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The influence of metal cations and source temperature on the conformations of oxidized insulin chain A
(ICA) anions has been investigated in the gas phase by high-resolution ion mobility techniques. Cross sections
for non-metalated [ICA-nH]n- (n ) 2-6) ions show a distinct Coulomb-driven unfolding transition when
four or more protons are removed. Studies of [ICA-6H+ M2+]4- ions (where M) Ca, Mn, Co, Ni, Cu, or
Zn) show that metal peptide ions favor specific types of conformations that depend upon the binding properties
of the metal. Doubly-charged metal ions appear to bind to multiple sites (presumably through interactions
with -SO3

-, -COO-, and amide groups on various amino acids) and have a pronounced effect on the number
and shapes of stable conformations. Generally, [ICA-6H+ M2+]4- ions are found to be more compact than
their [ICA-4H]4- analogues. Studies of [ICA-5H+ Na+]4- ions show that addition of Na+ to the ICA anion
has little effect on the peptide structure. The relative stabilities of different conformations for different metal
ions are discussed in terms of simple qualitative potential energy surfaces.

Introduction

Metal ions play key roles in many biological processes,
including establishment of macromolecular structure, storage
and transfer of electrons, small molecule binding, and catalytic
activity.1 Recent advances in ion sources2,3 for mass spectrom-
etry (MS) have made determination of the number and identity
of metals bound to a range of biomolecules routine for many
types of systems. A number of research groups have investigated
the fragmentation of metalated peptides,4 oligonucleotides,5 and
oligosaccharides.6,7 In some cases, it appears that new pathways
arise when metals are present.4a,b,f,i Selective binding of metals
to oligomers that induce favorable fragmentation patterns could
have an impact on sequencing strategies. As a first step in
addressing selectivity, it is important to understand the general
nature of the metal-peptide precursor ion complex. Several
studies of protein fragmentation have shown that fragment peaks
are influenced by the conformation of the gas-phase protein ion
prior to activation.8 Other studies indicate that observed frag-
ments depend on the chemical properties of the bound metal
ion and the sequence and length of the peptide.4c-i In general,
fragmentation data provide information about the nature of the
dissociative transition state; currently, little is known about the
influence of the metal ion on low-lying states of the metal-
peptide ion conformation in the gas phase.

In this paper, we report high-resolution ion mobility studies
of the conformations of insulin chain A (ICA) anions bound to
a range of metal cations (Na+, Ca2+, Mn2+, Co2+, Ni2+, Cu2+,
and Zn2+). To our knowledge, no similar solution-phase
experiments with ICA have been reported. Our long-term goal
in these studies is to provide detailed structural information
about binding in the absence of solvation effects. However, the
data we have obtained (even for binding to a relatively small
21 residue peptide) indicates that these systems are very
complex. Here we report what is largely a qualitative description
of the general features observed. We focus on metal-peptide
complexes having a net charge of-4, where repulsive Cou-
lombic forces (that favor elongated structures) are nearly
balanced with attractive charge-solvation, hydrogen-bonding,

and van der Waals interactions (that favor compact globular
conformations). Transition metals appear to bind in multiple
distinct configurations leading to specific metal-peptide ion
conformations. The stabilities of these states are highly influ-
enced by specific metal-ligand (M-L) binding interactions,
and thus are mediated by the metal.

The present work is related to recent ion mobility studies of
the alkali metals bound to poly(ethylene glycol) and poly-
(ethylene terephthalate) carried out by Bowers and co-work-
ers.9,10 This group has performed studies as a function of drift
tube temperature and determined an activation barrier of 1.6
kcal mol-1 for the isomerization of Na+-poly(ethylene tereph-
thalate)3 from an open to closed form.10 The same group also
studied sodiated oligosaccharides11 and peptides.12 Hill and co-
workers have also carried out studies of sodiated peptides where
they concluded that Na+ substituted for a proton.13 In addition
to fragmentation studies4 and ion mobility measurements,12-17

several other MS-based methods are currently being developed
to examine the conformations of protein ions. These include
measurements of collision cross sections in triple quadrupole
instruments;18 kinetic energy release measurements;19 micros-
copy studies of surfaces bombarded with high-energy ions;20

measurements of proton transfer reactivity;21,22 measurements
of gas-phase H-D exchange levels22,23,24and gas-phase basici-
ties;25 and studies of adduct formation.26,27,28

