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ABSTRACT 

 

Rv3004 and Rv1861 are membrane proteins from Mycobacterium tuberculosis.  Rv3004 

is a 112 amino acid protein with one predicted transmembrane helix.  Rv1861 is a 101 

amino acid protein with three predicted transmembrane helices.  Both proteins can be 

successfully labeled with 
15

N and expressed in high yields.  Based on the NMR data, 

Rv3004 is a very stable protein that has very little solvent accessibility.  Rv1861 is likely 

to be a high weight oligomer in its natural state.  It is also very well structured and has 

two transmembrane helices oriented at a 37º tilt relative to the bilayer normal.   
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CHAPTER I 

INTRODUCTION 

 

A.  Tuberculosis and Membrane Proteins Rv3004 and Rv1861 

 Though seemingly innocuous, tuberculosis is still a global killer responsible for 

millions of deaths each year.  It plagues the poor and the weak.  The majority of new 

reported cases are in the developing world or in HIV positive individuals.  The World 

Health Organization (WHO) recorded over 9 million cases of tuberculosis worldwide in 

2004, accounting for about 2 million deaths (www.who.org).  In addition, there is a 

constant increase in the number of cases of multidrug-resistant tuberculosis each year, 

making tuberculosis a threat to all nations.  These strains do not respond to the two basic 

drug treatments and an even more extreme case (extreme multidrug-resistant 

tuberculosis) does not respond to three or more of the six, second tier treatments.  These 

cases have been detected in all 109 countries surveyed by the WHO.  The WHO predicts 

450,000 new cases of multidrug-resistant tuberculosis to arise each year.   

 Mycobacterium tuberculosis (M.tb) is a rod-shaped pathogenic bacterium 

responsible for tuberculosis in humans.  Mycobacteria are unique in that they are not 

truly gram negative or gram positive.  They have an outer layer composed of very long 

chain mycolic acids in addition to a layer of arabinogalactan and a layer of 

peptidoglycan.  The outer layer acts like an outer membrane, presenting a rather 

impenetrable barrier.   

 Most membrane proteins are found embedded in the inner membrane that is 

composed of a phospholipid bilayer, protected by the mycolic acid, peptidoglycan, and 

arabinogalactan layers.  Only hydrophobic molecules are able to traverse such a greasy 

outer environment.  Molecules specifically created to interact with inner membrane 

proteins, for instance a channel blocker that would lead to cell death, would likely be 

hydrophobic in nature.  Therefore, molecules designed to interact with inner membrane 

proteins will naturally be able to penetrate the outer membrane of M.tb.  Therein lays a 

prime reason to study membrane proteins.  Knowing the structure and function of 

membrane proteins allows us to target them for potential tuberculosis treatments.  Two 

membrane proteins I have chosen to work with are Rv3004 and Rv1861.  These 
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membrane proteins were chosen because they have been shown to express well in our 

laboratory and each has unique characteristics which are discussed further in this chapter 

(Korepanova et al. 2005). 

 Rv3004 is a 112 amino acid protein.  It is classified as a low molecular weight 

protein antigen that may also be a signal peptide.  Rv3004 is also classified as cfp-6 

(culture filtrate protein) in many databases.  It has a homolog, based on amino acid 

sequence, in Corynebacterium glutamicum.  Research suggests that Rv3004 can be 

isolated from the culture filtrate and is therefore a cleaved signal peptide (Bhaskar et al. 

2000).  There are examples of other antigens from M.tb that can be found in both the 

culture filtrate and the cell membrane (Chang et al. 1996; Florio et al. 1997; Ronning et 

al. 2000; Ronning et al. 2004).  Ag85 is an M.tb mycolyl transferase that catalyzes the 

transfer of mycolic acid to arabinogalactan.  Its function is specific to the membrane, 

indicating it should be localized to the membrane.  Analysis of the membrane shows ag85 

is present, but in the literature it is frequently isolated from the culture filtrate.   

In addition to research that contradicts Rv3004 being a cleaved signal peptide, a 

thorough investigation of what is known about signal sequences in gram positive 

bacteria, and Mycobacteria specifically, seems to suggest that Rv3004 may not be a 

cleaved signal peptide (Nilsson et al. 1994; Martoglio and Dobberstein 1998; Wiker et al. 

2000).  Several different protein secretion systems have been identified in M.tb including 

the traditional SecA system, the SecA2 system, the twin arginine translocase (TAT) 

system, and the Snm system. The TAT and Snm systems are very specific; Rv3004 is not 

included in the handful of known proteins to be secreted through these mechanisms.  The 

TAT system secretes proteins having adjacent arginines located at the N-terminus.  The 

Snm system secretes culture filtrate protein 10 (cfp-10) and early secretory antigenic 

target 6 (ESAT-6).  The genes encoding cfp-10 and ESAT-6, as well as the proteins 

comprising the secretory hardware, are all located in a very specific region of the genome 

known as region of difference 1 (RD1).  The SecA system has been studied extensively 

and in general, signals can be recognized at the N-terminus by a net positive charge from 

lysine or arginine residues.  The median length for a signal sequence is 32 amino acids.  

The end of the sequence can be recognized by an AXA motif, where the alanine residues 

are located at -1 and -3 from the cleavage site.  The AXA cleavage motif can 
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occasionally have glycine residues in either one or both of the alanine positions.  A study 

specific to M.tb found there is a trend for the +1 and +2 sites to be DP, respectively 

(Wiker et al. 2000).  Based on this analysis, Rv3004 does not contain a traditional signal 

sequence.  The SecA2 system is less understood because the proteins known to be 

secreted through this path, for example superoxide dismutase A, have no discernable 

signal sequence.  None of this precludes Rv3004 from being a cleaved signal peptide, but 

it does not seem likely.  In addition, from personal experience I know Rv3004 is not 

soluble in water without detergent, indicating a preference for hydrophobic environments.   

In reference to the low molecular weight protein characterized by Bhaskar et al., 

the data they collected does not seem to correspond to what is known about Rv3004.  The 

only similarity is that their protein is predicted to have 112 amino acids.  The molecular 

weight of the protein they isolated was 11.61 kDa, while the protein should be 12.22 kDa.  

