
QA--QB state is destabilized by -0.2 eV 
relative to C-PZ,,'+-P-Qi--QB 

The lifetimes of the final charge-separated 
states in these pentad molecules are far 
longer than those observed for the simpler 
thrde- and four-part molecular devices that 
we have reported (1) but are substantially 
shorter than would be expected for direct 
charge recombination, on-the basis of the 
results for related species. In this connec- 
tion, it should be noted that in simpler triad 
systems, charge recombination occurs by a 
two-step reaction involving an intermediate 
species (8). A related mechanism may be 
operating here, although more studies will 
be necessarv in order to elucidate the details 
of the process. 

Although pentad 1 and related molecules 
differ significantly in structure from natural 
reaction centers, they do mimic several as- 
pects of photosynthetic energy conversion. 
These include rapid singlet energy transfer 
to the primary donor, triplet energy transfer 
to the carotenoid, and a multistep electron 
transfer strategy that achieves efficient long- 
range and long-lived charge separation. 
There remain many important unanswered 
questions concerning natural photosynthesis 
that these artificial systems do not address or 
fail to mimic. ~ o w e v e r ,  pentad 1 does 
demonstrate that compounds can be de- 
signed in which electron transfer after pho- 
toexcitation occurs over several redox cen- 
ters with a yield of near unity while conserv- 
ing more than one-half of the excited-state 
energy of the primary donor. Thus, it ap- 
pears that there is no a priori reason why the 
essential features of photosynthetic solar en- 
ergy conversion cannot ultimately be repro- 
duced successfblly with man-made molecu- 
lar devices ( 14). 
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Primary Sequence Information from Intact Proteins 
by Electrospray Ionization Tandem Mass Spectrometry 

Tandem mass spectrometry has been used t o  obtain information related t o  portions of 
the primary sequence for an intact protein, bovine ribonuclease A. Multiply charged 
molecular ions, generated by electrospray ionization, were co~sional ly  dissociated at 
low energies in a triple quadrupole mass spectrometer t o  yield singly and multiply 
charged fragment ions that can be assigned t o  the known sequence of the protein. 
Dissociation of the highly charged molecular ions resulted in pairs of complementary 
product ions. The higher order (gas-phase) protein structure affects the dissociation 
processes, as observed in comparisons of tandem mass spectra of the native and 
disulfide-reduced forms of ribonuclease A. 

M ASS SPECTROMETRY (MS) AND 

tandem mass spectrometry (MSI 
MS) can be important tools in the 

determination of primary peptide and pro- 
tein structure (I), especially for proteins that 
are blocked for conventional sequence analy- 
sis, that have undergone posttranslational 
modifications, or that are available only in 
small (picomole) quantities (2). However, 
facile MS analysis of larger polypeptides and 
proteins (molecular weights, Mr, greater 
than -4000) will require the ability not 
only to form the gas-phase ions of the parent 
molecule, but also to cause the parent ion to 
undergo fragmentation processes so that 
sequence-related information can be ob- 
tained. 

We report collision-induced dissociation 
(CID) tandem mass spectra for a multiply 
protonated intact protein, ribonuclease A 
(RNase A), produced by electrospray ion- 
ization (ESI), and demonstrate the feasibil- 
ity of sequence-specific assignment of the 
product ion spectra. This analysis is accom- 
plished, in part, by experimental methods 
that verify tentative CID product ion as- 
signments based upon subsequent CID 
steps. Significant differences are found in 
MSIMS spectra of the native and reduced 
forms of RNase A, that is, after cleavage of 
disulfide bonds, suggesting that CID pro- 
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Richland, WA 99352. 
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cesses are influenced by secondary or tertiary 
protein structure. 

Although a number of competing meth- 
ods exist for ionizing proteins, such as plas- 
ma desorption (PD) (3), laser desorption 
(4) ,  and fast-atom bombardment (FAB) (5) ,  
ESI-MS shows potential as the method of 
choice for sensitive, rapid, and accurate mo- 
lecular weight determination of large bio- 
molecules (6-8) requiring as little as femto- 
mole quantities (7). The atrnospheric-pres- 
sure ESI source produces multiply charged 
(protonated) molecular ions from highly 
charged liquid droplets for proteins exceed- 
ing 100 kD; ions bearing more than 100 
positive charges per molecule have been 
observed (7). 