Experimental Section

General. ICA (oxidized bovine, Sigma 80%) is a 21-residue
polypeptide (GIVEQCCASVCSLYQLENYCN), where the thiol
groups on the cysteine residues (C) are oxidized to-SO3H
groups. Ion mobility techniques14 and their application to
biomolecular ions have been discussed in detail previously.15

The high-pressure high-resolution ion mobility mass spectrom-
eter used here has also been described previously.29 For the non-
metalated peptide, a 4× 10-4 M solution of ICA was prepared
in 50:50 water:acetonitrile. Metal-peptide adducts were formed
by adding a metal acetate salt (Na+, Ca2+, Mn2+, Co2+, Ni2+,
Cu2+, or Zn2+) at a metal ion concentration of 2× 10-4 M to

4545J. Phys. Chem. B2000,104,4545-4551

10.1021/jp9939468 CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/01/2000



the 4× 10-4 M ICA solution. Solutions were electrosprayed at
atmospheric pressure into a differentially-pumped variable-
temperature capillary source. Ions exit the source at high
pressure (∼200 Torr) and are guided to the drift tube under the
influence of an electric field. A 150µs pulse of ions is
introduced into the drift region using a parallel wire ion gate
similar to one described previously by Hill and co-workers.14d

The drift region is 49.81 cm long and was operated at a pressure
of ∼250 Torr and an electric field strength of 200.8 V cm-1.
Some of the ions exit the drift tube through a 100µm aperture,
where they are focused into a quadrupole mass filter. The
quadrupole can be scanned to obtain mass spectra or fixed to
transmit a narrowm/z range for mobility measurements. Ions
are detected with an off-axis collision dynode/microchannel plate
detector.

Variable-Temperature ESI Source. The ESI capillary is
encased in an aluminum block that can be heated with cartridge
heaters. Temperatures are measured by a thermocouple that is
mounted to the aluminum block. The temperature was calibrated
to reflect the temperature of the flowing gas that exits the
capillary in a series of separate experiments. We expect that
the reported temperatures reflect the gas temperature to within
(5 K.

Cross Sections.Most of the ion mobility data are plotted on
a cross section scale. This is done by converting drift times to
cross sections by using15

wheretD is the drift time,E is the electric field strength in the
drift tube,L is the length of the drift tube,P is the buffer gas
pressure,z is the charge state,N is the neutral number density,
T is the drift tube temperature,kB is Boltzmann’s constant,e is
the charge of an electron, andmI and mHe are the masses of
insulin chain A and helium, respectively. In addition, it is
necessary to correct for the flight times of ions in other parts of
the instrument as well as the ions’ energies at the exit of the
drift tube in the presence and absence of buffer gas. This
correction is small (∼150-250 µs) in these experiments.

Molecular Modeling and Cross Section Calculations for
Trial Structures. Molecular mechanics and dynamics were
performed using the extensible systematic force field (ESFF)
on Biosym’s Discover 3.0.0 software.30 One hundred energy-
minimized trial conformations were generated through a simu-
lated annealing protocol in which ions were heated to 1000 K
for 2 ps and then cooled to 300 K over 1 ps. Collision cross
sections for energy-minimized trial conformations were esti-
mated by determining the orientationally averaged projection
using a method that is analogous to those previously discussed.9

This method treats the interactions between atoms of the
biomolecule and the buffer gas as hard-sphere collisions and
assumes a rigid trial conformation. This method does not include
a term for the scattering of the buffer gas; it is generally believed
to provide a lower limit to the true collision integral, which
can be more accurately calculated using more intensive calcula-
tions.31 For the present study we use this approach only to gain
a qualitative understanding of the sizes of different conforma-
tions.

Results and Discussion

Non-metalated ICA Ions. In order to understand the influ-
ence of each metal ion on conformation it is instructive to
examine the non-metalated peptide system. Figure 1a shows

drift time distributions for the-2 to -6 deprotonation charge
states of ICA. As the ion charge state increases, the measured
drift time decreases. This occurs because the drift force
increases. The-2 charge state shows two peaks. Using eq 1
(and assuming that only [ICA-2H]2- ions are present) we
determine cross sections of 316 and 381 Å2 for the ions
corresponding to the peaks at 22 and 27 ms, respectively. The
former value is much smaller than the calculated cross section
(Ω ) 370 Å2) for a very compact conformation of the [ICA-
2H]2- ion generated by molecular modeling. We assign this
peak to a multiply-charged [ICA2-4H]4- dimer (having am/z
ratio that is the same as the [ICA-2H]2- monomer). The
mobilities of multiply-charged dimers are typically higher than
monomers (having the samem/z ratios) because the former ions
experience twice the drift force, whereas the cross section
increase is less than a factor of 2 (∼22/3 for geometries that are
roughly spherical). Multiply-charged ESI multimers, having the
samem/zvalue as an expected monomer charge state, have been
observed by a number of groups.32,33 The present assignment
is consistent with a stability model for aggregates that we
developed previously; multimers are not observed for higher
charge states because noncovalent (weak) interactions are unable
to stabilize the stronger repulsive coulomb force.32 Peaks for
the -4 to -6 ions are substantially narrower than those for
lower charge states. Comparison of these peak shapes with the
calculated peak shape for transport of a single ion conformation34

