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The principal values of the chemical shift tensors of all **C and  molecular or crystal fixed axes system) can be obtained
"N sites in two antibiotics, ampicillin and penicillin-v, were single crystal measurements2); however, sufficiently large
determined by 2-dimensional phase adjusted spinning sgeba”d crystals are not always available. The three principal values
gﬁ'PhASS_) "’}”?]_‘;E’”V'?“tt'ona_' ngﬁs exj’fg'me”t&f ,ghe f,:a.r:d the chemical shift tensor can be measured directly from tr

chemical shift aniso ropies ( . ). and their confidence limits, sharp singularities of static NMR powder specti®)( This
were evaluated using a Mathematica program. The CSA values method is straiahtforward but suffers from low sensitivit
suggest a revised assignment of the 2-methyl *3C sites in the case ! '9 W . ut su . W ! 'V'_y'
Moreover, for systems with many non-equivalent chemice

of ampicillin. We speculate on a relationship between the chemical b "
shift principal values of many of the °C and N sites and the Sites the overlap between different patterns renders the analy

B-lactam ring conformation. © 1998 Academic Press difficult. In addition, static methods are susceptible to pertur
Key Words: antibiotics; **C and **N solid state NMR; CP/MAS; bations from dipole—dipole couplings.
CSA; 2D-PASS. The CSA parameters can be determined more reliably frol

the magic-angle-spinning (MAS) sideband patter8) (When
the spinning frequencyw, is comparable to the spread in
INTRODUCTION Larmor frequencies caused by the CSA, the NMR spectrul
- . . contains peaks at frequency coordina@%" + Kw,, where

Ampicillin and penicillin-V' (Scheme 1) belong to a family isoiq e isotropic shift frequency of sifeandk is an integer
of B-lactam antibiotics which act by inhibiting the final steps o{ !

) . : called the sideband order). The sideband amplitudes may
bacterial cell wall synthesidl). The underlying reason for theanalyzed to obtain the chemical shift anisotrops,(15. How-

varying pharmacological activities of these antibiotics remai% er, accurate measurement of the asymmetry parameter

unclear. However, it is believed that the conformations of ﬂhqjires the analysis of many sidebands at low spinning freque

thiazolidine rings and of the side chain are correlated with ”&?es (L3). For systems with many sites, the sideband manifold

biological activity @). from different chemical sites overlap, and the analysis becom
Dobson and co-workers have reported high-resolutith difficult b, 4 |

solld—stat(_a NMR studies of a Senes (_)f penicillis-§, noting Various two-dimensional schemes have been designed f
a correlation betweet’C chemical shifts and molecular struc-,

. . . separating the isotropic and anisotropic chemical shift infor
tural features available from X-ray diffractiof,(7). However, mation (L6—39. All these methods retain CSA information

. . 3 . -
Err::)ywtlzz 'Zoifg'g;lcrzhiﬁ;?%ﬁ?:j;‘{:;?sﬁ?t?:ri‘;‘c;r;no While obtaining a clear distinction between the different chem
g€, Yy rep B ical sites. Recently, we reported the two-dimensioplsse

antibiotics concern solution-state isotropic shii$. ( adjusted spinning sideband (2D-PASS) experimengd, 30

The chemical shiit anisotropy (CSA) parameters providev%ich has a number of advantages over previous two-dime
more detailed picture of the electron distribution and can algo

. . fonal schemes. In particular, it may be performed withol
be correlated with molecular structural featur@s11). All six - P : y be p .
. . D difficulty on standard magic-angle-spinning NMR equipment
parameters of the chemical shift tensor (three principal values . : .
and requires far fewer acquired transients than related methc

and three angles specifying the principal axis system ina 1 Js the magic-angle-turning technique (MAT3429. A

modification of 2D-PASS suitable for quadrupolar nuclei ha
1 To whom correspondence should be addressed. E-mail: Oleg.Antzutking@en reported recenthB).

km.luth.se. Current address until July 1999: Laboratory of Chemical Physics,|n the present paper, 2D-PASS is used for obtaininglf@e

National Institute of Diabetes and Digestive and Kidney Diseases, Natio I R L
Institutes of Health, Bethesda, MD 20892-0529. Bsa parameters of two antibiotics, ampicillin and penicillin-V.