Tandem MS (9)  has been used to deter- 
mine primary structure for oligopeptides 
and, indirectly, proteins. The CID processes 
yield product ions characteristic of the ami- 
no acid sequence. More important, a range 
of possible modifications of oligopeptides 
can often be ascertained with speed and 
reliability (2, 10). Highly specific enzymatic 
digests of proteins followed by MS (FAB 
peptide mapping) and MSIMS of the pep- 
tide mixture can aid sequence determination 
of proteins (2, 10). Biemann (2) has dis- 
cussed and demonstrated the enhanced 
speed of peptide and protein sequencing by 
such MS methods relative to conventional 
Edman degradation procedures (one residue 
per minute versus one residue per hour). 
High-performance liquid chromatography 
(HPLC) is often used to separate complex 
peptide mixtures to simplify the method 
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Fig. 1. ESI mass spectra of (A) bovine pancreatic 
RNase A and (B) after reduction of its four 
disudfide bridges. The samples were dssolved in 
distilled water with 5% glacial acetic acid and 
delivered into the atmospheric-pressure ESI 
source at a flow rate of 0.5 yUmin. A liquid- 
sheath electrode of methanol is used (21), flowing 
at 2.5 ~Vmin, to establish electrical contact (+4  
kV). Ions are sampled by a differentially pumped 
nozzle-skimmer interface adapted to a triple- 
quadrupole mass spectrometer (TAGA 6000E, 
Sciex, Thornhlll, Ontario) having an rrrlz limit of 
1400. Approximately 50 pmol of material was 
consumed to produce each spectrum. 

prior to MSIMS analysis. However, little 
structural information for peptides and pro- 
teins with Mr greater than -4000 has been 
obtained with FAB because of the reduced 
ion currents and the decrease in collisional 
activation efficiency as M,. increases (11). 
Tandem MS of the intact protein would 
further reduce the sequencing time by at 
least a factor equal to the number of peptide 
fragments generated from proteolytic diges- 
tion for subsequent MSIMS analysis. 

Bovine pancreatic RNase A (Mr 13,682) 
is composed of 124 amino acid residues. 
Four disulfide bonds link Cys residues 26 to 
84,40 to 95, 58 to 110, and 65 to 72 (12). 
An extensive literature has been devoted to 
this molecule as a model for protein folding 
(13). The ESI mass spectra of RNase A and 

its disulfide-reduced form (Fig. l ) ,  which 
show a bell-shaped distribution of multiply 
charged (M + nH)"+ ions (M represents 
the intact molecule and n the number of 
charges), are typical of ESI-MS of peptides 
and proteins (6 -8 ) .  By assuming that adja- 
cent peaks are separated by one charge state, 
any two peaks in an ESI mass spectrum of a 
pure compound allow for accurate determi- 
nation of charge, and thus Mr (5-7). As 
previously reported (14), reduction of disul- 

MSIMS "native" RNase A 

l A  (M+l2H)l2+ 

Fig. 2. MSiMS CID spectra from the (A) (M + 12H)lZf and (B) 
(M + 13H)I3+ native species of RNase A and the (C) (M + 12H)12+ and 
(D) (M + 13H)13+ molecular ions from the reduced form. Parent ions 
selected by the first quadrupole ( Q l )  undergo CID through collisions with a 
neutral argon gas target (8 x 1013 cm-') in the second quadrupole (42 ) .  
The resulting product ions are analyzed in the final quadrupole (43 ) .  
Laboratory-frame collision energies were held constant at approximately 

fide bonds allows the protein molecule to 
obtain a higher charge state by ESI, presum- 
ably by allowing for a more extended con- 
formation. The (M + 1 5 ~ ) ' ~ '  ion is the 
highest charged species observed for RNase 
A; however, upon reduction, the 
(M + 2 3 ~ ) ' ~ +  species is detected. 