This difference can be explained from the results of their N-terminal sequencing, done by 

Edman degradation.  The N-terminal sequence they report is AVGFFTLGLLVP.  This is 

not what the Rv3004 sequence should be.  This is shown in Figure I.A.1. 

Alignment of the first 22 amino acids of Rv3004 with experimental results.
 

Rv3004 first 22 aa      MAHFAVGFLTLGLLVPVLTWPV 

 Predicted Rv3004       ----AVGFFTLGLLVP------ 

                            ****:*******       

 

* indicate exact match 

: indicate same type  

 

Figure I.A.1.  Alignment of the first 22 amino acids of Rv3004 with 

experimental results 

 

If Rv3004 were missing the first four amino acids and the first leucine were a 

phenylalanine, then the predicted molecular weight would be 11.7 kDa.  This molecular 

weight would agree with their data.  An Edman degradation should not lose the first four 

amino acids.  In addition, the Edman degradation is very accurate and should not have 

misconstrued the leucine for a phenylalanine.  Edman degradation, even done manually, 

is often referred to as “unambiguous” (Niall et al. 1969; Steinman and Hill 1973).  These 

discrepancies were not addressed in the paper.  One might conclude that the first four 
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amino acids were cleaved as the signal sequence prior to secretion; this is certainly 

possible, but not very probable because four amino acids would be a very short signal 

sequence.   As another point of diversion, in a 2-D SDS PAGE, they isolate their protein 

at pI 4.0.  The predicted pI for Rv3004, or even the amino acid sequence they submit is 

11.32.  The protein they isolate does elicit an immune response in human patients, 

proving that it does serve as an antigen.  All of this leads me to believe that Rv3004 is 

very likely a membrane bound or membrane embedded protein that does not contain a 

cleaved signal sequence but may serve as an antigen.   

The Rv3004 used in the following experiments is a 122 amino acid fusion protein 

with a 10 amino acid, N-terminal tag containing a 6-His repeat to allow for convenient 

purification.  The sequence can be found in Figure I.A.2.  It is predicted to have one 

transmembrane helix at the N-terminus by a combination of the Transmembrane Hidden 

Markov Model (TMHMM) server, the Phobius server, and an analysis of the amino acids 

comprising the N-terminus (Sonnhammer et al. 1998; Kall et al. 2004).  The TMHMM 

server predicts transmembrane α-helices based on the primary structure.  A distinct 

deficiency of TMHMM is the ability to distinguish between a transmembrane helix and 

an N-terminal signal sequence.  For gram positive bacteria, TMHMM mislabeled 60% of 

known signal peptides as transmembrane helices (Sonnhammer et al. 1998).  Phobius is a 

combined transmembrane topology and signal peptide prediction program that is trained 

to recognize the difference between the two (Kall et al. 2004).  Phobius is on par with 

TMHMM for predicting transmembrane helices, but surpasses it for the prediction of 

signal sequences or distinguishing between signal sequences and N-terminal 

transmembrane regions.  When compared to a signal peptide predictor program, SignalP, 

Phobius is more conservative but it usually recognizes the difference between N-terminal 

signal sequences and membrane embedded regions (Bendtsen et al. 2004).  An analysis 

of the amino acids comprising the N-terminus can also predict cellular localization.  In 

the case of Rv3004, the majority of the N-terminus is hydrophobic in nature, indicating 

that region is likely located in a hydrophobic environment.  The predicted transmembrane 

region is highlighted in Figure I.A.2.  In the transmembrane region there is a coiled coil 

motif, sometimes called a homo-oligomerization motif.  This motif can be identified by 

GXXXG or AXXXA present in a hydrophobic region of the protein (Senes et al. 2004).  
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Despite the presence of the motif, there is little evidence to support the formation of 

homo-oligomers.   

The only anomaly of Rv3004 is the presence of three prolines in the predicted 

transmembrane region.  Prolines are traditionally helix breaking residues, but in 

membrane proteins they are frequently present and are predicted to be necessary for 

function (Sansom 1992; Hong et al. 1997; Visiers et al. 2000; Bright et al. 2002; Senes et 

al. 2004).  For example, the lutropin/choriogonadotropin receptor is a seven helix 

transmembrane receptor.  Hong et al. (1997) determined that two of five transmembrane 

prolines are necessary for proper function.  One is necessary for substrate binding.  The 

other proline’s function is unclear, but upon mutation, the expressed protein is no longer 

transported to the cell membrane.  In Kv channels, prolines are believed to be the hinges 

that allow for voltage controlled gating (Tieleman et al. 2001; Bright et al. 2002).  Until 

either the function or structure of Rv3004 is known, the role of the prolines will remain a 

mystery.   

 

 

 

 

 

 

 

 

Rv3004 Amino Acid Sequence: 

 
    1 – MGHHHHHHGM MAHFAVFGLT LGLLVPVLTW PVSAPLIVIP VALSASIIRL 

   51 – RTLADERGVT VRTLVGSRAV RWDDIDGLRF HRGSWARATL KDGTELRLPA 

  101 – VTFATLPHLT EASSGRVPNP YR 

 

Figure I.A.2.  Rv3004 amino acid sequence with predicted transmembrane region in red 

 

 

Rv1861 is a 101 amino acid protein of unknown function.  The protein used in 

these experiments is a 110 amino acid fusion protein with a 9 amino acid, N-terminus tag 

that contains a 6-His repeat for convenient purification.  The amino acid sequence can be 

seen in FIGURE I.A.3.  The highlighted regions are the three predicted transmembrane 

helices.  These regions were predicted using the TMHMM and Phobius servers in 

addition to an analysis of the amino acids.   