2 Current address: Quantum Magnetics, 740 Kenamar Court, San Diego, ER€ heavily overlapping sideband manifolds are separated |
92121. 2D-PASS, and analyzed to obtain the chemical shift tenst
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SCHEME 1

principal values of most of thE'C chemical sites. These results

suggest that thea®methyl and B-methyl *°C sites in ampi-
cillin anhydrate powder may have been incorrectly assigned

the literature 8). We also performed conventional CP/MAS S
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absorption 2D spectra. In particular, hypercomplex data pre
cessing, or time-proportional phase incrementation, shootd
be used. When a large number of sidebands is present,
Mathematica program given in Ref29) calculates the re-
quired time-delays enabling an arbitrary fine digitization of the
t, dimension. Note that the number gfincrements does not
depend on the desired isotropic shift resolution, in contrast 1
the related MAT technique2B-29.

EXPERIMENTAL

13C CP/MAS and 2D-PASS experiments were performed
a magnetic field of 4.7 T using a Bruker MSL 200 spectrom
eter. The**C operating frequency was 50.323 MHz. An exter-
nal ENI LPI-10H amplifier was employed in théC channel of
the spectrometer. The RF field corresponded téCanutation
frequency of ¢5,/27] = 116 kHz. The decoupling power
provided a'H nutation frequency ofdf}, /27| = 83 kHz. A

, DECOUPLE

L HHH A ]

L)
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experiments of°N sites of these two antibiotics. We speculate
on the existence of a correlation between the CSA principal
values and the conformation of the five-membered thiazolidine
ring.

EXPERIMENTAL SCHEME

The 2D-PASS experimental scheme has been described in

Ref. 29). It allows the separation of spinning sidebands by
order in thew, dimension. The separated spinning sideband

patterns may be analyzed by standard numerical procedures to

obtain the chemical shift anisotropy parameters.

The 2D-PASS pulse sequence is shown in Fig. 1. Conven- u u [\ /
tional cross polarization from the protons (I-channel) to the [ ] \ )
carbons (S-channelB®) establishes enhancédC transverse [ ] /]
magnetization. The PASS sequence of five strangulses at [ / /]
specified time delays is then applied under one rotor period. [ ] [ [
The MAS signal is observed during the tirgein the presence [ L\
of *H decoupling. IR

Thet, incrementation of the 2D scheme is implemented by L \\
varying the positions of ther pulses according to numerical VooV L
solutions of the PASS equatioriadj. Since spinning sidebands
are separated by order i,, the number oft; increments 0 02 04 06 08 1.0
should exceed the maximum number of sidebands in the MAS t/n,
spectrum. Ther pulse timings for 16, increments are tabu-

FIG. 1. Pulse sequence for the two-dimensional PASS experiment. T

lated in Table 1 of Ref.29). The 2D time domain data matrix
is subjected to two complex Fourier transforms to obtain th

horizontal axis is time in fractions of a rotational periodr[®,|. Thew pulse
iﬁﬂngs for the PASS sequences are given in Table 1 of R&). (The

