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Abstract 

This is the final report of a three-year, Laboratory Directed Research and 
Development (LDRD) project at the Los Alamos National Laboratory 
(LANL). NMR plays critical roles in bioscience and biotechnology in both 
imaging and structure determination. NMR is limited, however, by the 
inherent low sensitivity of the NMR experiment and the demands for 
spectral resolution required to study biomolecules. We addressed both of 
these issues by working on the development of NMR force microscopy for 
molecular imaging, and high field NMR with isotope labeling to overcome 
limitations in the size of biomolecules that can be studied using NMR. A 
novel rf coil design for NMR force microscopy was developed that 
increases the limits of sensitivity in magnetic resonance detection for 
imaging, and we demonstrated sub-surface spatial imaging capabilities. We 
also made advances in the miniaturization of two critical NMR force 
microscope components. We completed high field NMR and isotope 
labeling studies of a muscle protein complex which is responsible for 
regulating muscle contraction and is too large for study using conventional 
NMR approaches. 

Background and Research Objectives 

both imaging and molecular structure determination. Two issues limit the application of 
NMR in many important problems in bioscience: 1) the inherent low sensitivity of NMR 
experiments and 2) the need for greater resolution. This project addresses both of these 
issues. In the area of structure determination high-resolution high-field NMR, in 
combination with stable isotope labeling, has seen dramatic changes in the past five years. 
These changes have resulted in a growing data base of three-dimensional structures of 
biomolecules in solution that are of the same quality as those obtained from x-ray 

NMR technologies continue to play critical roles in bioscience and biotechnology in 
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crystallography. NMR methods also now offer the potential for highly sensitive, 
chemically specific imaging of biological systems at high resolution using force microscopy 
detection. The principal focus of this project is on the development of enhanced capabilities 
for NMR technologies at Los Alamos including very high field NMR applications to 
molecular structure determination, and NMR force microscopy development. 

Magnetic resonance force microscovv (MRFM): MRFM (Publication 2) has the 
capability to perform direct, three dimensional, chemically specific imaging of biological 
structures with a noncontactinghondestructive probe. In addition it has the capability to 
probe in a well-defined sub-surface volume. By using mechanical detection, it offers 
greatly enhanced sensitivity over conventional magnetic resonance imaging (MRI). If 
developed to its theoretical potential MRFM provides the promise of imaging single-copy 
biomolecules, e.g. on cell surfaces. At this time there is a dearth of structural information 
on membrane bound proteins including receptors that are key players for drug design and 
environmental biotechnologies, as well as those that are primary targets for chemical and 
biological warfare agents. These systems have been resistant to study using conventional 
structural methodologies for a variety of reasons. MRFM could provide critical 
breakthroughs for studying these important systems. 

V e y  high field NMR a-vulications to molecular structure determination: Over the 
past decade NMR spectroscopy has emerged as a major player in high resolution 
biomolecular structure determination as a result of technological advances in available 
magnetic field strengths, increases in sensitivity, and the use of isotope labels for 
increasing spectral resolution. Since the first complete three-dimensional NMR structure of 
a protein appeared in 1984 (bull seminal protease inhibitor IIA), there have been -200 
NMR protein structures published (compared with -600 x-ray crystal structures since the 
first crystallography protein structure (myoglobin) in the 1950s). NMR techniques have 
opened an important doorway for the structural biologist, giving complete three- 
dimensional solution structures for biomolecules. This is particularly important for 
determining structures of complexes between proteins as well as protein/DNA (or RNA) 
complexes that have proved difficult to crystallize. 

in the size of the systems that can be studied. Two factors contribute to this size limitation. 
First, larger molecules tumble slowly, which effectively increases the spin-spin lattice 
relaxation rate (T2) increasing the resonance linewidth. In addition, the increased linewidth 
coupled with the fact that the absolute number of protons increases in direct proportion to 
molecular weight results in spectral overlap problems for large bioploymers. Two 
approaches will be required to overcome the spectral overlap problem at higher molecular 

