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Figure 1. Relative rates for process 1 plotted vs cluster size, n = 2-24
(bottom) and calculated minimum energy structures for the most reactive
(n =13, 22) and the least reactive (n = 5, 14, 23) clusters (top). Small,
dark spheres represent Na* ions and large, light spheres represent F~ ions.
The upper structures are oriented to show the basketlike defect obtained
by removing a single NaF unit from the n = 14 and 23 clusters. Point
group symmetries are as follows: 5, Cy; 13, Cyi 14, Oy; 22, Cy; 23, Dy

near the cluster center where a halide ion X~ would have been.'
The hydrogen atoms would lie in the interstices between the middle
and outermost layers. For the case of Na,;F,*, the Na-F
nearest-neighbor distance is near 2.2 A. This is very close to the
computed bond distance in the linear Na*-NH; complex (2.25
A).'® which has a measured binding energy of 1.26 eV,!” as
compared to the computed energy gain of 3.3 eV by adding NaF
to this site.!® While this type of lock-and-key arrangement could
neatly explain the high reactivity, and also the nonreactivity of
the negatively charged analogs like Na,,F,;", the electronic
character of the sites may also be important. The greatly lowered
reactivity of the negatively charged clusters suggests that an
important factor is the ability of NH, to act as a Lewis base, which
could explain the results of Si,* reactivity toward NH,.*

In conclusion, the relative reactivity of charged alkali halide
clusters M, X, ,* (M = Na, K; X = F, Cl) toward NH; has been
measured under isothermal conditions using pulsed flow reactor
and mass spectrometric techniques. By comparing relative re-
activities to computed cluster structures, the reaction process is
interpreted as molecular adsorption at favorable sites of cluster
structures. Clusters with closed structural shells (n = 14, 23, 32,
38, and 53) are nonreactive at ambient temperature, whereas a
specific structural defect (a “basket” or diatomic hole, present
for n = 13, 22, 31, 37, and 52) greatly enhances initial adsorption.
Negatively charged clusters (Na,_,F,”) are much less reactive.
In this approach, one can use clusters of known structures to obtain
difficult-to-measure elementary reaction rates for other molecules
(e.g., H,0, CO,, and NO,), activation energies, and equilibrium
quantities for real surfaces by extrapolating from larger clusters
to the infinite.
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In recent years, the development of several new ionization
methods'™ has allowed the direct analysis and sequencing of
biomolecules previously not amenable to mass spectrometry
(MS).>® However, it is only recently that noncovalent recep-
tor-ligand,'® enzyme—substrate,'' and enzyme-inhibitor!"'2 com-
plexes have been detected via direct infusion ion-spray MS.!?

Sample solutions analyzed by ion-spray MS generate a series
of multiply protonated ions which, under normal operating con-
ditions, do not undergo molecular fragmentation. Experiments
can be performed in aqueous solutions without the addition of
organic solvents or acidic modifiers, thus making the detection
of noncovalent association complexes feasible. In this report, we
describe the use of ion-spray MS for the study of the noncovalent
complex of human ras protein with GDP, as well as the effect
of pH and cosolvent on the stability of the ras:GDP complex
system.

The ras proteins are regulatory guanine nucleotide binding
proteins which, only in the GTP-bound active form, serve as signal
transducers controlling cell proliferation or differentiation.'*
Malignacies in many different tissue types are in part brought
on by mutations in the ras oncogene. For our studies, C-terminally
truncated human H-ras (1-166) (Figure 1) was expressed in
Escherichia coli from a synthetic ras gene under the control of
both the Ipp and raq promoters,'® while ras:GDP (1-166) was
purified from fermentor-grown, IPTG-induced cells.'® The ac-
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Figure 1. Primary structure of human H-ras (1-166) protein (calculated
isotopically averaged molecular weight, 18853.3).
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Figure 2. lon-spray mass spectrum of ras:GDP complex at pH 5.8 (2
ug/uL in 2 mM NH,OAc buffer), with the deconvoluted spectrum (inset
A) and part of the narrow scan from m/z 1700 to 2400 (inset B). Open
(0) and full (®) circles denote jon signals corresponding to the ras:GDP
complex and the free ras protein, respectively.

