied in both dimensions by skewed sinebell
squared functions (extending to 400 ¢, points) and zero-filled to
2K in the #, dimension before Fourier transformation.

Extraction of T, values was accomplished by loading a col-
umn of the frequency domain spectrum containing the cross-
peak of interest and left or right shifting the data until a suffi-
ciently narrow frequency band containing only the multiplet
components associated with the desired cross-peak was obtain-
ed. The data were then inverse Fourier transformed and
magnitude corrected to obtain the time course of the ¢, decay.
Although a complete time course can be fit to inversion
recovery curves [15], T} values were usually extracted from the
first zero crossing and corrected to take into account the fact
that, for the recycle times used in these experiments, magnetiza-
tion recovers to a steady-state non-equilibrium value.

3. RESULTS AND DISCUSSION

Fig.1 shows Tj-accordion COSY spectra of ACP
without Mn?* (a) and with Mn?* (b). Cross-peaks
in the region plotted have been previously assigned
[9] to «CH-SCH or ZCH-yCH3 cross-peaks for
specific residues as indicated in fig.1. A loss in in-
tensity in several of the cross-peaks (E30, V43,
A59) is evident in the spectrum of ACP with Mn?*.
These changes in intensity would be observed even
in a normal COSY spectrum because they are
largely the result of extensive line broadening and
are useful in giving qualitative information about
which residues are nearest the ion-binding sites.
However, other residues such as TS2 are also per-
turbed without a substantial loss in intensity. We
can demonstrate more quantitatively that the spin-
lattice relaxation rates of residues such as T52 are
enhanced by the presence of Mn?* by examination
of T recovery curves for these particular residues.

Fig.2 shows the time course of the #; decay ob-
tained by inverse Fourier transformation of the
column containing the cross-peak for T352
(6CH(w1)-yCH3(w2)). The curve starts at zero
because of the antiphase nature of the J-resolved
cross-peaks. The null observed near x¢; = 0.96 s is
the zero crossing point in the 7 inversion recovery
curve for T52. It appears as a minimum rather
than a zero crossing in fig.2 because a magnitude
spectrum is displayed. 77 values extracted from
this curve correspond to longitudinal relaxation
rates for the proton characterized by the frequency
w1, in this case the SH of T52. The shift of the null
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T52 (BH) with Mn2+

Ty=099s

T52 (BH) without Mn2+

Ty=170s
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Fig.2. Null points of the #H of T52 with and without Mn?*.

The shift of the null upon the addition of Mn?* makes it

possible to obtain ion~proton distances even though the
appearance of the cross-peak remains unchanged.

upon the addition of Mn?* makes it possible to ob-
tain quantitative information about changes in 7
values (1.70 vs 0.99 s), even though the appearance
of the cross-peak remains largely unchanged.

Mn?* contributions to enhancements in 7} relax-
ation rates can be quantitatively interpreted pro-
vided a suitable distance standard (ry) can be
obtained. It is highly probable that carboxyl
groups of strongly perturbed glutamic acids are
directly involved in the coordination of the ion.
Assuming typical coordination geometry, the coor-
dinated ion would be approx. 6 A from the -
proton of such a glutamic acid residue.

The presence of two ion-binding sites on the pro-
tein  necessitates choosing two calibration
distances, and therefore assigning the perturbed
residues to one site or the other. Fortunately, many
of the resonances perturbed seem to cluster around
two distinct, well-separated sites involving
glutamic acids E30 and E48, respectively. Pertur-
bations of these residues were used as standards
for conversion of relaxation enhancement for
other resonances to ion—proton distances (r) using
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the known r§/r® dependence. These sites are at op-
posite ends of a long a-helix in the structure [8]
and thus resonances effected by Mn?* can be
assumed to be perturbed by only one ion site. Per-
turbed resonances were assigned to one site or the
other using a program which searched all possible
site assignments for the combination which allow-
ed placement of the ions in the initial protein struc-
ture at sites which produced minimum RMS
deviations from the observed distances. Some
cross-peaks completely disappear upon the addi-
tion of Mn?* preventing the measurement of T
values for such protons. A lower limit distance of
3 A (or 4 A in cases where there is only a pseudo-
atom present in the molecular mechanics program)
has been assigned for these cross-peaks. All the
resulting experimental ion—proton distances con-
straints are summarized in table 1. Note that there
are several long-range distance constraints exten-
ding out to 8.8 A. In addition to locating ion sites,
these long-range constraints are extremely useful in
refining the structure of the protein obtained from
2D NOE experiments.