The major limitations to NMR solution structure determination in biomolecules lie 
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weights. First NMR spectral resolution is directly related to the applied magnetic field, so 
increasing the field increases the resolution and allows larger bioploymers to be studied. 
The arrival of the first 750 MHz spectrometer and the promise of a GHz class NMR 
spectrometer at Pacific Northwest National Laboratory (PNNL) represent a significant gain 
in the available field strengths for structural NMR. The second critical problem with 
approaching large molecules arises from line broadening due to increased spin-spin (TJ 
relaxation rates that result from the slower tumbling of larger molecules. Because of the 
low gyromagnetic ratio of deuterium, deuterium substitution for hydrogen can alleviate the 
effects of line broadening by eliminating dipolar interactions with, as well as between, 
hydrogen nuclei. Deuteration can also be used to eliminate effects of spin diffusion 
between hydrogen nuclei. 

Importance to LANL's Science and Technology Base and National R&D 
Needs 

Biomolecular structure determination, both in solution and on surfaces, is a key 
capability for developments In molecular medicine including rational drug design and 
biotechnologies that utilize biological structures for technological applications. 
Applications in the development of novel self-assembling biomolecular materials for use as 
sensors or in energy storage and transfer, and in the development of biosystems for 
remediation and waste treatment, depend upon detailed three-dimensional structural 
information at the highest resolution attainable so that the chemistry and physics of these 
systems can be understood and used. Pushing solution structure methods to larger and 
more complex systems, and developing the capability for structure determination of single- 
copy molecules on surfaces (for example) are critical technologies for the future. High 
resolution NMR with stable isotopes and MRFM are pushing at the forefront in these areas. 
This project builds upon Los Alamos capabilities in structural biology, stable isotope 
chemistry, high field NMR, fiber optics, and nanotechnology; it directly supports our 
Bioscience and Biotechnology core competency as well as the Laboratory's Genome and 
Beyond tactical goal. 

Scientific Approach and Accomplishments 

on the magnetic resonance force microscope technology development (Publications 2 and 
5). Specifically, we designed and completed construction of a magnetic resonance force 
microscope for detecting electron spin resonance signals in vacuum. We have thus far 
achieved detection sensitivities of better than 10"' electron spins, a full two orders of 
magnitude better than that obtainable with conventional inductive detection technologies. 

Mametic resonance force microscouy We have made significant technical progress 
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We have also designed an NMR force microscope device. We designed and built a fiber 
optic interferometry sensor for the force microscope instruments. This sensor is 
compatible for use with both vacuum and low temperature measurements. We have 
demonstrated the sensitivity of this system to be 0.002 per root Hz. With this sensor we 
successfully measured the mechanical resonance in cantilevers driven by thermal noise at an 
amplitude of 5 

V e c  high-field NMR applications to molecular structure detemination: We have 
established a critical collaboration for this part of the project with Paul Ellis and Michael 
Kennedy at the Environmental Molecular Sciences Laboratory at PNNL. The 750-MHz 
NMR spectrometer at PNNL was the first operational in the US, and they are now awaiting 
delivery (Spring, 1998) from Oxford Instruments the first >900-MHz high-field magnet for 
NMR spectroscopy (Publications 1 and 7). With our PNNL collaborators we have 
demonstrated the applicability of new stable isotope labeling strategies for studying the 
structures of biomolecular complexes. Specifically, we have utilized NMR spectroscopy 
and deuterium labeling to study the conformation of the troponin I inhibitory peptide 
(TnI(96-115)) when bound to troponin C (Publications 3,4, and 6). The isotope labeling 
strategy we used enabled us to measure NMR data from the peptide bound to TnC with a 
stoichiometric (1 : 1) ratio of the components. We thus were able to demonstrate that one 
can effectively use deuteration to facilitate NMR studies of a peptide in a relatively large 
complex with stoichiometric ratios of the components, thus eliminating the ambiguities that 
can be associated with the currently popular transferred Nuclear Overhauser Effect (NOE) 
methods arising from the effects of slow chemical exchange and/or spin diffusion [ 1,2,3]. 