Recently, we generated and used CID 
spectra from cytochrome c proteins 
(Mr -12 kD) from a variety of species for 
identification (fingerprinting), but no se- 
quence-related assignments were inferred 
(15). The interpretation of MSIMS spectra 
from large multiply charged parent ions is 
complicated by the size and complexity of 
the parent molecule, the diversity of poten- 
tial product structures, and the large number 
of charge states for potential CID product 
ions (15-17). However, the use of MSIMS 
data from various parent charge states of the 
same molecule may alleviate the situation, if 
fragmentation behavior is similar. Further- 
more, since dissociation of multiply charged 
parents may yield two (or more) product 
ions (as opposed to a singly charged precur- 
sor yielding only one singly charged product 
ion), complementary product-ion pairs that 
aid interpretation may often be present in 
the CID mass spectra. In the present study 
we observe simpler and more readily inter- 
pretable daugh;er ion spectra than in the 

MSIMS "reduced" RNase A 

1820 eV. Conventional notation (2, 22) for sequence-specific fragmentation 
of polypeptides is used, augmented with a superscript indicating charge state 
(absence of a superscript indicates a singly charged ion). Briefly, the majority 
of fragment ions observed are due to cleavage of a CO-NH bond of the 
polypeptide backbone. The positive charge resides on the NH2-terminal 
fragment for b ions, whereas charge retention occurs at the COOH-terminal 
for y ions. 
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case of the cytochrome c proteins previously 
reported (15). 

The CID product-ion mass spectra ob- 
tained with a tandem quadrupole mass spec- 
trometer for the 12+ and 13+ charge states 
of native RNase A and the reduced form 
reveal higher relative intensities for product 
ions of the disulfide-reduced parent species 
(Fig. 2). For example, the ratio of the mlz 
(mass-to-charge ratio) 872 (y8) ion to the 
parent ion intensity for both charge states of 
the reduced form shown in Fig. 2 is more 
than a factor of 2 greater than for the native 
protein. The ys idn, or its doubly charged 
version (ys2), is formed from the polypep- 
tide backbone cleavage of the Val1I6 and 
Pro1I7 bond (with a single charge retained 
on the COOH-terminal portion). Other un- 
usually intense peaks ascribed to cleavage of 
the NH2-terminal amide bond of a Pro 
residue (ASII"~ and Pro114 at mlz 617) are 
consistent with those observed for CID 
studies of smaller peptide molecules (1 7, 
18). For the reduced state at constant labo- 
ratory-frame collision energies, the 
[ys]i[(M + nH)"+] ratio gradually increases 
from 0.08 for n = 12 to 0.27 for n = 17. 

Complementary ion pairs (which in sum 
account for the entire molecular ion) are a 
major feature of the reduced RNase A CID 
mass spectra. For example, with the 
(M + 13H) 1 3 +  ion of reduced RNase A, the 
complement of the singly charged y8 ion is 
the 12+ species, blI6l2. The yll-b11312 and 
y 1 1 ~ - b ~ ~ ~ ~ ~  pairs are also quite prominent. 
Spectra for other charge states studied (up 
to 17+) display peaks consistent with these 
assignments. Ions corresponding to yg, ys2, 
and p1 12 are present in the CID spectra with 
their complements, b1 b1 16n-2, and 
b113"-2 (where n is the parent-ion charge 
state), respectively. The region below mlz 
400 contains small b and y type contribu- . . 

tions due to dissociation occurring near 
both NH2- and COOH-termini, in addition 
to immonium ions indicative of the presence 
of particular amino acid residues-(18). A 
series of triply charged b143 to b243 ions 
(Asp14 to A S I I ~ ~ )  is observed between mlz 
500 and 850 in the CID spectra of reduced 
RNase A, regardless of pa;ent charge state. 

Arguably, the more highly charged mo- 
lecular ions incur a more extended (strained) 
conformation because of the mutual electro- 
static repulsion of charge sites (7, 14). The 
presence of disulfide bridges restricts these 
extended conformations. A more extended 
(gas-phase) structure appears to substantial- 
ly increase the rates of certain dissociation 
pathways. In contrast to smaller polypep- 
tides, where such structural effects may be 
unlikely, the longer time required for energy 
equilibration and (perhaps much more im- 
portantly) conformational changes in larger 

molecules may result in a much greater 
dependence upon gas-phase protein ion 
structure. 