The molecular mechanics module of AMBER
[18,19] was used to obtain refined structures in the
presence of ion-proton constraints. Structures
previously minimized by our laboratory using
NOE distance constraints alone were used as
starting structures [8]. Counterions (two Ca®%)
were initially placed at the sites described above
and force field parameters, that had been optimiz-
ed to reproduce the structure of calcium di-L-
glutamate [20], were used to represent ion proper-
ties. lon—proton distance constraints were then ap-
plied as pseudoenergies along with existing NOE
distance constraints. The structure was minimized
following a protocol described previously that en-
tails an initial convergence with high pseudoenergy
weights, in the presence of bond and bond angle
constraints, followed by a convergence at low
weights with all energy terms present [8]. This pro-
cess required 14 h on a Multiflow Trace-7 com-
puter, and was repeated using 2 different starting
structures. One of the starting structures, with in-
itial ion placements and dashed lines denoting con-
straints, is shown in fig.3a; the final structure is
shown in fig.3b. Site A appears to utilize E30, D35
and D38 in its ion coordination. Site B is near a
proline-containing bend and appears to involve
stronger interactions with E47, D51, E53 and D56
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Table 1

Ion-proton distances for the ACP-Mn** complex

Ton Proton® Distance (A)

A L15 HG 3.00°
L15 CB 4.00°
A34 HB 3.00°
D35 CB 4.00°
D38 CB 4.00°
E30 HA 6.00
V40 HA 6.28
K18 HA 6.90
111 HA 6.97
F28 CG 8.54
F28 CB 8.81

B 154 HB 3.00°
154 CG 4.,00°
M44 CB 4.00°
E47 CB 4.00°
D51 CB 4.00°
ES3 CB 4.00°
P55 CB 4.00°
D56 CB 4.00°
A45 HA 5.19
E48 HA 6.00
V43 HA 6.07
T52 HB 6.39
A59 HA 6.73

? Proton designations use one-letter codes for amino acid types
followed by residue number and atom names as employed in
AMBER

® Estimated distances based on disappearance of cross-peaks

than with the calibration residue, E48. This sug-
gests caution should be exercised in the quan-
titative interpretation of site B.

RMS deviations for ion-proton constraints im-
prove from 2.7 to 1.5 for site A and from 3.6to 1.1
for site B during convergence. Surprisingly, the
RMS deviation of NOE constraints obtained for
the protein backbone atoms in the absence of ions
is unchanged by the minimization process (0.9 A).
The protein structure does change during
minimization as can be seen in fig.3 and in the
RMS deviation of backbone atomic positions in
the final structure relative to the initial structure of
2.9 A. This suggests that the structural changes
have occurred in parts of the structure that were
poorly defined by NOE constraints.

The Ti-accordion COSY experiment described
above thus provides an excellent method for
locating the ion-binding sites of a protein through
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Fig.3. Starting structure of ACP with initial ion placements and
dashed lines representing constraints (a) and. the final
minimized structure of ACP with ions (b).

the use of a paramagnetic probe such as Mn?*.
Also, the relatively long ion—proton distances that
are obtained from this experiment give conforma-
tional information that can be used in structure
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refinement and can complement distances obtain-
ed by more conventional 2D NOE experiments.
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