shows that even very sharp peaks are broader than the
distribution calculated for a single conformation. This indicates
that multiple unresolved states or conformers that interconvert
over the experimental time scale are present for all charge states.
There are at least four reproducible maxima in the-3
distribution, indicating that at least four conformations are stable.

Figure 1b shows a plot of cross sections for the main features
in the drift time distributions (part a) for the different charge
states. Comparison of these values with calculated cross sections
for a limiting linear structure and an extremely compact
conformer generated by molecular modeling shows that the
shapes of ICA ions vary substantially depending upon the charge

Figure 1. (a) Ion mobility distributions for the-2 to -6 charge states
of non-metalated insulin chain A ions formed by electrospray ionization.
These distributions have been normalized to a buffer gas pressure of
250.0 Torr and a drift field of 200.8 V cm-1. The two peaks in the-2
charge state distribution labeled dimer (∼22 ms) and monomer (∼27
ms) were assigned based on comparisons with calculated trial structures.
See text for details. (b) Cross sections as a function of deprotonation
state for the main features associated with the monomer-2 to -6
charge states as determined from the data in part a and eq 1. The dashed
lines denote calculated cross sections for a highly compact state created
by molecular modeling and a near-linear conformation (as shown by
the space-filled models). The solid line passes through the most intense
feature of the distribution of the-3 charge state. See text for details.
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state. A distinct unfolding transition is observed when four or
more protons are removed. The transition from compact to
elongated structures with increasing charge state can be
explained by a Coulomb-induced unfolding transition; this
behavior has been discussed extensively for larger protein
systems.16-18a,bThe large 605 Å2 cross section for the-6 state
is near the 628 Å2 calculated limit for a linear conformation
obtained through molecular modeling, indicating that this ion
has a nearly linear geometry. The-5 cross section (562 Å2) is
somewhat smaller, indicating that some elements of secondary
structure exist. We rule out structures arising from folding in
the middle of the peptide where the C-terminal and N-terminal
ends are in close proximity because the calculated cross sections
for these types of geometries are far below the experimental
measurements. Highly-extended conformations are favored
because of the relatively large Coulomb repulsion associated
with the high density of deprotonated sites on the relatively short
(21 residue) polypeptide chain.

Ion Mobility Peak Nomenclature for Metalated ICA Ions.
Metalated peptides exhibit a complex distribution of peaks. Six
major conformer types are discussed below and are denoted
conformation I, corresponding to cross sections from 410 to
430 Å2; II, 430 to 450 Å2; III, 450 to 470 Å2; IV, 470 to 485
Å2; V, 485 to 495 Å2; and VI,>495 Å2. Multiple features within
a conformation type are indicated by addition of “a” to indicate
the most intense peak, “b” to indicate a reproducible feature to
the left of the most intense peak, and “c” to indicate a feature
to the right of the most intense peak. These labels for ion cross
sections do not imply that structures with similar cross sections
have similar binding interactions or structure, since differently
folded structures could have similar cross sections.

Ion Mobility Distributions at 300 K. Figure 2 shows cross
section distributions obtained at a source temperature of 300 K
for the metalated and non-metalated-4 charge states. A wide

range of structures for different metals is observed. The cross
section distribution for [ICA-5H+ Na+]4- is dominated by a
type V conformation similar to the data for the non-metalated
[ICA-4H]4- ion; however, the fwhm of the peak corresponding
to the sodiated peptide is 2.5 times broader than peak corre-
sponding to the non-metalated peptide. All of the [ICA-6H+
M2+]4- ions exhibit a range of more compact conformers, having
cross sections of∼400-460 Å2. The [ICA-6H + Ca2+]4-

distribution shows a broad feature corresponding to type I
conformations and a partially resolved type II structure; a less
intense type IV state is centered atΩ ) 480 Å2. While
manganese data appear similar to those for calcium, the Mn2+

ion appears to stabilize many distinct conformations (Ib, Ia, II,
and III). These conformers appear to be common to all of the
transition metal complexes (Co, Ni, Cu, and Zn) studied here.
The similarities between transition metal systems provide
evidence that some conformations appear to be general types
that are accessible in all transition metal systems. The abun-
dances of the different states between the metal systems are
reproducibly different, indicating that the ability of each metal
to stabilize a specific conformer type is influenced by the
specific binding interactions associated with each metal.