Though the function is unknown, the sequence contains an ATP/GTP-binding 

site.  The motif is [AG]-XXXX-G-K-[ST].  In Rv1861 this motif is visible as A-MNLD-

G-K-T, from amino acid 20-27, which is highlighted in FIGURE I.A.3.  Experiments by 

 5



our collaborator, Dr. Mark Richter, have confirmed the ability of Rv1861 to bind ATP 

(unpublished results).  Perhaps Rv1861 recruits or holds ATP for another protein that 

requires ATP for function.  Genes adjacent to Rv1861 are involved in molybdenum 

transport; perhaps Rv1861 recruits or saves ATP for other genes to utilize.  There are 

several species with homologs to Rv1861, based on amino acid sequence including 

Mesorhizobium loti, Mycobacterium leprae, Sinorhizobium meliloti, Caulobacter 

crescentus CB15, Brucella melitensis, and Corynebacterium glutamicum.  Therefore, 

Rv1861 may serve a crucial function in the viability of M.tb.  Protein partners could be 

isolated using protein complementation assays which have proven successful in tracing 

virulence pathways in Mycobacterium, among other methods (Singh et al. 2006).  Along 

with binding ATP, Rv1861 has several GXXXG or AXXXA repeats indicative of homo-

oligomerization.  The sequence is often referred to as a coiled coil motif.  Four coiled coil 

motifs are underlined in the Rv1861 amino acid sequence shown in Figure I.A.3.  On 

non-denaturing perfluorooctanoic acid (PFO) gels, Rv1861 can be seen as a single high 

molecular weight band, perhaps running as an octamer.  Even on denaturing SDS-PAGE, 

at high concentration Rv1861 shows a tendency to form oligomers.  These results are 

further discussed in Chapter III.1.  This indicates a very strong inclination towards 

oligomerization, which is supported by the presence of several coiled coil motifs.  

Elucidation of the structure could lead to clues about function and protein partners. 

 

 

Rv1861 Amino Acid Sequence: 

 
   1 – MGHHHHHHGM DITATTEFSA MNLDGKTGIG WLGYIVIGGI AGWLASKIVK 

  51 – GGGSGILMNV VIGVVGAFGA GLVLNALGVD VNHGGYWFTF FVALGGAVVL 

 101 – LWIVGMVRKT  

 

Figure I.A.3.  Rv1861 amino acid sequence with predicted transmembrane region in red, 

homo-oligomerization domain underlined, and ATP binding site in blue 

 

 

B.  Solution NMR 

Solution NMR is a strategy that has been used to solve the structures of many 

proteins (Buchko et al. 2006; Muralidharan et al. 2006; Ogura et al. 2006).  Solution 

NMR is an excellent means to characterize small membrane proteins because the use of 
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detergents provides a membrane mimetic.  Detergents form micelles in aqueous solution.  

These micelles encase the hydrophobic regions of membrane proteins allowing for a 

native-like environment.  In general, a fingerprint spectrum is observed, which consists of 

a heteronuclear single quantum coherence (HSQC) spectrum of backbone amides.  If a 

high quality HSQC cannot be observed, there is little chance a high resolution structure 

will be obtained.   

NMR exploits the spin angular momentum that can be probed by specific 

frequencies of electromagnetic radiation.  When a nucleus has protons or neutrons whose 

spins are not paired, then the overall spin angular momentum becomes greater than zero.  

This nonzero angular momentum (angular momentum, or spin, is represented by the 

symbol I) can then be manipulated using magnetic fields, in other words I ≥ ½, is 

magnetically susceptible.  Both 
15

N and 
1
H, our nuclei of interest, are I = ½.  If a nucleus 

is magnetically susceptible, then in a magnetic field B0, spins will begin to partition into 

high and low energy states separated by an energy measured as frequency, or .  The 

frequency depends on the gyromagnetic ratio, , for the given nucleus,  = B0.   The 

frequency separating the two spin levels is known as the Larmor frequency or the 

resonance frequency, because it allows for resonance between the energy levels.  Because 

of the gyromagnetic ratio, the Larmor frequency is specific to a particular nucleus.  The 

energy gap between the two spin levels is described by, E = h /2π, where h is Planck’s 

constant.  Therefore the energy necessary to excite a spin is, E = h B0/2π.  The 

population difference between the two energy states can be described by the Boltzmann 

equation, N-/N+ = e
-E/kT

.  N+ is the lower energy state and at room temperature is more 

populated, k is Boltzmann’s constant, and T is the temperature in Kelvin.  As the 

temperature increases, the ratio approaches one.  The strength of the signal recorded by 

NMR spectroscopy is directly proportional to the difference in spin populations.   
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Legend: 

DEC – decoupling 

FID – free induction decay 

t1 – free precession period during which protons are labeled with the nitrogen 

chemical shift 

τ – period equal to a time of ¼ J 

Figure I.B.1.  Very basic HSQC Pulse Sequence.  90° pulses are represented 

by the thin black lines and 180° pulses are represented by the thick black lines.  

Each τ period corresponds to a time equal to ¼ J.   
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At any given moment in time, each nuclear spin generates a tiny magnetic field by 

precessing about B0 at the Larmor frequency.  The sum of all the small magnetic fields 

oriented along B0, also on the z-axis, equals the net magnetization vector.  The size of the 

vector is proportional to the spin population difference.  For conceptual ease, it is easier 

to envision a rotating frame of reference that rotates about the z-axis at the Larmor 

frequency as opposed to rotating spins.   

The magnetization vector can then be rotated about the coordinate axes using 

radiofrequency pulses, referred to as B1.  By applying pulses of alternating current 

through a coil wrapped around the sample, a B1 field is generated rotating the net 

magnetization vector.  The angle through which the vector rotates is described by the 

following equation where τ is the amount of time the B1 field is applied:  θ = 2π τB1.  

Rotation to the xy plane allows for a signal, or free induction decay (FID) to be recorded.  

The spins, though rotated to the xy plane by B1, will rotate about the z-axis and B0 

eventually relaxing back to the z-axis such that the net magnetization vector returns to the 

z-axis.  This rotation of the spins causes a current which can be recorded and is called the 

FID.   

