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INTRODUCTION
An important aspect of understanding enzymatic reaction
mechanisms is the determination of the molecular structures
of enzyme-bound substrates and products. NMR spectroscopy is in a unique position in that it is the only relatively high resolution structural technique which can focus
on specific parts of the molecule, such as enzyme-bound
intermediates. It has been widely applied to the study of enzyme mechanisms in both the solution and solid states [1-3]
at ambient temperatures and at sub-zero temperatures [4].
However, the current molecular weight limit in solution is
around 50 kDa [2]. In contrast, with solid-state NMR spectroscopy [5] anisotropic and dipolar broadening can be
reduced by cross-polarization magic angle sample spinning
(CP-MASS), and there is no known molecular weight limit.
We have therefore sought to develop a new technique called
time-resolved solid-state NMR spectroscopy [6] which involves applying CP-MASS NMR to studying rapidly
freeze-quenched enzyme-substrate mixtures.
The rapid freeze-quench method involves rapidly mixing
enzyme and substrate together and freezing by spraying the
mixture directly into a secondary cryogen such as liquid
propane cooled to ~ 85 K. CP-MASS NMR of the enzymesubstrate mixture is carried out as a function of mixing
time, and the transient enzyme-bound species may be
detected. Since it is largely unknown how the NMR spectrum of solutes are affected by the structure of water in
frozen solution, we have studied this with a small molecule,
glycine [7], and report the results in preliminary form here.
We have subsequently applied these methods to the direct
observation of an enzyme-intermediate complex by timeresolved solid-state NMR spectroscopy [6] and report our
preliminary results here.
MATERIALS AND METHODS
NMR spectroscopy was carried out using a wide-bore,
T Chemagnetics CMX-400 spectrometer, operating at
iPO.l MHz for *H and 100.6 MHz for 1 3 C. The small
nolecule studies were carried out using zirconia rotors (7
m) in a double resonance, variable temperature (VT),
ic angle sample spinning (MASS) Chemagnetics protoPencil-rotor probe. The enzyme studies were carried out
* ? D o t v °SI-368 double resonance probe using a 5mm
jpnire rotor. Stable spinning was achieved with a
"lagnetics spinning speed controller, which uses a
'"-cessor controlled valve on the drive gas line to
the speed ±5 Hz. The MAS probe was of a triple
mel (dnve, bearing and VT) design. Boil-off N 2 gas

was cooled by an exchange dewar filled with liquid nitrogen
(280 kPa, -110K). The sample cooling was performed by
cooling the VT line, with the drive and bearing lines at approximately room temperature (-293K). Stable VT operation could be achieved for over 24h with this apparatus.
The nuclear relaxation constants were determined by
established techniques [8-10]. The proton Zeeman spinlattice relaxation, T i H , was determined using the inversion
recovery technique [11], with 1 3 C detection via cross
polarization. The carbon Zeeman spin-lattice relaxation,
T i c , was determined using a modified cross polarization and
inversion recovery technique [12]. The rotating-frame spinlattice relaxations, T i p H and Tjp C , were determined using
an appropriate spin lock (50kHz) of varied length, with 13 C
detection via cross polarization [9,13]. Unlabelled glycine
was purchased from Sigma (St Louis, MO). 99% [113
C] Glycine was purchased from Cambridge Isotope
Laboratories (Cambridge, MA), and 99% [2-13C]Glycine
was purchased from MSD Isotopes (Canada). Propane gas
was purchased from Bemzomatic (Medina, NY). The crystalline glycine sample was re-crystallized from a saturated
aqueous solution, using ethanol as the triturant. The dimensions of the crystals were consistent with the a-form. A 1M
1:1 solution (pH 7.5) of [ l - 1 3 C i ] g l y c i n e and [213
Ci]glycine was used for the frozen samples. The slow
frozen samples were prepared in situ. A 200 pL sample was
loaded into the rotor and spun slowly (<1 kHz) in the rotor
at 294 K. The system was allowed to equilibrate for 5 mins.
The temperature was then set to 260 K. The freezing of the
sample was determined by observing the reflected RF power,
which changed dramatically once the sample solidified. The
process was timed to be approximately 60 s. This gives a
rate of cooling of 0.4 Ks 1 , i.e. -10"1 Ks 1 . The fast frozen
samples were prepared using a freeze-quench apparatus (with
an instrument dead-time of 2.5 ms) described in detail elsewhere [7]. 400 fiL of the sample was spray-frozen in liquid
propane (~85 K), and excess propane was removed in vacuo
at 223 K. The sample was then transferred to a precooled
probe in the NMR spectrometer and equilibrated at 223 K.
Data were acquired with 50 kHz spin lock fields, 3 s recycle
time, and processed off-line on a Silicon Graphics 4D25TG
computer using FELIX (Hare Research), with 100 Hz linebroadening and baseline correction. 1 3 C NMR spectra are
referenced indirectly to hexamethylbenzene, 6c (methyl) =
17.17 ppm, which results in slight differences in chemical
shifts for the E»I and E-EPSP complexes reported in
solution [1,2].
E P S P synthase was isolated from
E.coli
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TABLE 1 Activation Energies for motions in different states of glycine from Ti and T\p data.