2D spectrum. Since the signal is completely cyclic alongtthe horizontal cross sections in the insert represent the 16 pulse sequences use
dimension, no special precautions are needed to obtain pte2D-PASS experiment.
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standard Bruker double bearing 4-mm rotor system {Zr@or nuclei of positive magnetogyric ratio, these phases al
rotors, Kel-F end caps) was used. The spinning frequency w@sposite in sign to the phase shifts generated by the spectro
stabilized to+1 Hz using a homebuilt stabilization deviceeter electronics35). However, since this particular experiment
controlled by an external PC computer. Both ampicillin{I}{ is unaffected by this sign inconsistency, no special reprograr
a-aminobenzylpenicillin) anhydrate and penicillin-V (pheming of phases is necessary here.
noxymethyl-penicillinic acid) powder were purchased from To obtain artifact-free spectra, it was necessary to ensu
Sigma and used without further purification or recrystallizahat the software performs a correct complex Fourier transfor
tion. The cross-polarization interval was 2 ms. The proton R#& the t;-dimension. A common software error in commercial
field was turned off during thé®C = pulses of the PASS systems, associated with incorrect handling of the first da
sequence to avoid Hartman—Hahn matching. The finite dugoint in the FFT algorithm, leads to weak negative ridge!
tion of 7r pulses was accounted for by ensuring that the centaarrallel to thew, axis in the 2D spectrum.
of each pulse was at the timing points tabulated in Table 1 Since our 4.7-T magnet has negligilisg-drift, the experi-
of Ref. 29). ments were run without a field-frequency lock. More typically,
The 2D-PASS experiments were run at spinning frequenciBg-drift causes spectral ridges parallel to the axis in long
of w,/2m = 1030 Hz and 800 Hz for both penicillin-V and2D-PASS experiments. This problem may be avoided by co
ampicillin. The 1030-Hz experiments employed 972 transiemtscting for the magnet drift (either by hardware or by software
for eacht, increment, and a relaxation delay » s between or by distributing the acquisition of eathincrement over the
transients. The 800-Hz experiments employed 243 transieatgire experimental run.
for eacht, increment, and a relaxation delaj bs between  All *3C chemical shifts data were externally referenced t
transients. the least shielded resonance of solid adamantane at 38.56 p
The effect of pulse imperfections was reduced by usinglative to tetramethylsilane36).
independent phase cyclin@3) of each pulse in steps of  Natural abundanc®N CP/MAS spectra were recorded on a
2m/3, and adjusting the receiver reference phase, to select @temagnetics Infinity CMX-360 spectromet&,(= 8.46T).
appropriate coherence transfer pathwayss ¢+1) — (—1) — The!*N operating frequency was 36.479 MHz. The protg@
(+1) — (1) — (+1) — (—1). The total phase cycle wa$ 3 pulse duration was 3.2s, the CP mixing interval was 3.5 ms,
= 243 steps. An integer multiples of 243 transient signals wasd the nutation frequency of protons during decoupling wa
summed to obtain eath increment of the 2D data matrix. The50 kHz. The 8800 or 17,600 transients spaced by relaxatic
post-digitization phase shitb,. 4ig the phasepy, of the 1H delays 6 2 s were accumulated. A standard CMX double
w2 pulse, the phasé.p of the 13C and*H cross-polarization bearing 7.5-mm ZrQrotor system was used. The mass of the
RF fields, the phase#,, ..., ¢5 of the 7w pulses, and the powder sample was approximately 350 mg. The CP/MA:
reference phase of the receivgy,, were varied according to experiment used a standard 4-step phase cycle.'Théso-

the phase cycle tropic chemical shifts are given with respect to j@ powder
(0 ppm, externally referencedB?). The drift of the **N
by = 72+ mm frequency B-drift) was 0.016 Hz h*. All solid state**C and
15N spectra were recorded at room temperature (298 K).
¢cp=0
bq = 23 floor (3% m) EXPERIMENTAL RESULTS
Dpost dig= M [1.1]  The ¥C CP/MAS spectra of ampicillin and penicillin-V
powder spinning ab,/27 = 7000 Hz are shown in Figs. 2a and
with g = 1, ..., 5 andg,.. adjusted to satisfy the equation 2b, respectively. Aimost ali’C resonances are resolved. Most
of these resonances are singlets but some of them are bro
by + dep— 2b1 + 2y — 25 + 25 — 26 ened and split by*C-**N dipole—dipole coupling3s, 39.

Most of the peak assignments are taken from Clayetead.
+ brec T bpostaig= 7 2. [1.2] (3) and are based on a comparison of solid-state and soluti
NMR spectra 40, 4. However, the assignment of thex2
Herem is the transient countem = 0, 1, 2, ..., 242, and methyl and B-methyl peaks in ampicillin (marked by asterisks
floor(x) is defined as the largest integer not greater tharhis in Fig. 2a) must be regarded as ambiguous. The two isotrop
phase cycle selectSC signals which are cross-polarized fromshifts are only separated by 1.33 ppm. The CSA princips
protons and rejects artifacts from pulse imperfections. A modalues, reported below, suggest that these two peaks may h:
ified 243-step phase cycle which also rejects quadrature been misassigned in ReB)( In the following discussion, and
ceiver imbalance was recently reportei)( in Fig. 2a, we employ revised assignment of these two peak
The phase shifts reported above (exceptdpi qid repre- However, these revised assignments cannot be asserted v
sent the phases of nutation axes in the rotating reference frac@nplete certainty.
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FIG. 2. The**C CP/MAS spectra of (a) ampicillin and (b) penicillin-V
powder at the rotor frequency/|/ 27| = 7000 Hz(sums of 4800 transients).
The assignments of the various carbon resonances are taken fron3Ref.
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Note that the sideband ordkiincreases from left to right in
these spectra. This is consistent with the sense of the frequer
axis, taking into account the negative sign of the Larmo
frequency for nuclei of positive magnetogyric ratigby.