The 
15

N-
1
H HSQC involves all the principles mentioned above, applied in two 

dimensions through a transfer of magnetization from protons to nitrogens.  If we recorded 

only the proton spectrum for a protein, there would be a signal for each hydrogen atom, 

resulting in too many overlapping signals to interpret any useful information.  Recording 

only the nitrogen spectrum would lead to the same conundrum.  Heteronuclear 

experiments allow for a mixing time, during which a B1 pulse is applied to transfer 

magnetization from nitrogen to proton.  This offers the opportunity to record a proton 

signal that has also been influenced by the attached nitrogen.  Using two correlated 

dimensions eradicates much of the problematic overlap.  Each resonance corresponds to a 

hydrogen nucleus covalently bonded to a nitrogen nucleus.  This allows us to fingerprint 

the protein because each amino acid comprising the protein backbone, excluding proline, 

will yield exactly one resonance.  Side chains containing indoles, or primary and 

secondary amines may also yield a signal.  Thus, there is a set number of expected signals 

for the spectrum of a protein whose primary structure is known.  A spectrum with 

significantly more signals indicates there may be several competing conformations.  A 
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spectrum with an approximately correct number of well dispersed resonances is likely 

well ordered.   

The very basic HSQC pulse sequence is shown in Figure I.B1.  The thin lines 

represent 90° B1 pulses and the thick lines represent 180° B1 pulses, where the angle 

represents the rotation of the net magnetization vector through the coordinate axes.  Each 

τ period represents a time equal to ¼ J, where J is the “through bond” coupling measured 

in hertz.  The system is completely relaxed prior to any pulses, with the net magnetization 

for both proton and nitrogen on the z-axis.  The sequence of pulses leading to t1 is termed 

the preparation phase.  During this time, there are B1 pulses applied to both nuclei and 

magnetization is transferred to nitrogen.  During evolution, the period labeled t1, the 

magnetization is labeled with the nitrogen chemical shift.  There is no active decoupling 

which allows for mixing through the N-H bond.  The 180° pulse during t1 decouples 

scalar coupling, ensuring that the only effect is the chemical shift of nitrogen.  This t1 

period is incremented over the course of an HSQC experiment.  The next 180° pulse, 

including the two τ periods, compose the mixing period during which the proton and 

nitrogen spins are allowed to interact.  The end effect of the mixing period is a transfer of 

the labeled magnetization back to the protons.  At this point the magnetization is ready 

for detection during which the FID is recorded while decoupling is on to ensure only 

chemical shift information is recorded.  A special pulse sequence called GARP is used to 

decouple the nuclei.  The experiments were run on the Varian 600 MHz and 720 MHz 

spectrometers available at the National High Magnetic Field Laboratory (NHMFL) using 

the gNHSQC pulse sequence from the BioPack program. 

In addition to the protein fingerprint, another key NMR experiment is the 

gNTROSYS3, also in BioPack on the Varian 600 MHz and 720 MHz spectrometers at 

the NHMFL.  This experiment is referred to a spin state selective TROSY.  (Permi and 

Annila 2000)  This experiment allows us to measure residual dipolar couplings which can 

be used as restraints during structure calculation.  Dipolar coupling is a “through space” 

coupling where the measured value is a sum effect of all neighboring nuclei, whereas J 

coupling effects are transferred only through molecules or atoms covalently bonded.  The 

gNTROSYS3 is referred to as a spin state selective experiment.  In an HSQC, each N-H 

group yields one resonance in the spectrum.  As mentioned previously, the nitrogen and 
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the hydrogen can each be in either the high or low energy state.  This leads to four 

possible states for the N-H pair.  In an HSQC experiment, the observed resonance is at 

the average chemical shift of the four possible states for the N-H pair.  In a gNTROSYS3 

experiment, we have the ability to select specific spin states.  To quantify the dipolar 

coupling, we run the experiment two times and select a different spin state for each run.  

Each spectrum will have one resonance for the N-H group, resembling an HSQC 

spectrum.  When the two spectra are overlaid, the signals will be separated by a value 

equal to the sum of the dipolar coupling and the scalar coupling.  In an isotropic 

environment like the one we use for solution NMR, dipolar coupling is averaged out 

completely due to free rotation of the micelle encased protein.  In this case, there is no 

dipolar coupling and the measured value is equal to the J-coupling, which for an N-H pair 

is about 92 Hz.  If we induce steric restraints on the micelles, such as through the use of a 

polyacrylamide gel, then the sample no longer experiences an isotropic environment.  We 

have limited the movement of the micelle, reintroducing some dipolar coupling.  If we 

measure the dipolar coupling for an isotropic sample and compare it to an anisotropic 

sample, the difference is the residual dipolar coupling.  This value helps to describe the 

environment of each nucleus and will be used during structure calculation. 

C.  Solid State NMR 

Solid state NMR is also an excellent method to study membrane proteins.  The 

membrane proteins are embedded in a liquid crystalline bilayer, as opposed to the 

micelles used for solution NMR.  The bilayer environment used for solid state NMR is 

much more similar to a native membrane than micelles.  Solid state NMR utilizes the 

same principles as solution NMR, but the Polarization Inversion Spin Exchange at the 

Magic Angle (PISEMA) experiment reveals different information.  It is a two 

dimensional experiment that correlates the orientation dependent, anisotropic 
15

N-
1
H 

dipolar coupling with the 
15

N chemical shifts.  The magnitude of the dipolar interaction is 

dependent on the type of spin, internuclear distance, and the orientation of the vector 

between the two spins with respect to B0.  The orientation dependence of the dipolar 

coupling is proportional to 3cos
2θ-1.  Therefore, at the magic angle, θ = 54.7°, the dipolar 

coupling disappears, the premise behind magic angle spinning experiments.  For α-helical 

transmembrane proteins mechanically aligned on glass slides, PISEMA experiments yield  
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Figure I.C.1.  Dipolar coupling model.  The radius between the nitrogen and 

proton is represented by r and the angle between the vector and B0 is θ. 

 

Figure I.C.2.  Example of PISA wheels and effect of helix orientation on shape 

and location of wheels 
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Polar Index Slant Angle (PISA) wheel (Marassi and Opella 2000; Wang et al. 2000).  