Relative Stabilities of Conformations.Some insight regard-
ing the relative stabilities of different conformers can be obtained
by performing studies at various source temperatures. Figure 3
shows cross section distributions obtained at capillary temper-
atures of 300, 350, and 390 K. Cross section distributions for
[ICA-4H]4- and [ICA-5H + Na+]4- ions do not change
substantially over this range of temperatures. An intense type
V conformer is favored at all temperatures, suggesting that this
state is thermodynamically favorable for the non-metalated and
sodiated peptides.

All of the [ICA-6H + M2+]4- systems exhibit unfolding
transitions with increasing source temperature. This indicates
that the compact type I, II, and III conformers are relatively
unstable for this charge state. Variations between different metal
systems as a function of temperature may provide an indication
of the strength of specific metal-ligand interactions. At 350 K
the Ni distribution changes significantlyspeaks corresponding
to conformation types I and II are substantially smaller than at
300 K. At 350 K the most intense peaks correspond to
conformation types IIIb and IIIa. The peak intensities for some
other systems (Ca, Co, and Cu) change slightly at 350 K;
however, these changes are small in all systems except those
containing Ni.

At 390 K, significant changes are observed in the cross section
distribution for all of the M2+ complexes. Each metal peptide
system now displays a unique distribution of conformers. This
indicates that each metal differs in its ability to stabilize different
structures. The calcium ion principally unfolds to a type IV
conformation while the Mn system unfolds to both type III and
type IV conformers. The Co and the Ni systems display very
similar distributions of type IIIa, IIIb, and IIIc conformations;
however, the nickel system appears to effectively select for a
new (type VI) conformation with a large cross section. The Co,
Cu, and Zn distributions appear to select for type III conformers.
Co and Cu also show a range of partially resolved type IV, V,
and VI conformers; the type IV conformer is favored in the Cu
system. The Zn system does not readily unfold to type IV, V,
and VI conformers; only a small peak corresponding to a type
IV conformation and a small broad peak corresponding to a
type VI conformation are present.

General Trends among [ICA-6H+ M2+]4- Ions. A striking
feature of these systems is the large number of different stable

Figure 2. Cross section distributions determined from ion mobility
data for the [ICA-4H]4-, [ICA-5H + Na+]4-, and [ICA-6H+ M2+]4-

(M ) Ca, Mn, Co, Ni, Cu, and Zn, as labeled) ions at a source
temperature of 300 K. The dashed line corresponds to the cross section
of the [ICA-4H]4- ion and is used as a reference throughout. Roman
numeral (and arabic) assignments of peaks are described in the text.
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conformations that are observed for the transition metal
complexes. When multiple source temperatures are considered,
6-10 stable conformation states exist for the each of the
transition metal systems. This is a rather dramatic contrast to
the non-metalated and sodiated peptides where a single con-
formation type dominates under all source conditions. The
difference in behavior between transition metal and sodiated
systems can be partially rationalized by the differences in the
metal binding interactions. The ability of transition metals to
establish localized M-L bonds appears to be critical to
stabilizing all compact states. We speculate that the multitude
of different conformers arises from interaction of the M2+ metals

with different combinations of ligands on the peptide. Possible
ligands include-COO- groups on Glu and the C-terminus,
-SO3

- groups on the oxidized Cys, and amide groups on the
Asn and Gln amino acids. The many different stable conforma-
tions suggest that the metal may coordinate differently (number,
geometry, and ligands) in each of the conformations.