The >N CP/MAS spectra of ampicillin and penicillin-V
powder spinning atd},/27 = 1500 Hz are shown in Figs. 5a
and 5b. The peak assignment was based on the observation 1
the N14 peak is considerably broadened by the heteronucle
H-'*N dipolar interaction in experiments with a low proton
decoupling power. The 2D-PASS experiment was not needk
here since spinning sideband manifolds of just two (for pen
cillin-V) or three (for ampicillin)*°N sites were well separated.
CP/MAS experiments ato}/2m| = 750 Hz and 617 Hz were
also performed (not shown).

The sideband ordék increases from right to left in th&N
spectra. This is because the negative sign of the magnetogy
ratio y leads to a positive nuclear Larmor frequency and henc
a spectral frequency coordinate increasing from right to lef

(39
CSA ANALYSIS

?hemical Shift Definitions

except for the two ampicillin peaks indicated by asterisks, which have reversed|n the discussion below, @eshieldingconvention for chem-

assignments.

The remaining assignments were supported by'faeN
second order spectral patterns at+**C dipolar dephasing

experiments. In the latter, the resonances of protonated car-

ical shifts is employed throughout. Our usage is specifie
below, for the sake of clarity. The principal values of the
symmetric part of the chemical shift tensor of §itre denoted
(8xx: Sy, 8,7) and ordered by convention so that

bons, with the exception of rapidly spinning methyl groups,

were completely suppressed).(We also performedH-

dipolar dephasing experiments in combination with TOSS

sideband suppression experimend®)( The decoupler was
turned off for a 40us interval between the 4th and 5th pulse
of the five pulse TOSS sequenct3). We observed the sup-
pression of peaks 3, 5, 6, 168’ arising from protonated®C

|Szz - 8isol = |8xx - 8iso| = |8yy - 6isola [13]
13¢ where the isotropic shift is defined
Biso = (8xx T Byy + 8,,)/3. [1.4]

S
The chemical shift anisotropfCSA) 8,,icc and asymmetry

parametern are defined

sites of both penicillin-V and ampicillin powder samples (re-

sults not shown). In these experiments, the spinning frequency

was fo, /271 = 1500 Hz.

Figures 3 and 4 show 2D-PASS spectra of ampicillin and

penicillin-V powder spinning ata}, /27| = 1030 Hz. The 1D
CP/MAS spectra (top) display highly overlapped sideba
patterns from the sixteetfC sites. In the 2D-PASS spectr
(middle), the spinning sidebands are separated alongvthe
dimension according to their ordér and the sidebands for
each chemical site lie diagonally in the 2D spectra. Conto

plots are also shown (bottom). The relative sideband ampii"€ré«o

na.
written
a

Saniso: 622 - 8iso
mn= (Syy - 8><x)/(8zz - 8iso)-

[1.5]
[1.6]

IH frequency units, the chemical shift anisotropy may also b

[1.7]

Waniso = woaaniso

ur
is the Larmor frequencw, = — yBy (including the

tudes for each chemical site in the 2D spectrum are the sam&'gg)-

in the 1D MAS experiment29). Conventional spinning side-
band analysis15) may be used to extract the CSA principa
values. We also performed 2D-PASS experimented2fr| =
800 Hz (not shown).