Well resolved PISA wheels of helices tilted with respect to the bilayer normal are 

effectively skewed helical wheels.  The N-H bond vector is essentially parallel to the 

helix normal.  When the helix has a 0° tilt with respect to B0, all N-H vectors are also 

parallel to B0.  Figure I.C.1 depicts the N-H bond vector.  Because both N-H dipolar 

coupling and the 
15

N anisotropic chemical shift are orientation dependent, there would be 

only a single signal if the helix were aligned exactly parallel with B0.  All the N-H 

vectors would be aligned in exactly the same manner.  A tilt of the helix imparts a tilt in 

all N-H bond vectors, resulting in near unique orientations for each N-H vector.  Due to 

the repetitive pattern that α-helices adopt, the dipolar vectors will have some overlap with 

the following amino acid leading to a pattern modeling the helical wheel.  An example of 

how PISA wheels model helical wheels can be seen in Figure I.C.2.  PISEMA 

experiments and PISA wheels necessitate aligned samples to resolve anisotropic chemical 

shifts.  If samples are not aligned, then the result is a powder pattern or a mix of all the 

chemical shifts in the sample.   

Thus, with a few wisely labeled samples, the tilt and rotation of all three 

transmembrane helices could be deduced leading to a preliminary structure for Rv1861.  

This would provide a unique opportunity to study a protein structure solved using both 

solution and solid state NMR.  It would be valuable for the field of membrane protein 

structural genomics to be able to compare protein structures solved in micelles versus 

liquid crystalline bilayers, arguably the most native-like synthetic environment currently 

available.   
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CHAPTER II 

MATERIAL AND METHODS 

 

A.  Expression and Purification 

Rv3004 and Rv1861 were expressed as fusion proteins containing the ORF for 

each protein and an N-terminal tag consisting of six consecutive histidines.  (Korepanova 

et al. 2005)  The histidines are included for convenient purification by nickel affinity 

chromatography.  The vector was cloned into supercompetent BL21 cells (Stratagene) 

and allowed to grow at 37°C on agar plates containing ampicillin and Luria-Bertani (LB) 

growth medium.  LB consists of 10 g of NaCl, 10 g of tryptone, and 5 g of yeast in one 

liter of water.  The medium is always autoclaved prior to use.  After 36 hours, a single 

colony was plucked and allowed to grow for 8 hours in 2 mL of LB, at 37°C and 250 rpm 

in an ATR Multitron Stackable Shaking Incubator.  The cells were stored in 10% 

dimethylsulfoxide (DMSO) for up to three months at -80°C.  This frozen cell stock was 

used to grow further large scale cultures of each protein.  Approximately every six 

months, DNA was transformed into fresh cells.   

Large scale growth of uniformLy 
15

N labeled cells included all of the following 

steps.  10 mL of LB were allowed to grow with ampicillin and some of the frozen starter 

cells.  The 10 mL culture would grow overnight at 37°C, shaking at 250 rpm.  The next 

day the 10 mL culture would be added to one liter of LB containing ampicillin, 1 mL of 1 

M MgSO4, 100 l of 1 M CaCl22.  Generally, three to four liters of LB would be grown 

and inoculated each time.  Higher cell density in M9 saves money on expensive labeled 

reagents (Marley et al. 2001).  The inoculated liters of LB were incubated at 37°C and 

250 rpm for three to four hours until the absorbance at 600 nm (A600) was between 0.6-

0.8 absorbance units.  Then the cells were spun down at 7000 x g for 8 minutes at room 

temperature or higher.  The pelleted cells were resuspended in M9 medium at a ratio of 

three to four liters of LB into one liter of M9.  M9 medium consists of 17 mM Na2HPO4, 

22 mM KH2PO4, and 9 mM NaCl in 900 mL of water, autoclaved.  To the autoclaved M9 

medium, ampicillin, 20 mL of 20% D-glucose, 2 mL of 1 M MgSO4, and 100 l of 1 M 

CaCl2 was added.  After the cells were resuspended, 1 g of 99% 
15

N NH4Cl was added as 

the nitrogen source.  The M9 medium was allowed to grow at 37°C and 250 rpm for 45 
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minutes to allow for the metabolism of residual LB medium.  After 45 minutes, protein 

expression was induced by adding isopropylthio- -D-galactoside (IPTG) to a final 

concentration of 0.8 mM.  UniformLy labeled cells were allowed to grow for five hours 

or more and then harvested by centrifuging at 7000 x g for 8 minutes.  They could grow 

until the absorbance at 600 nm started to decrease, indicating cell death.  

Specifically labeled cells were grown in a similar manner.  The 10 mL overnight 

starter culture was grown in the same fashion.  It was added to one liter of LB and 

allowed to grow for three to four hours until the absorbance at 600 nm was approximately 

0.6-0.8 absorbance units.  As with the uniformLy labeled cells, several liters of LB were 

usually grown each time to condense into one liter of M9 medium.  The cells in LB were 

harvested by centrifugation at 7000 x g for 8 minutes at room temperature or higher.  The 

harvested cells were rinsed with the same M9 medium used for uniformLy labeled cells, 

and pelleted again, in the same manner.  The cells were then resuspended in amino acid 

specific M9 medium.  Specific M9 medium would contain the same salts, glucose, 

ampicillin, MgSO4, and CaCl22.  But, it would also include measured amounts of 

unlabeled amino acids, excluding the one to be labeled (Muchmore et al. 1989).  The 
15

N 

source would be 100 mg of 
15

N labeled amino acid added to the M9 medium after the 

cells had been suspended.  The cells were allowed to grow in M9 for about 45 minutes to 

allow for metabolism of residual LB media, and then protein expression was induced 

with IPTG.  Specifically labeled cells were allowed to grow for a maximum of three 

hours to avoid scrambling of the labeled amino acid.  They were then harvested by 

centrifugation at 7000 x g for 8 minutes.    