The atmosphere-vacuum interface of the 
ESI source can be used to add an additional 
fragmentation stage prior to the initial MS 
separation by CID between the voltage- 
biased nozzle and skimmer of the ion sam- 
pling region of the mass spectrometer. The 
CID products in such spectra (Fig. 3) arise 
fro111 all chargc states, but to different ex- 
tents due to the dependence of collision 
energy upon charge state. Many peaks ob- 
served for the reduced species are also ob- 
served for the native form. For the reduced 
form (and presumably the more extended 
conformation), bond cleavage from the 
NH2-terminal side (bil-bi4) occurs closer to 
the Cys26 residue; COOH-terminal singly 
charged sequence ions, ys to yll,  are also 
observed in both forms of the protein along 
with some of the major complementary ions 
observed in the "conventional" CID spectra 
(Fig. 2). 

Confirmation of tentative product-ion as- 
signments can be obtained by CID in the 
second (radio frequency-only) quadrupole 
for CID product ions originally generated in 
the ESI atmosphere-vacuum interface. This 
extended CIDlMSlCIDiMS experiment [or 
MSlMSlMS (19)] is demonstrated for the 
peak at mlz 872, the prominent p8 species 
occurring in all CID spectra of RNase A. 
Ions below miz 872 are due to conventional 
sequence-specific fragmentation for the pu- 
tative octapeptide (residues 117 to 124, Fig. 
4). Additionally, no product ions were ob- 

1 A "Native" RNase A 

Fig. 3. ESI mass spectra of (A) native RNase A 
and (B) its disulfide-reduced state produced with 
an elevated nozzlelskimmer interface bias (+260 
V). Sufficient collisional heating of the molecular 
ions has occurred to induce dissociation of most 
of the multiply charged molecular ions to form 
the sequence-specific ions labelled in the spectra. 

Fig. 4. CID mass spectrum of the mlz 872 
fragment ion generated by CID in the atmo- 
sphere-vacuum sampling interface (nozzlelslum- 
mer bias of +235 V). The resulting mass spectral 
pattern is consistent with the assignment of the 
m/z 872 ion as a y8 singly charged species of 
RNase A, confirming the amino acid sequence of 
residues 117 to 124 (Pro-Val-His-Phe-Asp-Ala- 
Ser-Val). Fragmentation denoted with capital let- 
ters refer to "internal" sequence ions in which 
both NH2- and COOH-terminal residues of the 
octapeptide have been lost (V, Val; H, His; F, 
Phe; and D, Asp). 

served above mlz 872, consistent with the 
parent species being singly charged. Similar 
tandem mass spectra of other fragment par- 
ent ions shown in Fig. 3 can be obtained to 
confirm tentative CID assignments. Such 
experiments can directly probe regions of 
the molecule not accessible by CID of the 
intact molecule. In principle, Fourier trans- 
form mass spectrometry (FTMS) methods 
would facilitate an extended series of such 
steps (that is MSm, where m > 2), providing 
a basis for more complete sequence assign- 
ments (20). 

Sequence-specific fragmentation has been 
assignable for dissociation of an intact pro- 
tein by mass spectrometry alone. The singly 
and multiply charged CID product ions 
were from regions primarily near the ends of 
the molecule. We note that our assignment 
of the RNase spectra was guided by previ- 
ous knowledge of the protein sequence. In 
many cases, however, partial sequence infor- 
mation is available; examples include cases 
where only the gene sequence is available, or 
where homologous proteins are being exam- 
ined. Although a relatively small fraction of 
the entire molecule is currently accessible by 
CID, alternative activation methods, such as 
photodissociation, or higher energy CID (as 
provided with sector instruments), may 
prove to be a more efficient fragmentation 
technique for generating sequence-related 
information. Ultrahigh miz resolution, a 
unique capability of FTMS, would permit 
unambiguous product-ion charge-state de- 
termination (by observation of isotope 
peaks) and allow unknown sequences to be 
more easily interpretable and obtained. In 
combination with extended MSm methods, 
obtaining con~plete sequence information 
for larger proteins may be feasible. 
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Holocene Mean Uplift Rates Across an Active Plate- 
Collision Boundary in Taiwan 