|Eva|uation of CSA Parameters from Sideband Intensities

The spinning sideband intensitiaS® are complicated func-

tions of the shift anisotropy parameters and cannot be e
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FIG. 3. The *°C spectra of ampicillin powder at the rotor frequenay, /27| = 1030 Hz. (a) The 1DCP/MAS spectrum (15,552 transients). (b)
Two-dimensional PASS spectrum showing sidebands separated i, tlienension. Thew,-slices are labelled with the sideband ordterA total of 16t,
increments were taken, each the sum of 972 transients. (c) The 2D-PASS spectrum presented as a contour plot. For clarity, three rows containing z
were inserted between eagh-slice.
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FIG. 4. The3C spectra of penicillin-v powder. The same conditions as in Fig. 3.

pressed analytically. However, they depend only on the valuafsspinning frequencies and magnetic fields. We have deve
of the two parameters,,;Jw, and n, making it possible to oped a computer program for the estimation of CSA param
perform “universal” simulations which may be used for a rangers from sideband intensities. The program uses a Mat



150 ANTZUTKIN, LEE, AND LEVITT

N18

. N4

Ampicillin N14
-1
+1 -1
2 +1
2
° L
WW*‘AWW‘V‘ Z A‘WAWWJ’ WA
N4
o N14
Penicillin-V -1
-1
+1
+1
+2 +2
-2 _
b +3 -3 2
i s e W e T T v —mwv)\www
I T T T T I T T T T ] T T T i l T T T T l T T T T [ T T T T !
250 200 150 100 50 0 —50
Oiso / Ppm

FIG. 5. The!®N CP/MAS spectra of (a) ampicillin (sum of 8800 transients) and (b) penicillin-V (sum of 17,600 transients) powder at the rotor frequ
|27/ w,| = 1500 Hz. Thepeak assignments and sideband orders are indicated.

ematica front end44), is simple to use, and provides a visualorm direct time-domain calculations as first suggested b
representation of rigorous confidence limits. Maricq and Waugh¥4). FID signals for a single CSA orien-
A grid of sideband intensity functions of two variablegdation,s(t, ()pg), were calculated for a set of 64 equally space
wanisd@r @ndm was calculated for sidebands 6fl1l = k = timest in the interval [0, |27/ w,|]. The Fourier transform of this
+11. Instead of frequency domain calculatiod$)( we per- signal evaluated at the frequenclas, yields thekth sideband
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intensities of a single orientation componeaft)(Qr). Here, pendent cross-polarization efficiencies or non-uniform molec
the CSA orientation is specified by the three Euler an§lgs ular orientation distributions. In addition, we did not take intc
= {apr Brr Yert Characterizing the orientation of the prin-account dipolar interactions with other spins, such“

cipal axis system of the CSA tensor, P, with respect to a rotorThis method is more intuitive and more reliable than the
system R fixed on the mechanical rotor, with ztgxis along graphical plots of sideband amplitude ratios employed in th
the rotation axis. “Carousel” symmetrg®) was used to sim- Herzfeld—Berger procedurd®). A similar procedure for de-

plify powder averaging: termining the CSA parameters was developed by Clagdeah
(48) and de-Grootet al. (49). These authors used tables of
(@ Qpr))a sideband amplitudes obtained by Bessel function analgs)s (

Recently Olivieri reported a related error analysis of CS/
1 ™ . 2m determinations from spinning sidebandsO) A reliability
= <477>f dBPRSInBPRJ dapgla®(apr, Ber O)I°. [1.8] analysis of determined CSA parameters has been given
0 0 Hodgkinsonet al. (13).
The Mathematica routine for spinning sideband analysi

The integration was performed by summation over 5000 ofhay be downloaded from the world-wide-web site: http:/,

entationsQpx. www.fos.su.sefmhl.
We have recently shown that the integration in the Eq. [1.8]
need only be performed over one octant of the unit sphere. In CHEMICAL SHIFT ANISOTROPIES