Harvested cells, both specific and uniformLy labeled, were then lysed and 

purified by the same method (Sanders and Oxenoid 2000; Oxenoid et al. 2002; Oxenoid 

et al. 2004).  Cells were resuspended in lysis buffer consisting of 75 mM Tris-HCl and 

0.3 M NaCl in ultra pure double distilled water.  Each liter of cells was suspended in 40 

mL of lysis buffer.  The protease inhibitor phenylmethylsulfonyl fluoride (PMSF) was 

added to the buffer to a final concentration of 1.1 mM from a 20 mg/mL stock in 

isopropanol.  Five microliters of the DNase/RNase Benzonase nuclease (Invitrogen) was 

added.  Finally, 0.2 mg/mL of lysozyme powder was added.  The solution was stored 

overnight at -80°C.   
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The next day, the solutions were defrosted in a 37°C water bath.  They were then 

incubated with gentle tumbling at room temperature for 30 minutes to allow time for the 

lysozyme to disintegrate the cell wall.  From a 500 mM stock, magnesium acetate was 

added to a final concentration of 5 mM.  Magnesium(II) helps to further break down the 

cell wall.  The solution was tip sonicated in an ice water bath at 80% power for five 

minutes.  Sonication was performed in five second pulses followed by five seconds of 

rest.   

After sonication, Empigen was added to a final concentration of 3% from a 30% 

stock solution purchased from Calbiochem or Sigma.  Adding Empigen at this point 

allows for solublization of the protein of interest from any source within the cells.  The 

lysate was allowed to shake gently at 4°C for at least 2 hours or overnight.  The lysate 

was then centrifuged at 4°C for 30 minutes at 10000 x g to pellet any cellular debris that 

was not solubilized.  The lysate was then incubated with gentle shaking at 4°C for at least 

30 minutes to overnight with freshly charged Ni(II)-agarose.   

The mixture was poured into a purification column and the lysate was allowed to 

flow through.  First it was washed with at least 3 bed volumes (bed volume indicating 

volume of Ni(II) resin used) of buffer composed of 40 mM HEPES, 300 mM NaCl, and 

3% Empigen.  It was then rinsed with at least 8 bed volumes of buffer composed of 40 

mM HEPES, 300 mM NaCl, 1.5% Empigen, and 20 mM imidazole.  This step removed 

any proteins that may have been nonspecifically bound to the Ni(II) resin.  The next wash 

removed all Empigen from the protein and resolubilized it in SDS.  At least 8 bed 

volumes of 0.02% SDS in deionized (dI) water was used to rinse the resin.  The protein 

was eluted using 0.02% SDS in dI water and 400 mM imidazole.  Concentration of 

protein was calculated by blanking the UV-Vis spectrometer with 100 l of the elution 

buffer prior to measuring the UV absorbance of the protein solution at 280 nm.  Based on 

an estimated extinction coefficient calculated using the primary structure 

(www.expasy.org; ProtParam), an estimated protein concentration was calculated.  The 

purified protein was then isolated from the SDS solution using one of two methods based 

on whether it would be used for solution NMR or solid state NMR.  The elution was 

stable at 4°C for several weeks.   
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To verify the efficacy of purification and the purity of the eluted protein, either 

SDS-PAGE or PFO-PAGE (perfluorooctanoic acid, PFO) was performed (Ramjeesingh 

et al. 1999).  Gels for Rv3004 were stained using coomassie blue and Rv1861 was 

stained using a modified silver stain (Shevchenko et al. 1996).  All steps for silver 

staining were performed at room temperature with gentle shaking.  The SDS-PAGE gel 

was fixed in 45% methanol and 7% acetic acid for at least one hour.  Then it was washed 

with dI water 3 times, for 1 minute each.  Afterwards, it was sensitized for 30 minutes 

with a solution of 45% ethanol, 5% (w/v) of sodium thiosulfate, and 0.5 M sodium 

acetate.  Sensitization was followed by 3 successive washes with dI water, 15 minutes 

each.  The gel was impregnated with silver using a 0.2 g/100 mL solution of silver 

nitrate.  The gel was allowed to incubate in the silver nitrate solution for 20 minutes.  The 

gel was washed 2 times, 1 minute each, in dI water.  Then a solution containing 100 l of 

37% formaldehyde and 6 g/100 mL of sodium carbonate was added to the gel.  The gel 

was shaken gently and watched closely until the expected bands appeared, usually no 

more than 2 or 3 minutes.  The development was stopped by pouring out the developer 

and adding more of the fixing solution.  Though silver staining is a more tedious method, 

Rv1861 does not seem to stain well with coomassie (de Moreno et al. 1986).  Coomassie 

is believed to noncovalently interact with arginine, lysine, tyrosine, and histidine.  There 

are several of these residues in Rv1861, but perhaps the tight coiled coil nature of the 

protein does not allow for very much interaction with the bulky coomassie molecules, 

leading to a decreased staining efficiency.   

B.  Solution NMR sample preparation 

 The preparation of membrane proteins for solution NMR was recently described 

by Page et al.  (Page et al. 2006)  For solution NMR the elutate was diluted with water to 

reduce the total concentration of SDS prior to dialysis.  The diluted elution was placed in 

dialysis tubing having a molecular weight cutoff of 8000 Daltons.  The tubing was placed 

in a 3 L beaker of water to dialyze until all of the protein precipitated.  The water was 

changed daily until precipitation was complete.  Completion was achieved when the 

absorbance of the solution at 280 nm was less than 0.001 absorbance units.  The 

precipitated protein was collected by centrifugation at 10000 x g for 30 minutes at room 

temperature.  The precipitated protein was then washed three times with 50% acetone in 
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water, first with 20 mL, then 8 mL, then 2 mL.  The acetone solution was added to the 

precipitated protein and pipetted several times to expose all protein to acetone.  The 

mixture was spun at 10000 x g for 10 minutes at room temperature.  This was repeated 

for each step.  After the last wash, 2 mL of 50% acetone was added and the protein and 

acetone mixture was transferred into two pre-weighed 1.5 mL Eppenedorf tubes.  The 

tubes were placed in a vacuum centrifuge where the protein was lyophilized.  The tubes 

were weighed afterward to find the total protein yield.   