Samples of Holocene fossil coral from uplifted reefs of three tectonically distinct, yet 
geographically proximal regions of Taiwan have been dated by uranium-series and 14C 
isotopes. Applying corrections for altitude change caused by sea level fluctuations 
enables evaluation of long-term average Holocene uplift rates for thee  areas across an 
active convergent margin: (i) the Hengchun Peninsula of the Eurasian tectonic plate; 
(ii) the Eastern Coastal Range of Taiwan, a plate boundary; and (iii) two offshore 
islands, Lanyu and Lutao, both situated on the leading edge of the adjoining Philippine 
Plate. The data indicate that while all three areas have experienced uplift through the 
Holocene, plate collision has caused significantly higher uplift rates in the region 
directly along the plate boundary. 

T ECTONICALLY, TAIWAN IS OF GREAT 

interest because a major plate bound- 
ary, separating the Eurasian and 

Philippine tectonic plates, runs through its 
eastern section. Geophysical studies have 
shown that eastern Taiwan is seismically and 
geodetically active as a result of ongoing 
collision (1, 2). To some degree, collision 
also seems to be taking place to the west, as 
the Eurasian Plate is subducted and the 
accretionary wedge is pushed by the Philip- 
pine Plate. Geodetic surveys and tidal obser- 
vations spanning several years have shown 
that the modern uplift rate of eastern Tai- 
wan is as high as 35 d y e a r ,  among the 

C:H. Wang, Institute of Earth Sciences, Academia 
Sinica, Post Office Box 23-59, Taipei, Taiwan, Republic 
of China. 
W. C. Burnett, Department of Oceanography, Florida 
State University, Tallahassee, FL 32306. 

highest known in the world (3). Although 
uplift rates are known to be high, few 
studies have attempted to assess how these 
rates vary across a convergent margin, and 
whether uplift is temporally constant or 
intermittent. To address these questions, we 
examined long-term (thousands of years) 
uplift rates on both sides of the Taiwan 
collision boundary, as well as in the bound- 
ary zone itself. 

The distribution of raised coral reef ter- 
races in Taiwan is such that we were able to 
evaluate uplift rates for different parts of the 
collisional boundary by collecting samples 
from three locations (Fig. 1): (i) the Eastern 
Coastal Range (the northern extension of 
the Luzon Arc and in the boundary zone 
between the Eurasian and Philippine tecton- 
ic plates), (ii) the Hengchun Peninsula (on 
the main island of Taiwan, lying directly on 

the accretionary wedge overlying the Eur- 
asian Plate), and (iii) two islands off the 
southeastern coast of Taiwan, Lanyu and 
Lutao (both on the Philippine plate). Our 
sample set allowed us to evaluate relative 
uplift from three close, yet tectonically dis- 
tinctive settings, that is, the leading edges of 
two large tectonic plates and their zone of 
active collision. 

In an earlier study, Peng et a l .  (4) summa- 
rized 34 radiocarbon ages of uplifted Holo- 
cene corals sampled at elevations up to 25  m 
above present sea level from the Hengchun 
Peninsula and Eastern Coastal Range of 
Taiwan. That study showed that average 
long-term uplift rates are 5 .3  d y e a r  for 
southern Taiwan and 5 .0  mrnlyear for the 
Eastern Coastal area. Our additional data 
and sampling points allow a more complete 
assessment of the long-term geodetic 
changes along the plate boundary as well as 
in those areas more removed from the colli- 
sion zone during the Holocene. 

Because fossil corals are suitable for both 
uranium-series and 14C dating, and are 
known to grow within a limited depth 
range, they are ideal samples for neotectonic 
studies. Coral segments, mostly of the Favii- 
cae and Povticae species, were trimmed to 
remove the outer, somewhat weathered 
crust and were ultrasonically cleaned to en- 
sure that no terrestrial contaminating mate- 
rials remained ( 5 ) .  All samples were ana- 
lyzed by x-ray diffraction, and only those 
containing less than approximately 2% cal- 
cite, a recrystallized product of the original 
aragonite, were used for isotopic analysis 
(6). The height of each sample was deter- 
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