Communications to the Editor

amine,

Protecting groups were removed (a) by liquid HF,!! yielding
at best 13% B-EP, and (b) by sodium in liquid NHj,!? pro-
viding up to 27.5% B-EP. For the HF cleavage, compound X
(153 mg, 30 umol) was exposed for 30 min at 0 °C to anhy-
drous liquid HF-anisole-diethyl sulfide (6:1:2). Typical
workup'? yielded 100 mg (84%) of a white powder. Re-
versed-phase HPLC (76 mg, 0.9 X 500 mm Partisil ODS-2
column, Pyr-AcOH-CH;CN-i-C3H,OH-H,O (5.9:1.9:
13:13:66.2, v/v), isocratic mode, o-phthalaldehyde-fluores-
cence monitoring) produced directly homogeneous 3-EP, la
(12.0 mg, 13.2% based on X'4), besides a multitude of side-
product peaks (total peptide recovery was 55 mg (61%)). For
the Na-liquid NH; cleavage, a suspension of compound X (51
mg, 10 mol) in anhydrous refluxing liquid NH3 {125 mL) was
treated for 30 min with a 10-fold excess of Na (60 mg, 2.6
mmol). Addition of NH4ClI (0.13 g, 2.5 mmol), evaporation,
Sephadex G-15 desalting (0.5 M AcOH), and lyophilization
yielded 27 mg (68.7%) of white powder. Reversed-phase
HPLC, as above, produced 3-EP, Ib (10.8 mg, 27.5%, of a total
peptide recovery of 24 mg in a few peaks).

Physicochemical and biological properties of human (-
endorphin samples Ia and Ib were identical and indistin-
guishable from authentic material: AAA, Lyss oo, Aspa.os,
Thrag7, Seryoo, Gluj i3, Progos, Glysa, Alazges, Valpos,
Met,; o3, lle; 70 (72-h hydrolysis), Leusgs, Tyriga, Phejos;
analytical HPLC (5 g, 0.46 X 15 cm ES Industries C-8 col-
umn, system as above), single symmetrical peak, K’ = 2.8.
ORD and CD spectroscopy of I in CH;0H-H>O (3:1) pro-
duced spectra superimposable with authentic human 3-EP:2#
[@]?79, —206° at 400 nm, —538° at 300 nm, —2190° at 240
nm. The opioid activity of synthetic human 3-EP was identical
with that of authentic material in the guinea pig ileum assay!3
(50% inhibition at 1.8 X 10=% M) and was blocked by the
specific opiate antagonist naloxone (complete reversal at 3.0
X 1078 M).
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A Kinetic a-Deuterium Isotope

Effect for the Binding of Purine Nucleosides to
Calf Spleen Purine Nucleoside Phosphorylase.
Evidence for Catalysis by Distortion

Sir:

Kinetic a-deuterium isotope effects, ky/kp, for the calf
spleen purine nucleoside phosphorylase (E.C. 2.4.2.1) cata-
lyzed phosphorolysis of adenosine at pH 7.2 and inosine at pH
7.5 are 1.047 £ 0.017 and 1.043 % 0.004, respectively, Table
I. As detailed below, these values suggest that binding of the
nucleoside to the active site of the enzyme occurs with signif-
icant change of the geometry of these substrates at C-1'.

Kinetic a-deuterium isotope effects originate almost wholly
from differences between the zero-point energies of the two
isotopic species in the ground state and transition state re-
sulting from the sensitivity of the a-hydrogen bending mode
vibrations to isotopic substitution.! Thus, such isotope effects
can provide information about changes in bonding which occur
as the reactant proceeds from ground to transition state and
have been successfully exploited in mechanistic studies of or-
ganic reactions? as well as enzymic ones.>* In certain enzy-
matic cases, the a-deuterium effect reflects only binding of the
substrate to the enzyme and thus may reveal vibrational per-
turbations at the isotopically substituted atom resulting from
enzyme-induced substrate distortion.

The potential utility of kinetic a-deuterium isotope effects
as probes of substrate distortion for enzymic reactions was

investigated for calf spleen purine nucleoside phosphorylase
(PNPase):?

purine nucleoside + P; = purine base
+ ribose 1-phosphate (1)

PNPases are specific for purine nucleosides having the 8
configuration at C-1’ and the reaction proceeds with inversion
at this center. The nature of kinetic plots for all PNPases
studied suggests a sequential rather than ping-pong mecha-
nism; that is, catalysis occurs through a ternary complex of
PNPase, nucleoside, and orthophosphate.’

Specifically, the reaction catalyzed by PNPase from calf
spleen proceeds through an ordered Bi-Bi kinetic mechanism
with nucleoside adding to the enzyme before phosphate.
Northrop has demonstrated that for enzymes having such a
kinetic mechanism the observed kinetic isotope effect, deter-
mined by a competitive method, is for binding of the first
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Table 1. Kinetic a-Deuterium Isotope Effects for the Calf Spleen
Purine Nucleoside Phosphorylase Catalyzed Phosphorolysis of
Adenosine and Inosine at 25 °C

adenosine? inosine?
1 1.057 1.047
2 1.055 1.045
3 1.028 1.042
4 1.037
Av 1.047 £ 0.017¢ 1.043 4+ 0.004¢

@ {Phosphate] = 0.2 M, pH 7.2. ¢ [Phosphate] =
¢ Standard deviation.