addition, we have demonstrated a modified orientational sam-
pling scheme which provides high accuracy using a greatlyWe have performed CSA estimations for all resolvéa
reduced number of computed orientatiod§)( However, we and **N sites of the two antibiotics. Figure 6 shows CSA
did not yet incorporate these advances in the results sho@stimations for six representativéC sites of penicillin-V.
here. Each plot is a superposition of contour diagrams for tw
For each sideband ordér = —11---+11, a matrix of independeny*(8,,s, 1) surfaces, obtained for 2D-PASS ex-
intensities was simulated using 5d,,.J, values on the periments at spinning frequencies,/ewr| = 1030 Hz (thick
interval [10, —10] and 117 values on the interval [0, 1]. A lines) and 800 Hz (thin lines). The boundaries of the 68.39
Mathematica routine was then used to interpolate these fuiint confidence region (solid lines) and 95.4% joint confidenc
tions. The input file to the Mathematica program consists of tfiegion (dashed lines) for the two CSA parameters are show
experimental sideband intensitiag, the experimental spin-  The confidence regions derived from the 800-Hz spectra a
ning frequencyw,, the Larmor frequenc,, and the experi- generally much larger than for the 1030 Hz spectra. In part, tt
mental noise variance, s The program plots the chi-squarewide confidence regions at 800 Hz are due to the small
statistic ¥* as a function of the two chemical shift anisotropyiumber of experimental transients accumulated in this ca

parameters, ., andm, (243 for eacht, increment, compared to 972 for eath
increment at 1030 Hz). For all sites, the 68.3% confidenc
Kmax regions for the two different spinning frequencies overlap.
X:(aiso M) = O, {Aal), — a% (8aniso MY (AT 0id?, The 68.3% confiden(_:e limits on th'edi_vidqal parameters
k=kKmin 8,niso@ndm may be derived from the projections of tiyé =

[1.9] 2., + 1 contour on the two axe€T). The CSA estimations
and confidence limits derived from 1030-Hz 2D-PASS spectr
whereA is a vertical-scale parameter. For each pair of CSére given in Table 1 (for ampicillin) and Table 2 (for penicillin-
parameters s, 1), the x? statistics are minimized by ad- V). In principle, the estimations at different spinning frequen:
justing the value of\. Usually, they? surface displays a sharpcies could be combined using Z-surfacég)(
minimum around some particular CSA value {, m°), at The estimated CSA parameters for tH€ sites which are
which pointy® = ¥2,... Since there are 3 fitting parameters (thdirectly bonded to*N are significantly perturbed by the
two CSA parameters, and the vertical scale param&tethe *3C- - -“N dipolar coupling. The tabulated values do not take
value ofy2,, is expected to be arount, — 3, wheren, is the this contribution into account.
number of sideband amplitudes included in the fit. The joint There is a small discrepancy of 0.28 ppm between th
confidence regions on the two CSA parameters are boundeddmntropic chemical shifts given in Tables 1 and 2 and thos
the contours¢® = x2,, + 2.3 (68.3% confidence limit) ang?  given by Claydenet al. (3). This discrepancy is due to a
= X2 + 6.17 (95.4% confidence limithg). The error limits deviation in the adamantane chemical shift reference report
on theindividual CSA parameters may be estimated from thiey Earlet al. (36) and that used by Claydest al. (3). We have
projections of the®® = x2,, + 1 contour on the two axed7). verified that the adamantane chemical shifts are 38.3603
The procedure described here does not take into accopptm and 29.51 0.03 ppm relative to TMS in agreement with
potential sideband amplitude distortions from orientation-dé&arl et al. (36).
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FIG. 6. x?statistic as a function of the CSA paramet&s,andn (Penicillin-V, 2D-PASS, spinning frequencies 1030 Hz (thick lines), and 800 Hz (thil
lines)). Graphs for six representatiti€ sites are presented: (a}-Me, (b) C2, (c) phenyl C1 (d) phenyl C4, (e) carboxyl C11, and (f) carbonyl C7. The 68.3%
joint confidence limit (solid) and 95.4% joint confidence limit (dashed) for the two CSA parameters are shown.
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TABLE 1 plane defined by the other four atontsl). Penicillin-V is in
3C and *°N Shielding Parameters in Ampicillin (in ppm) the C-3 conformation in the solid state, while ampicillin-V is in
_ the S-1 conformation§ 7).