 For NMR, enough protein for a 1 mM concentration would be weighed out.  To 

the protein, a solution composed of 25 mM sodium acetate (pH 4.0) and either 5% LMPG 

(for Rv3004) or 250 mM SDS (for Rv1861) would be added, bearing in mind the 

minimum usable volume for the spectrometers was 300 l.  The protein and detergent 

solution was gently shaken for several minutes at room temperature.  Then the solution 

was submitted to several rounds of bath sonication followed by 5 minutes in a 50°C 

waterless heater.  Once all protein had been solubilized, D2O was added to a final 

concentration of 10%.  The pH was checked and adjusted if necessary to 4.0.  The 

solution was then pipetted into Shigemi tubes, the plunger was inserted and wrapped with 

parafilm.  The sample was stored at 40°C until used.   

 For the measurement of residual dipolar couplings, polyacrylamide gels were 

prepared (Ishii et al. 2001; Cierpicki and Bushweller 2004).  Different concentrations of 

polyacrylamide gel were made by diluting a 30% Acrylamide, 0.8% Bisacrylamide stock 

solution from Sigma with ultra pure water.  Gels were made in concentrations from 5%-

7%.  They were polymerized by the addition of TEMED and APS.  Casts were created 

from 3.4 mm diameter NMR tubes with the closed end cut to create a glass tube.  The 

tubes needed to be at least 7 cm in length to be effective.  The cut tubes were soaked in 

SIGMACOTE for 20 minutes at room temperature.  SIGMACOTE is a siliconizing 

solution purchased from Sigma.  After soaking, the tubes were allowed to air dry.  Then 

an NMR tube cap, or parafilm, was used to close one end of the tube while the 

acrylamide solution was poured in the other end.  The gels were allowed ample time to 

polymerize.  After polymerization, the cap or parafilm was removed and the gels were 

removed.  The most convenient way to remove the gel from the tube was to apply water 

pressure to one end and let the gel slide out of the other end.  This was usually done with 
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a 10 mL syringe.  The cast gels were allowed to dialyze against ultra pure water for at 

least 12 hours with at least one water change.  This allowed any remaining TEMED or 

acrylamide to diffuse out of the gels.  Then the gels were cut into 3 cm rods with a sharp 

razor blade.  The cut gels were spread in a glass Petri dish, such that they would not 

touch.  The dish was covered loosely and the gels were allowed to dry completely.  This 

process would take from 1-2 weeks.   

 The NMR samples for measuring residual dipolar couplings was prepared in the 

same fashion mentioned previously for preparing isotropic NMR samples.  To create an 

anisotropic environment, a dried gel was added to a prepared NMR sample in a Shigemi 

tube.  Often, the exact same sample that was used to collect isotropic data was also used 

to garner anisotropic data.  This avoided inconsistencies in sample preparation.  After 

addition of the gel, the plunger was inserted leaving a height of 1.9 cm from the bottom 

of sample to the bottom of the plunger.  The plunger was set in place by wrapping with 

parafilm.  The sample was then set in a 42°C heater and allowed to equilibrate for at least 

16 hours.  By limiting the height to 1.9 cm, we compressed the gel from its original 3 cm 

by 37%.   

 Positively charged gels were created using the same method described for 

uncharged gels, except for the addition of (3-acrylamidopropyl)-trimethylammonium 

chloride (APTMAC).  Two charged gel species were made, a 25% (w/w) APTMAC and 

a 15% (w/w) APTMAC, both were in 7% acrylamide.   

 

C.  Solid State NMR sample preparation 

 Preparation of aligned solid state NMR protein samples has been previously 

described (Smith et al. 1989; Kim et al. 1998; Li et al. 2007).  A 4:1 mixture of 

DMPC:DMPG in 20% octylglucoside (all from Avanti) was prepared.  This solution was 

added to the elutate in a ratio of 1:10, protein:lipid by weight.  The entire protein, lipid, 

detergent solution was allowed to dialyze against water for at least 10 days to allow for 

the removal of all SDS and OG.  The solution was loaded into ultracentrifuge tubes and 

the lipid and protein is collected by centrifugation at 250,000 x g, for at least 3 hours at 

8°C.  The absorbance of the supernatant at 280 nm was checked to verify that all protein 

had been collected.   
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 The pellet was suspended in two milliliters of ultra pure water by pipetting up and 

down gently.  The mixture was transferred to 1.5 mL eppendorf tubes.  To help with 

solubilization, the tubes were frozen in liquid nitrogen, warmed to room temperature, and 

then bath sonicated.  This process was repeated several times.  When the lipid protein 

mixture was completely resuspended, it was pipetted onto thin glass slides.  

Approximately 60 l of solution was pipetted onto each plate.  The plates had been 

previously washed with chloroform and acetone.  The solution was spread using a pipette 

tip so that it covered the majority of the slide.  The solution was left to evaporate at room 

temperature for several hours.  Then they were stacked and loaded into a glass solid state 

NMR cell.  The glass cell containing the stacked slides was placed inside a 97% humidity 

chamber at 42°C.  It was allowed to hydrate for at least five days.  After this period, the 

cell was sealed using beeswax and left in the warm humidity chamber until used for 

NMR.   
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CHAPTER III 

RESULTS AND DISCUSSION 

 

A.  Expression and Purification  

 Each liter of M9 culture yielded approximately 30 milligrams of uniformLy 
15

N 

labeled protein after purification.  For specifically 
15

N labeled protein, each liter of M9 

yielded about 10 milligrams of purified protein.  The yields were verified by both UV-

Vis Spectrometry and precipitation of the protein.  This was enough protein for several 

solution NMR experiments. 