Crystalline
Slow Frozen
Fast Frozen

(10"1 Ks"1)
(105 Ks 4 )

23.5
21.1
19.4
from Tip** data

Crystalline
Slow Frozen
Fast Frozen

/ r o m T j c data

from T i H data

E a ( k j mol* 1 )

(10"1 Ks"1)
(105 Ks"1)

28.2
24.6
23.1

BL21(XDE3)(pLysS)(pWS230) and purified by literature
methods [14].
RESULTS
The structures of frozen water have been extensively studied in electron microscopy [15] and materials science [16],
and has been shown to be greatly affected by the freezing
rate used. The main problem with water is that due to its
strong propensity for hydrogen bonding, it is incredibly hard
not to form crystalline hexagonal ice (I^). Two other forms
of frozen water known are cubic ice (I c ) and vitreous water
(I v ), also referred to as amorphous solid water (ASW). ^ ice
is a metastable form of ice (with respect to 1^ ice) produced
when I v is heated. In I v , the water molecules are randomly
distributed throughout the solid phase having been unable to
form an I h lattice during the freezing process.
The freeze-quench apparatus used in these studies is a
modified version of that used in rapid freeze quench ESR
spectroscopy studies [17,18]. It involves firing a solution
at a pre-determined flow-rate through a fine nozzle into a
receptacle containing a secondary cryogen (e.g. liquid
propane) cooled by immersion in a primary cryogen (usually
liquid nitrogen). The cooling rate is dependent on the size of
the droplets created by the exit nozzle and can be determined
by the study of a reaction with a known rate. ESR studies
[17,18] have estimated the freezing time by this technique to
be 2-6 ms and the cooling rate to be -10 5 Ks' 1 .
We have investigated how nuclear relaxation rates of a
solute in frozen solution are affected by the freezing rate,
since they have been shown to be a sensitive probe of
molecular motion in the solid state [19,20]. We have chosen
to study glycine because of its simple mode of motion that
has been characterized previously using NMR relaxation
techniques [21]. Since the relaxation properties of pure ice
have also been studied [22,23], this provides a good model
for characterization of the molecular motions of solute
molecules in frozen solution.
Previous studies [21,24] of polycrystalline glycine have
shown that the main source of T j H relaxation is the random
modulation of the proton magnetic dipolar interaction by the