Figure 4 shows a plot of the cross sections for the major
conformation types observed for the metals at 300, 350, and
390 K. It is interesting that the type V conformation is only a
major feature in the non-metalated and sodiated peptides.
Apparently, addition of any+2 metal is sufficient to prevent
formation of this state. At 300 K, type I and II conformations

Figure 3. (a, top) Cross section distributions for [ICA-4H]4-, [ICA-5H + Na+]4-, [ICA-6H + Ca2+]4-, and [ICA-6H+ Mn2+]4- ions at capillary
temperatures of 300, 350, and 390 K, as indicated. (b, bottom) Cross section distributions for [ICA-6H+ Co2+]4-, [ICA-6H + Ni2+]4-, [ICA-6H
+ Cu2+]4-, and [ICA-6H+ Zn2+]4- ions at capillary temperatures of 300, 350, and 390 K, as indicated. The dashed lines at 490 Å2 denote the cross
section of the [ICA-4H]4- ion.
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are observed for all of the M2+ complexes. Transition metals
also form the type III state, while Ca2+ apparently cannot
stabilize this state. This interesting difference suggests that the
ability of transition metals to coordinate ligands is required for
stabilization of the type III conformation. Although at 300 K
the type IV conformer is only observed for Ca and Mn, this
state does appear to be present for other metals at 390 K, as is
especially apparent for Co, Cu, and Zn. The type VI conforma-
tion is observed only at high temperatures (390 K) for the later
Co, Ni, and Cu metals. The overall similarities in cross sections
for the type I, II, and III conformers among the different metal-
peptide systems (at various temperatures) suggest M-L binding
interactions that are required to stabilize these compact structures
are accessible to all of the transition metal ions. Presumably,
these involve the interaction of M2+ with multiple ligands. The
specific orbital configuration of the metals may be more
important for formation of some states. For example, it appears
that Co, Ni, and Cu preferentially form type VI conformations
(compared with other metals such as Zn).

Qualitative Potential Energy Surfaces for Conformations
of [ICA-4H] 4-, [ICA-5H + Na+]4-, and [ICA-6H + M2+]4-

Ions. The structural transitions observed upon increasing the
source temperature provide some insight into the relative
stability of different conformers and folding/unfolding pathways.
Upon leaving the heated capillary, ions enter the cool 300 K
buffer gas where they drift under the influence of weak electric
fields before entering the drift tube. This heating/cooling cycle
is similar to the injected-ion method of annealing structures.35

We expect metastable structures from the source (perhaps
solution-like structure, retained during the ESI drying process)
to anneal into energetically favorable gas-phase states upon
exposure to the high-temperature capillary conditions.

For the Ca and Ni systems, we have estimated upper limits
to activation barriers for transitions between compact (types I
and II) conformations and more open type IV and III conforma-
tions, respectively. We calculate that under the flow conditions
used, ions spend a minimum of 100µs in the capillary.36

Assuming a unimolecular unfolding transition from a compact
to a more open conformation [and that the only conformations
that exist initially (at 300 K) are types I and II (compact)], we
obtain rough estimates of rate constants and activation energies
for the unfolding process. Rate constants for the I,IIf IV
transition for [ICA-6H+ Ca2+]4- ion were estimated to be 2.6
× 10-3, 4.4 × 10-3, and 20.0× 10-3 molecules s-1 at tem-
peratures of 300, 350, and 390 K, respectively; from these, we

estimate an upper limit to the activation barrier of 6 kcal mol-1.37

Similarly, rate constants for I,IIf III transition for the Ni system
were estimated to be 4.0× 10-3 and 8.8× 10-3 molecules s-1

at 300 and 350 K, respectively; thus the upper value for the
activation energy is 3 kcal mol-1. These upper limits are slightly
larger than the 1.6 kcal mol-1 activation energy measured for
the transitions in the smaller Na+-poly(ethylene terephthalate)3

system.10

Although we do not know the actual structures or absolute
energies of these systems, we have attempted to generalize the
trends that are observed by drawing a very simple (and highly
speculative) potential energy diagram. Figure 5 shows qualitative
potential energy surfaces that are consistent with our experi-
mental results. Experimentally, we observe one dominant peak
that is too wide to correspond to a single conformation for the
[ICA-4H]4- ion. These data suggest that it is unlikely that vastly
different conformation types (e.g., very compact or elongated
forms) are populated significantly; however, the peak width is
wider than expected for a single conformer, indicating that
multiple structures are present. It is likely that these are related
conformers that interconvert rapidly. We have drawn a potential
surface with a minimum associated with the type V conformer
with few barriers or deep wells that would trap other states
(Figure 5). Substitution of a single Na+ for a proton in this
system appears to be a relatively minor perturbation of the
[ICA-4H]4- surface. However, the peak corresponding to the
type V conformer is∼2.5 times broader than that of the
[ICA-4H]4- ion. This suggests that at least a few conformations
are somewhat more stable when Na+ is attached (as indicated
by the small wells in Figure 5). There is no evidence for a
dramatic change in the stability of different states (relative to
the non-metalated state).