0.06 M, pH 7.5.

substrate to the enzyme if this substrate contains the isotopic
label and the second substrate is at saturating concentrations.’
Accordingly, the kinetic a-deuterium isotope effects reported
herein were measured with levels of phosphate 100 to 400 times
greater than the K, value for phosphate (K, = 5 X 1074 M¢)
for calf spleen PNPase.

Kinetic isotope effects were determined using the compet-
itive double-label technique developed by Raftery.®¥ A mixture
of substrate labeled with deuterium at C-1’ and '4C at purine
C-8 and protio substrate labeled only with 3H at purine C-2
was allowed to react with calf spleen PNPase for a predeter-
mined time to a yield of 5% or less. At the end of the reaction

<\§ o oS j} g

H D H H
OH OH ™ OH OH ™

the purine product and unreacted nucleoside were separated
chromatographically and counted in a scintillation counter to
determine the }4C/3H ratios for these materials. The isotope
effects were calculated according to

kH (MC/SH)purme
kD (14C/3H)unreacted nucleoside

Details of the methodology have been presented else-
where.8-11

Calf spleen PNPase was purchased from Sigma Chemical
Co. as a crystalline suspension in 3.2 M (NH4)>SO4, pH 6.0.
The specific activity of the preparation used was 24 U/mg of
protein.

The syntheses of the labeled substrates have been de-
scribed.!0-}2 Deuterium label was incorporated at the C-1’
position to an extent of no less than 95% as ascertained by 'H
NMR spectroscopy (HA-220). For the deuterio substrates no
resonance corresponding to a proton on C-1” was observed,
despite repeated scanning of the appropriate region of the
spectrum.

The measured isotope effects (Table I) for PNPase-cata-
lyzed nucleoside degradation are small, but distinctly different
from unity as evidenced by the following: (i) reproducibility
of the measured effect (standard deviations of 2% or less are
obtained for these measurements and isotope effects >1.02 can
confidently be said to be different from unity); (ii) measure-
ment of isotope effects of unity (this laboratory has reprodu-
cibly measured kinetic « isotope effects equal to 1.001%-13 in-
cluding those for the phosphorolysis of adenosine (1.00 + 0.02)
and inosine (1.009 £ 0.001) catalyzed by E. coli PNPase at
pH 7.3'3); and (iii) carefully conducted control experi-
ments!1-13 designed to detect potential problems such as tri-
tium exchange out of substrate or product and scrambling of

(2)
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14C and 3H purine bases by enzyme-catalyzed base ex-
change.

The value of kyj/kp of 1.04-1.05 for binding of inosine and
adenosine to calf spleen PNPase requires that the vibrations
associated with the o hydrogen have been loosened in going
from the unbound reactant molecules to the transition state
for binding. Thus, as the nucleoside binds to the active site of
the enzyme, distortion of the ribose ring occurs causing the 1/
carbon to undergo a geometry change characteristic of partial
sp> — sp? rehybridization.'* The energy required to bring
about this distortion is presumably supplied through some
process by which the enzyme utilizes binding energy derived
from favorable interactions with parts of the substrate other
than the reacting group.

The minimum energy needed to bring about this distortion
can be calculated by application of the Streitweiser approxi-
mation:!3

k 0.187

£ = exp| 25 o = v | 3)
For a kinetic isotope effect of 1.04, the sum of the differences
between the isotopically sensitive frequencies in the ground and
transition states is equal to 63 cm~! or 1.9 X 10'2 s~} This
corresponds to an energy change of 1.25 X 10'4 erg/mol or
0.18 kcal/mol. This represents a lower limit to the portion of
the total binding energy utilized by the enzyme to bring about
substrate distortion.

Based only on the measured isotope effects, it is impossible
to know what vibrational changes, other than those involving
the o hydrogen, occur as the nucleoside undergoes binding to
enzyme. As C-1’ assumes its new geometry, the C-N bond may
be stretched and the annular oxygen may be repositioned to
optimize orbital overlap with the incipient carbonium ion, but
such coupling has not been demonstrated. If there is a lack of
coupling, distortion of the ribose ring, perhaps effected through
interactions of the enzyme with the three hydroxyls, would
perturb the vibrational modes associated with the o hydrogen
on C-1’ without appreciably altering the bonding of the agly-
cone or annular oxygen to the C-1.