C2
30.2
17.6
19.4

Cl
23.5
16.5
19.5
from T i p c data
Cl
13.6
4.4
5.2

C2
0.26
3.3
1.6

reorienting ammonium group (-NH3+). The activation
energy of the -NH3+ rotation in glycine was determined to be
28.6 kJ mol"1 which agrees well with our T ^ and T i c E a
values for crystalline glycine shown in Table 1. The E a values from the T i p C data (Table 1) display a deviation from
this value, which is even more evident for the slow and fast
frozen states. However, since the latter fits are less welldefined, these E a values should be regarded as less reliable.
The crystal structures of a-glycine has been solved to a
high degree of accuracy by X-ray [25] and neutron diffraction
[26] techniques. The glycine molecule is in the zwitterion
form. The dipolar glycine molecules are linked by two short
-N-H--O- hydrogen bonds to form layers connected in an
antiparallel manner by weaker -N-H •••0- hydrogen bonds.
The close packing nature of the crystalline lattice, coupled
with the hydrogen bond interactions, will produce large barriers to rotation for both the -NH3"*" and -CO2' groups as
observed.
The relaxation process in the frozen solution is more
complicated due to the presence of an additional relaxation
pathway provided by the ice lattice. Previous studies [22,23]
have shown the measured activation energy for the Tj and
Tip processes in pure crystalline ice to be 59.8 kJ mor 1 .
This gives a x c (-10°C) = 7.5 (is, and it has been concluded
[23] that the dominant magnetic relaxation mechanism must
be the diffusion of Schottky defects through the ice lattice.
Although there are insufficient data points for the number of
variables to fit two correlation times, it is clear that the diffusion due to Schottky defects is not detected since no activation energy of ~60 kJ mol"1 is evident from the Ti dau
for the frozen solutions given in Table 1. The field strengu
used is much higher than those in previous studies
Therefore the ( T i ) m i n occurs at a temperature above tin
melting point of the ice and cannot be detected.
Table 1 clearly shows a drop in E a for -NH3 group rot*
tion of glycine calculated from the T i H and T i p H data in tr
order, crystalline; slow-frozen solution; fast-frozen soluua
The structure of the frozen solution samples is less cle|
Many studies [16,27] have been made of water frozen unfl
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a variety of different freezing rates. Much effort has been
made to develop techniques of freezing with rates that
approach 10 5 - 1 0 1 0 Ks- 1 , the estimated [28-31] rates
necessary to form vitreous ice, I v (amorphous solid water).
It is now generally accepted that freezing rates >10 5 Ks"1
are required before I v will form, however there are other
factors to consider, such as sample size, freezing medium
and so on. For solutions frozen at rates well below the 105 10 1 0 Ks - 1 range, the frozen sample is thought to be made
up of bulk hexagonal ice and aggregated solute. For a slowfrozen 1M glycine solution, aggregates of crystalline
glycine will form along with the Ih, i.e. the freezing rate is
slow enough that the crystalline states have time to form.
The crystalline glycine is distributed throughout the Ih
lattice, resulting in a large surface to volume ratio. The
glycine molecules exposed to the ice front have fewer lattice
interactions, giving the -NH3 + group a lower energy barrier
to rotation. This explains the drop in E a observed in Table I
between crystalline and slow frozen glycine.
Even freezing rates of -10 5 Ks' 1 have been shown [32]
not to prevent completely the segregation of solute from
solvent, nor to form I v , in both pure water and dilute aqueous solutions. However, the inclusion of a solute increases
the propensity for vitrification [16], and is the basis for the
use of cryoprotectants. In sufficiently large quantities, a
solute will depress the free energy of the liquid water relative
to the Ih lattice and reduce the driving force for crystallization. It is therefore unclear what the I v / Ih ratio is under the
conditions used here. However, once the secondary cryogen
(liquid propane) is removed under vacuum at 223 K, any I v
that might have been formed at 85 K would readily undergo
a phase transition to Ih at -160 K [33]. Therefore, at the
temperatures used in this NMR study, it is unlikely that I v
is present. Rapid cooling has been shown [34] to cause a
highly dispersed Ih phase regardless of the degree of vitrification. A rapidly frozen 1M glycine solution will consist of
.' highly dispersed ice and glycine phases and the very high
^ surface: volume ratio achieved renders the system metastable.
'Under these conditions, maturation can take place with the
^crystal size distribution broadening and shifting to larger
fSfy?^1 dimensions. However, the rate is dependent on the
'"
' temperature and is not significant within the timeof the relaxation studies. It can be rationalized that
very high surface: volume ratio contributes to the
r drop in E a observed between the slow frozen and fast
solutions. It is also possible that the glycine is
*nt predominantly in the amorphous form in the rapidly
*en sample, since the freezing rate is fast enough to
Jtnt the glycine from forming a microcrystalline
" " " T h e barriers to the -NH3+ group rotation in the
"i state will be lower since there will not be such a
» of ordered hydrogen bonding, and this will
'- further to the drop in E a .
applied these methods to a well-characterized
g-€nolpyravylshikimate-3-phosphate (EPSP) syn-
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thase (EC 2.5.1.19), which catalyzes the penultimate step in
the aromatic amino acid biosynthetic pathway in higher