tivity of this protein in GDP binding assays and GTPase assays
was comparable to published data.!6~'8

The ras:GDP sample solution was analyzed by ion-spray MS
using a Sciex API III triple quadrupole mass spectrometer. An
aqueous solution of ras:GDP (2 ug/uL in 2 mM NH,OAc buffer,
pH 5.8) was infused at 5 uL/min through the ion-spray interface.!
Several scans (10-20) from m/z 300 to 2400 at a scan rate of
2 s/scan were summed to yield the final profile spectrum.

The ion-spray mass spectrum of ras:GDP showed two envelopes
of peaks corresponding to multiply protonated ions of the ras:GDP
complex and the ras protein (Figure 2). The first envelope
comprising intense signals at m/z 1755, 1930, and 2145 corre-
sponding to the +11, +10, and +9 charge states of the ras:GDP
protein-ligand complex, respectively, yields an average mass of
19295 Da (Figure 2, inset A), thus confirming the 1:1 stoi-
chiometry of the ras:GDP complex (calculated MW 19293.5 Da).
The much less abundant ions at m/z 1258, 1347, 1451, 1572, 1714,
and 1886 representing the +15 to +10 charge states of the ras
protein, respectively, provide an average mass of 18852 Da (Figure
2, inset A); this spectrum also reveals the presence of a third
component with a molecular mass 49 Da higher than that of the
ras:GDP signal, probably due to the attachment of two magnesium
atoms. This additional component was clearly resolved in the
narrow scan mass spectrum (Figure 2, inset B).

The stability of the ras:GDP complex is highly dependent on
the solvent system employed in the ion-spray analysis. Our studies
indicate that dissociation of the ras:GDP noncovalent complex
is brought about either by adding methanol or by lowering the
pH of the ras:GDP aqueous solution or both. For example,
denaturation of the ras:GDP complex is not brought on until the
pH of the aqueous solution is lowered to ca. 3.5, whereas addition
of 10% methanol at that pH induces extensive dissociation of the
complex.
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Figure 3. Ion-spray mass spectrum of the apo-ras protein at pH 2.7 (4
ug/uL in 1:] methanol/water containing 2 mM NH,OAc and 5%
AcOH), with the deconvoluted spectrum shown in the inset.

In the analysis of the ras:GDP sample by infusion of a 1:1
methanol/H,0 solution containing 2 mM NH,OAc and 5% acetic
acid (pH 2.7), the complete denaturation of the ras:GDP complex
was evidenced by the appearance of the multiply charged peak
envelope of the free ras protein comprising the +12 up to +19
charge states (average mass 18855 Da). This is in good agreement
with the multiply charged peak envelope observed in the ion-spray
mass spectrum of the apo-ras protein (not bound to GDP) shown
in Figure 3. In addition, a second distribution centered around
the +11 charge state was also present in the above mass spectrum
of the ras:GDP complex (pH 2.7), yielding an average mass of
18 853 Da. This probably arises from another “tighter” confor-
mational state of the ras protein in solution, identical to the one
assumed by the free ras protein in Figure 2, wherein a smaller
number of basic amino acids is exposed for protonation. Similar
observations have been made in the electrospray analysis of bovine
cytochrome c.2°

In conclusion, we have successfully applied ion-spray mass
spectrometry toward the detection of the GDP-bound noncovalent
complex of the oncogenic human H-ras protein, and we believe
this method could be extended for the study of the GTP-bound
ras protein, as well as complexes of the ras protein with other
pharmaceutically interesting compounds that could occupy the
place of the nucleotide.
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The role of individual side chains in stabilizing or destabilizing
a-helices has been analyzed by statistical approaches' and by
host—guest experiments on model peptides or polypeptides.? While
each NH group of a peptide in the “middle” of a helix is H-bonded
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