The substantial change in behavior of the M2+ systems
indicates that the relative stabilities of different conformations
are markedly influenced by the addition of these metals. The
presence of multiple peaks for [ICA-6H+ M2+]4- ions (having
significantly smaller cross sections than the non-metalated ions)
is evidence that M2+ ions stabilize compact conformers. The
observation of resolved peaks in the ion mobility data requires
that these conformers do not interconvert over the∼20 ms
experimental time scales at 300 K. Thus, substantial activation
barriers between these states must exist. We have sketched a

Figure 4. Major conformation types observed for metal ICA adducts
at source temperatures of 300, 350, and 390 K. The horizontal dashed
line at 490 Å2 indicates the cross section of the [ICA-4H]4- ion.

Figure 5. Qualitative potential energy sketches for different conforma-
tions of non-metalated [ICA-4H]4- (short dashed line), [ICA-5H+
Na+]4- (solid line), and metalated [ICA-6H+ M2+]4- (where M
corresponds to one of the transition metal ions studied) ions (bold line).
Activation energy estimates are described in the text for the
I,II f III transition determined from the Ni system and the I,IIf IV
transition determined from the Ca system.
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series of wells that are lower in energy than the broad sloping
non-metalated surface, which are consistent with the stabilities
of these conformations.

Although there are similarities among the metal systems,
variations in source temperatures show that there are also many
differences. This indicates that well depths and barrier heights
vary for different M2+ systems. The magnitude of these
variations is difficult to assess from these data; however, several
qualitative trends are apparent. The broad partially-resolved
distributions, like those found in Ni and Co systems, suggest a
more rapid interconversion (a relatively flat featureless surface)
when compared to the sharp well-resolved peaks observed for
the Cu and Zn distributions. This is evidence for a substantially
rougher landscape for the Cu and Zn potential surfaces.

Figure 5 shows the location of activation energy estimates.
The type I,II f III unfolding transition of the [ICA-6H+
Ni2+]4- ion occurs over an activation barrier of∼3 kcal mol-1.
The barrier in the Ni system appears to be less than that of
similar transitions in the other metal systems; the type I and II
conformers have largely disappeared at a relatively low tem-
perature (350 K, Figure 3b). Presumably, the d8 Ni2+ electron
configuration cannot effectively stabilize the compact I and II
states. In solution this ion is often found in square planar
geometries,38 which might also explain the intense type VI
conformation observed at 390 K. A larger barrier is associated
with the transition between compact type I, II, and III and very
open type IV, V, and VI conformations. The activation barrier
(<5 kcal mol-1) shown comes from the I,IIf IV transition
determined from the Ca data. The transition between these
groups varies substantially for different metal systems. The data
in Figure 3 show that the nickel system unfolds most readily to
open conformations. This suggests that the barrier between these
two groups is lowest for Ni. At 390 K the [ICA-6H+ Zn2+]4-

ion favors a type III conformation, suggesting that the barrier
between compact and open conformers is largest in this system.

Conclusions

High-resolution ion mobility techniques have been used to
examine the influence of metal binding and source temperature
on the conformations of insulin chain A anions in the gas phase.
The results indicate that M2+ metals bind in specific configura-
tions leading to an overall stabilization of some compact con-
formations. Compact states are not observed for non-metalated
or sodiated peptides having the same net charge (-4). These
variations (among non-metalated, sodiated, and M2+-peptide
ions) presumably arise because M2+ ions are capable of
establishing specific M-L binding interactions with various
ligands on peptide (-COO-, -SO3

-, and amide groups). These
stabilizing interactions result in a broad distribution of different
states; 6-10 have been resolved for each of the M2+-systems.
Studies as a function of source temperature show that the
stabilization of specific conformations is highly mediated by
the metal. Presumably, this is a result of differences in specific
M-L interactions for different metal ions. Qualitative potential
energy surfaces showing the stabilization of compact-metalated
states relative to non-metalated conformers have been presented
to explain the results. Although we have shown that many
conformers can be stabilized and that similarities and differences
between states exist, little is understood about the structural
details of folded and unfolded states. In particular, the specific
interactions of the metal ion with different ligands have not been
addressed, due to the tremendously challenging nature of reliable
calculations for such systems. In future studies we hope to
address the details of M-L interactions that are associated with
stabilizing specific conformations in more detail.
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