Carbon sité 4o (from TMS) Bariso " Claydenet al. postulated a correlation between théC
2B-Me* 28.9+ 0.1 —28.6+ 0.5 0.56+ 008 Isotropic chemical shift of the @methyl site and the thiazo-
2a-Me* 302+ 0.1 —229+05 0.04+ 006 lidine ring conformation §). The **C isotropic chemical shift
C6, C16 57 =1° overlapped of the 28-Me site is;, = 36 ppm for C-3 penicillins and,.,
c2 64.8+ 0.1 42.0+03 0.76£0.02 = 29 5 ppm for S-1 penicillinsd). Similarly, penicillin-V (C-3
C5 65.3= 0.9 36.5+ 2.9 0.66x 0.29 ; _ ;

P s 16+ 0.7 0.60% 0.11. conformation) has,(28-Me) = 35.3 = 0.1 ppm while am-
ce 1271+ 01 —116.9+ 1.3 0.64= 0.02 Picillin (S-1 conformation) ha$,(28-Me) = 28.9* 0.1 ppm
c3, cy 129.2+ 0.1 —115.3+ 0.4 0.72+0.01 (see Tables 1 and 2). These chemical shift changes we
cz 130.0+ 0.1 —104.6+ 1.0 0.79+0.02  attributed to the influence of thglactam carbonyl group (C7):
gi g;gf 8-1 *ﬁégf 13 g-g?i g-g; the 28-Me-C7 separations in the C-3 and S-1 puckers ar
C15 170.1+ 0.5 89.1+ 2.0 073+ 004 2PProximately 0.35 and 045 nm, respectivedy. ( .
c11 173.3+ 0.1 67.1+ 0.7 0.93+ 0.02 In the spectrum of ampicillin Claydeat al. assigned the
c7 175.2+ 0.5° 93.2+ 15 0.53+0.04 resonance ab,, = 28.9 ppm to the @-Me site and the
resonance ab,, = 30.2 ppm to the B-Me site @). These

Nitrogen site 8, (from NH,CI) Baniso m assignments were based on a comparison of solid-state &
N4 193.1= 0.1 915+ 4.0 0,68+ 0.04 s_olut|on NMR spectra40, 4J). Hoyvever, some 01_‘ these as-
N14 70.0+ 0.1 875+ 3.5 025+ 0.13 Signments may be challenged, since the shift differences &
N18 42+ 0.1 10 +5 uncertain ~ Small, and comparable to shifts which are typically observe

when passing from the solution to the solid state. The CS.
(maa/'r\lfes(ijggmf)”ts taken from Ref3), except for the 2-Me and P-Me sites  parameters in Tables 1 and 2 suggest a revised assignmen
b The 1%—14N doublets. The estimated CSA values are influenced t%l]e Cése of amp|C|II|n6iSO(2a—Me)_ = 30.2 ppm andb;eq(2- .
1314\ dipolar couplings. e) = 28.9 ppm. The new assignment allows the chemic:
shift anisotropy and the asymmetry parameter of both Me site
to be roughly preserved when the thiazolidine ring conforme
The N chemical shift anisotropies were estimated frorfion is changed. Nevertheless, the reassignment is not beyc
one-dimensional MAS spectra at spinning frequencies 8pubt, since the CSA parameters are known to be conform
w,/2m = 617, 750, and 1500 Hz. In this case, the overlafPn-sensitive, as discussed below.
between the 68.3% joint confidence regions at the different
spinning frequencies was used to estimate the error limits. TABLE 2
In Fig. 7, we compare the experimental and simulated side-**C and **N Shielding Parameters in Penicillin-V (in ppm)
band amplitudes for the carboxyl C11 site of penicillin-V at