plants and bacteria. EPSP (4) is formed from shikimate-3phosphate (S3P, 1) and phosphoenolpyruvate (PEP, 2) (see
Scheme 1). The enzyme is a monomer with molecular
weight Mx = 46,000 and the cloned E.coli gene has been
used to generate a hyperexpressing strain [14], so that the
bacterial enzyme is available in gram quantities.
Furthermore, EPSP synthase is the primary site of action of
the herbicide glyphosate [35], or N-phosphonomethylglycine. This is a broad spectrum post-emergence herbicide
with worldwide applications in agriculture and horticulture.
This enzyme has been extensively studied by kinetic and
biophysical methods in the last 5 years. The direct observation of the enzyme-intermediate (E«I) complex was first reported by our laboratory [1,2], later confirmed by another
laboratory [36]. There are only a handful of enzymes for
which the full kinetic and thermodynamic profile has been
determined, and EPSP synthase is one of this select group
[37].
Concerns about the fate of the protein under these conditions of freezing have been addressed [38], and at the protein
concentrations and freezing rates (105 K s 1 , or millisecond
time regime) employed here, there is significant dispersal of
the solute in the frozen water [7]. Furthermore the frozen
water is probably largely amorphous [39], with the protein
itself acting in a similar manner to a cryoprotectant [39]
thereby reducing the formation of hexagonal ice that is
detrimental to the protein. We have found that the specific
activity of EPSP synthase employed in the experiments
reported here was found to be unchanged before and after
rapid freezing at these high protein concentrations.
Figure 1 shows 1 3 C CP-MASS solid-state NMR spectra
of EPSP synthase«S3P mixed with [2- 13 C]PEP under
steady-state conditions (in the presence of the product, inorganic phosphate) and under pre-steady state conditions where
/ indicates the time elapsed from the start of the reaction.
The intermediate (E«I) is clearly visible at 104 ppm [1,2]
under steady-state conditions and its build-up demonstrated as
the reaction proceeds under pre-steady state conditions. It is
worth noting that the intensities of the E«I resonance correlate well with the concentrations observed by chemical
quench methods [37]. On allowing the pre-steady state reaction to proceed for a few minutes, the turnover of intermediate (E«I) to product (E«EPSP) is evident. In addition to the
resonance due to the E«I complex, the resonance due to the
E'EPSP product complex builds up at 155 ppm, and one
tentatively assigned to the E-PEP substrate complex appears
transiently at 151 ppm. Note that under the conditions
which these spectra were obtained, the free small molecules
(substrate and product) are not detected due to their relative
isotropic motion in frozen solution. Although the spin
locking fields used provide excellent cross-polarization for
rapidly-frozen solutions of EPSP synthase and enzymebound species also provide very poor cross-polarization for
PEP and EPSP.
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DISCUSSION
These relaxation studies have provided evidence that the
distribution of the Ih and the solute becomes more
dispersive as the freezing rate is increased. This is
manifested as a lowering of the activation energy for the
-NH3 + group rotation as the amount of glycine free from
crystalline packing forces increases. This is rationalized by
two factors: the increase in surface: volume ratio in the
dispersed phase; and the increase in the percentage of
amorphous glycine present This demonstrates the difference
between fast and slow freezing and suggests that at 10 5 Ks"
1
, either some I v or highly dispersed Ih is forming. This is
encouraging from the point of view of studying rapidlyfrozen proteins, since this suggests minimal possible
damage through Ih formation. The characterization of the
freezing rate also indicates that it will be sufficient for
trapping transient intermediates in an enzymatic reaction.
Time-resolved solid-state NMR spectroscopy provides a
major technological advance in the study of enzymatic reaction mechanisms. One important consideration in any
attempt to detect transient intermediates in addition to their
lifetimes, is their pre-steady state concentrations. This is
dependent upon the kinetics and thermodynamic stability of
intermediates of each individual enzyme. Some enzymes,
like EPSP synthase, have unusually stable intermediates.
However, we would expect that the majority of enzymes are
evolving towards "perfection" [40], and stabilize highly unstable intermediates. Furthermore, when coupled with the
elegant solid-state NMR distance measurements that have
been introduced recently [41] this technique will be uniquely
able to "map out" molecular conformations of intermediates
and enzyme active site-intermediate distances as an enzymatic reaction proceeds. This will provide the crucial missing structural details which Laue X-ray diffraction and allied
techniques cannot provide, and enable the complete definition of the molecular events of enzyme catalysis.

240.0

160.0

80.0

0.0

ppm
Figure 1 The 9.4 T 1 3 C CP-MASS solid-state NMR
spectra of EPSP synthase at 233 K under conditions indicated: steady-state (EPSP synthase (4 mM) in 20 mM phosphate buffer, pH 7.8,15 % D2O in the presence of S3P (9.1
mM) and [2- 13 C]PEP (7.6 mM) slow frozen in the NMR
rotor over 90 s; rapidly mixed and freeze-quenched after time
1 (EPSP synthase (4 mM) in 50 mM tris buffer containing
5 mM P-mercaptoethanol, pH 7.8, in the presence of S3P
(40 mM) and rapidly mixed with [2-13C]PEP (40 mM) and
sprayed into liquid propane at -85 K.
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