The troponin complex functions as a calcium-dependent switch in muscle 
contraction, regulating the interactions between the interdigitated thick and thin filaments 
that are proposed to slide past each other during the contractionh-elaxation cycle [4]. 
Troponin has three components: troponin C (TnC) which binds Ca2", troponin I (TnI) 
which inhibits the interactions between the thick and thin filaments, and troponin T which 
anchors troponin to the thin filament and is believed to be involved in the transmission of 
regulatory signals along the thin filament. The crystal structure of TnC is unusual in that it 
shows the protein to consist of two globular domains separated by an extended a-helix of 
7-8 turns [5]. Using neutron and x-ray solution scattering [6] we had previously shown 
that when complexed with TnI and 4Ca2', TnC has an extended structure that is very 
similar to its crystal form, and further that TnI is even more extended, forming a long, 
apparently helical structure that encompasses TnC and passes through the hydrophobic 
clefts on each globular domain [7]. Our structural model for the complex suggests a 
mechanism for the "switch" function that involves the binding and release of the helical TnI 

with a signal to noise of approximately 20. 
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by TnC via an opening and closing of the hydrophobic cleft in the N-terminal domain of 
TnC. Validation of this model requires lugher resolution structural data on the complex 
using other approaches. The relatively low solubility and the high molecular weight (-38 
kDa) of the binary complex of skeletal muscle TnC/TnI is such that it is not particularly 
amenable to high-resolution structural analysis using current NMR technologies, and so 
this system is ideal for evaluating novel high-field NMR and stable-isotope labeling 
strategies designed to push the limits of the size and complexity of the systems that can be 
studied. 

Our NMR experiments on deuterated TnC complexed with non-deuterated TnI(96- 
1 1.5) revealed that the TnI(96- 1 1.5) peptide has novel structural characteristics. It gives 
characteristic NMR signatures of a nascent helix including the N-terminal half of the 
peptide with an extended conformation for the C-terminal half. The nascent helix has 
previously been observed and characterized as a transition state in protein folding [8]. In 
the context of protein folding, the nascent helix is stabilized by helix-stabilizing solvents or 
by interactions with (or within) proteins. While our studies of TnI(96-115) indicate it has 
some nascent helix character, a stable helix is not observed either when the peptide is 
dissolved by helix-stabilizing solvents or when it is complexed with TnC. Thus it appears 
that TnC does not constrain the bound peptide to a single well defined conformation, but 
rather holds it weakly allowing it to have a set of folded conformations, and the NMR data 
reflect the population weighted average. This type of binding may be critical to the 
inhibitory function of this sequence in TnI, which must have sufficient flexibility to bind 
alternately to TnC and actin during the contractile cycle. 

complex, the results of our studies on TnI(96-115) bound to TnC also clearly demonstrate 
the perils of using transferred NOE (TRNOE) measurements to study the structures of 
small peptides bound to large proteins. Campbell and Sykes (1991) used TRNOEs to 
study the C-terminal half of our peptide (TnI( 104-1 15)) bound to TnC. Their experiments 
were designed to measure NOE data from samples in which the peptide of interest is 
present in large excess of the protein to which it binds. In the presence of chemical 
exchange of the ligand between its free and bound states, negative NOES conveying 
conformational information of the bound ligand are "transferred" to the free ligand 
resonances where they are more easily measured because these resonances are much 
narrower. In this process it is possible, however, that spin diffusion effects arising from 
the protons in the protein can compromise the interpretation of the transferred NOE in terms 
of distances within the peptide and hence in terms of the bound peptide structure. Sykes 
and Campbell interpreted their TRNOE data in terms of the TnI( 104-1 15) sequence 

In addition to providing insights into the mechanism of action of the TnC/TnI 
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adopting a helical conformation when bound to TnC. Our experiments with 1: 1 
TnCTnI(96-115) show no evidence for such helical turns. These results further 
demonstrate the importance of isotope labeling strategies for studying biomolecular 
complexes in solution using high field NMR. 
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