The phenomenon of binding-induced substrate distortion
has been suggested previously for the enzyme lysozyme. Evi-
dence for the distortion of the saccharide bound in subsite D
into a half-chair conformation during the binding of oligo-
saccharide substrates to lysozyme comes from several sources:
(i) X-ray crystallographic studies of the nonproductive binding
of chitotriose to the A, B, and C subsites of lysozyme and model
building based on these studies;'6:!7 (ii) thermodynamic studies
of substrate binding which estimate that the contribution to
the free energy of binding of oligosaccharides from the sac-
charide bound in subsite D is unfavorable by 3-6 kcal/
mol;'8-22 and (iii) 'H NMR studies which examined the
change in the C-1’-C-2’ coupling constant between the free
trisaccharide substrate and substrate bound in the C, D, and
E subsites.??

Binding-induced substrate distortion may be a general
phenomenon, accounting for the frequent observation of the
manzifezsstation of substrate specificity in Va4 rather thanin
Km.2*

Although kinetic isotope effects provide a sensitive probe
of binding-induced substrate distortion, rather few isotope
effects for binding have been measured. Such an effect has
been measured for the binding of a mixture of NADH and
[A-4-2H]-NADD to equine liver alcohol dehydrogenase,?6:27
an enzyme which specifically transfers the A hydrogen. This
effect was measured independently in two laboratories, under
somewhat different conditions, with the results that K/ Kp
= 1.00 £ 0.0226 or Ky3/Kp = 1.72 £ 0.26%7 where the effect
is for the binding constant. The discrepancy here remains to
be resolved.
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The experimental approach used in this work is general and
applicable to all those enzymes which react through an ordered
mechanism and for which the first substrate to add can be
synthesized in the appropriately labeled form.
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Resonance Coherent Anti-Stokes Raman Scattering
Evidence for Out-of-Plane Heme Iron Displacement
within 6 ns of CO Dissociation in CO Hemoglobin!
Sir:

We report resonance CARS (coherent anti-Stokes Raman
scattering) spectra of carbonmonoxyhemoglobin (COHb)
which demonstrate that the iron atom moves out of the heme
plane to its location in deoxyhemoglobin (0.60-A displace-
ment?) within 6 ns following photolysis of the CO ligand.

CARS is a nonlinear optical effect? generated by crossing
two laser beams, w; and w;, in the sample. The signal strength
increases when the frequency difference, Aw = w; — wy,
matches a vibrational transition. A Raman spectrum is gen-
erated by plotting the CARS intensity as a function of Aw. The
CARS cross section is proportional to the square of the ordi-
nary Raman cross section, and is subject to enhancement via
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Figure 1: Polarized CARS spectrum of COHb: § ¢, dye lasers polarized
in the same direction; <, dye lasers polarized orthogonal to each other;,
w) = 569 nm (pulse energy ~6 uJ); wy = 622-629 nm (pulse energy ~20
wJ); [COHb] = 0.69 mM; laser repetition rate = 10 pulses/s; 100-pulse
average: w; scan rate = 0.75 nm/min. Sample in Teflon-stoppered 1-mm

path length visible cell.

electronic resonances.* In our apparatus, w; and w, are the
output of two tunable dye lasers pumped simultaneously by
a 1 MW N laser.’ The latter emits pulses of 10-ns duration,
and the dye laser pulse width is 6 ns. Consequently the CARS
experiment lasts 6 ns and is repeated many times to build up
a spectrum.

Figure 1 shows the CARS spectrum of COHb obtained with
w) in resonance with the Qg transition at 569 nm. Q band, as
opposed to Soret band resonance, was chosen because the de-
polarized and anomalously polarized Raman modes which are
enhanced in this region have been demonstrated to be more
sensitive to heme structural changes than are the polarized
modes enhanced in the Soret region.® CARS polarization
measurements can be performed by aligning the polarizations
of the two incident beams to be mutually parallel or perpen-
dicular.® The depolarization ratio, p = I | /I, has been shown
to be approximately the square of the ordinary Raman depo-
larization ratio.” Thus, depolarized, polarized, and anoma-
lously polarized modes are expected to have pcars = PRaman
=9/16,<9/16, and >9/16, respectively.’

Although the polarized spectra of Figure 1 have not been
corrected for the different incident laser powers inherent in the
polarization experiment, it is apparent that they contain an
anomalously polarized band at 1559 cm™! and two depolarized
bands at 1609 and 1549 cm~!. These are exactly the features
expected for deoxyhemoglobin® and which we have observed
in a CARS spectrum of deoxy-Hb itself, taken under the same
conditions. (The quaternary structure has no influence on these
frequencies, as has been demonstrated with carp Hb® and with
chemically modified human Hb.!%) The resonance Raman
frequencies of the first two of these bands in COHb are 1584
(ap) and 1631 cm~! (dp).!! We observe no discernible CARS
peaks at these frequencies.

It is not surprising that most of the COHb molecules are
photolyzed by the incident laser beams. Their combined
energies are ~25 uJ/pulse, while we calculate that only 4uJ
are needed to photolyze all of the COHb molecules in the
CARS interaction volume (estimated to be 8 X 1076 mL)

© 1978 American Chemical Society