spinning frequencies af, /2 = 800 and 1030 Hz. The error Cabon sité 8iso (from TMS) Baniso n
bars on t'he experlmeptal points indicate the standard deviatign,,. 279+ 0.1 920+ 0.6 0.84+ 011
of the noise. For the simulated spectra the paramétgrsand  2g.me 35.3+ 0.1 —20.6+ 0.4 0.63+ 0.06
n were taken from Table 2. Similar agreement was obtained 08 61.1+ 0.5 40.1+0.8 0.62+ 0.09
most of the'*C sites. Larger deviations, however, were ol=2 62.5+ 051 38.7+ 0.2 0.40+ 0.02
tained for*°C sites directly bonded to nitrogen. The heterd=>: €5 €16 69 =1 overlapped
lear *°C - - - N dipolar coupling perturbs the spinnin 1126+01 ~101.0%07 0.59+0.01
nuc _ polar coupling p pinnINg 118.6+ 0.1 ~95.4+ 0.6 0.69+ 0.01
sideband amplitudes, and in addition leads to broadenings and 123.0+ 0.1 ~116.3+ 1.2 0.72+ 0.02
splittings, sinceN has a strong quadrupolar interactiorcs, cs 130.8+ 0.1 —118.5+ 0.7 0.67+ 0.01
(38, 39. The peak broadening causes overlap with other peakd, 1573+ 0.1 —90.6+1.2 0.87+ 0.02
and reduced signal-to-noise ratio for these sites. These factots 167.3+ 0.2 91.3+ 0.6 0.32+0.02
flected in the wider confidence limits for the N-bond 1698+ 0.5 3.4+18 0.88+0.03
are re ! 174.4+ 0.5 92.7+ 13 0.46+ 0.03
C sites (see, for example, Fig. 6f).
Nitrogen site Siso (from NH,CI) Saniso n
DISCUSSION
N4 121.4+ 0.1 92.4+ 4.0 0.65+ 0.07
Single-crystal X-ray analyses have shown that the fiv8+4 732+ 01 105.5+ 4.0 0.15+0.15

membered thiazolidine ring S_l—CZ—C3—N4—C5— exists in ON& pgsignments taken from Ref3
of two non-planar conformations, called C-3 or S-1. The No-v the 13c_14N doublets. The estimated CSA values are influenced by
tation indicates which atom is significantly displaced from th&c-*N dipolar couplings.
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sideband intensity C5, and C6, are inaccessible for the comparative analys
(arbitrary units) because of peak overlap in our relatively low magnetic field

[ ‘ Apart from the C1 site of penicillin-V which is directly
20 attached to oxygen O18, all aromatic carbons have simil:

a CSAs with larged s, around—110 ppm andn between 0.6
15 and 0.8. There is no indication of significant internal motion o
d the benzene ring in ampicillin and penicillin-V molecules at

10 / room temperature: Peaks from sitésapd 8, and from 3 and
5', are individually resolved, allowing rapid ring flips to be
ruled out. There is no indication of broadening which woulc

> arise from motion on a millisecond time scale.

Since we have only studied two systems so far, the abo

0 correlations between CSA values and thiazolidine ring confol
mation have to be regarded as speculative. Such correlatic
might be established by theoretical calculations of CSA ter
20 sors. There has been recent progress in establishing simi
b correlations in peptides and proteirdig). In the future we also
plan to study a range of penicillin systems in order to test oL
conclusions.

15

10 A CONCLUSIONS

We have measuretfC chemical shift anisotropy for 13 of
the 16 carbon and for tw&N sites of two antibiotics, ampi-
cillin and penicillin-vV. The 2D-PASS method was used to
4 _2 0 9 4 fselsarzﬁﬁ the heavil;;oygrlz;pp?@ spinning sidebaTd rr:jagi-

. olds. The separated sideband patterns were analyze |
sideband order K merical simulz;)tions using a Mathzmatica program ar>1/d the ()ZIS

FIG. 7. Experimental (dots) and simulated (connected lines) sidebaprirameters were obtained together with error limits.
amplitudes of the carboxyI_Cll s_ite of penicillin-V. Thg spinning frequency is The CSA values suggest a revised assignment of tt
(a) 800 Hz, (b) 1030 Hz. Slmulat'lon.s are performed with pgraméggrs%and 2-methyl 13¢ peaks in the case of ampicillin.

m from Table 2. The error bars indicate the measured noise variance. . . - -
The CSAs of many sites in ampicillin and penicillin-V were
found to display significant differences, which may be assoc

Many of the shielding anisotropies are quite different foated with the thiazolidine ring conformation. THE shielding
ampicillin and penicillin-V, even in formally identical parts ofanisotropy parameters show a wider variation than the isotrop
the molecule. This may be due to the conformation of trhifts.
thiazolidine ring, although the influence of intermolecular in-
teractions cannot be excluded. For example, the asymmetry ACKNOWLEDGMENTS
parametern of the C2 site differs significantly in the two
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