 To confirm the efficacy of purification, SDS-PAGE was performed for both 

Rv3004 and Rv1861.  The results are shown in Figure III.A.1.  Rv3004 was stained by 

Coomassie and Rv1861 was stained using a silver staining method.  Rv3004 shows a 

single band at about 13 kDa, which would be appropriate for the 13.4 kDa protein.  The 

Rv1861 SDS-PAGE has two lanes loaded with different concentrations of protein.  The 

first column has significantly more protein.  Both lanes have a band at around 12 kDa, 

appropriate because the molecular weight is 11.4 kDa.  The lane with more protein has a 

very diffuse band indicating a monomer-dimer interconversion.  The first lane also shows 

a very distinct band at about 26 kDa.  This might be a dimer or trimer of Rv1861.  It 

seems that the high concentration of protein leads to the formation of oligomers that are 

stable enough to be seen on an SDS-PAGE.  The second lane containing much less 

protein does not show as much evidence for oligomerization.  Rv1861 was also submitted 

to PFO-PAGE and consistently displayed one clear high molecular weight band.  This 

band appeared just under the 86 kDa standard, perhaps an octamer of Rv1861.  The  
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Figure III.A.1.  SDS-PAGE results for Rv3004 and Rv1861.  The Rv1861 gel 

shows two lanes of Rv1861, the left lane has a significantly higher protein 

concentration.  The left lane shows signs of oligomer formation near 27 kDa and 

the diffuse band near 11 kDa is indicative of monomer/dimer interconversion.  

The Rv3004 gel shows only one band at the appropriate molecular weight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 22



Figure III.A.2.  Non-denaturing, PFO-PAGE results for Rv1861 stained using 

a silver staining method.  The two lanes corresponding to Rv1861 were each 

prepared in the exact same fashion.  These results confirm the formation of one 

high molecular weight oligomer. 

 

Figure III.A.3.  MALDI-TOF MS results for Rv1861.   

Prominent peaks at 11.3 kDa and 5.7 kDa represent the molecular weight of the 

Rv1861 monomer as the +1 and +2 ions. 
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octamer weight for Rv1861 would be 91.2 kDa.  PFO-PAGE is very much dependent on 

both the fold and charge of the oligomer, therefore the exact molecular weight of the 

oligomer, and thus the oligomeric state, could not be deduced.  The gel is shown in 

Figure III.A.2.   

PFO-PAGE is a useful tool in confirming the presence of oligomers, but like all 

PAGE processes, it depends on much more than simply the weight of the protein 

complex.  Ferguson plots are an option to pin down the oligomeric state.  (Christeller and 

Tolbert 1978; Burns and Touster 1982)  By running several different percent gels and 

calculating the Rf for standards of known weight, an approximate weight can be 

calculated for the protein of interest.  Another option is to use Matrix Assisted Laser 

Desorption Ionization – Time Of Flight Mass Spectroscopy (MALDI-TOF MS).  

MALDI-TOF MS seemed like an ideal option because it has been used to determine the 

oligomeric state of many soluble and some membrane proteins (Moniatte et al. 1996; 

Babujee et al. 2007; Cho et al. 2007; Potula et al. 2007).  The pitfall of using MALDI-

TOF MS for Rv1861 was that only neutral detergents may be used in any significant 

concentration.  Rv1861 proved insoluble in both DDM and OG.  Organic solvents are 

readily used for preparation of samples for MALDI-TOF MS, but by using them, 

complexes likely revert to monomers due to complete solubility.  Nonetheless, Rv1861 

protein was prepared by the author and samples were prepared and analyzed by Dr. Doris 

Terry of the Bioproteomics Laboratory at the FSU College of Medicine.   

Rv1861 was prepared as a 175 M sample in a 1.0% SDS solution which was 

then diluted 5 times and 1000 times using a solution of 60% acetonitrile (ACN) and 0.1% 

trifluoroacetic acid (TFA).  ACN is very polar and a very good organic solvent, as such, 

ACN likely destroys micelles leaving the protein solubilized in the solvent.  Another 

sample was made by dissolving Rv1861 directly into a 50% ACN and 0.1% TFA solution 

to a final Rv1861 concentration of 175 M.  This was also diluted to 5x and 1000x using 

60% ACN and 0.1% TFA.   

 A Sigma low molecular weight MS standards kit was used for molecular weight 

standards.  It included four standards:  insulin at 5.7 kDa, cytochrome C at 12.4 kDa, 

Apomyoglobin at 17 kDa, and Aldolase at 39.2 kDa.  The standard was diluted to 100x.  

Three matrices were prepared:  2-(4-hydroxyphenylazo)benzoic acid (HABA) as a 1.3 
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mg/mL solution in 50% ACN and water, α-cyano-4-hydroxycinnaminc acid (CHCA) as a 

5 mg/mL solution in 60% ACN and 0.1% TFA, and sinapinnic acid as a 10 mg/mL 

solution in 60% ACN and 0.1% TFA.  The sample plate was coated with a thin layer of 

paraffin wax prior to sample loading.  The wax makes the surface hydrophobic, allowing 

more sample to be loaded.  The higher concentration of sample makes for better crystals 

and better peak intensity.  Then 2 l of standard was pipetted onto the plate.  It was given 

a few minutes to dry.  Then 2 l of protein was pipetted along with 2 l of matrix.  There 

was drying time between each step.   

 The Rv1861 monomer was detected using each matrix at each dilution in both the 

SDS and ACN prepared samples.  Unfortunately, no higher molecular weight oligomers 

were detected.  But, HABA turned out to consistently yield the most intense signal.  The 

spectrum for the HABA sample prepared in ACN and diluted to 1000x is shown in 

Figure III.A.3.  For further attempts at characterization through MALDI-TOF MS, 

HABA would be the matrix of choice for Rv1861.   

 

B.  Solution NMR 

 1.  Condition Trials 

Initial characterization of proteins using solution NMR begins by sampling 

different conditions.  Protein concentration, type of detergent, and pH were tested.  In 

doing so, the best conditions were teased out and subsequent experiments, including 

weak alignment trials, specific labeling experiments, and D2O exchange were performed 

at the optimized conditions.   

 The first task was to find a detergent that allowed reasonable resolution and 

distribution of residue peaks without aggregation or denaturation.  Rv3004 was tested in 

anionic sodium dodecyl sulfate (SDS), zwitterionic dodecylphosphocholine (DPC), and 

the anionic lipid derivatives 1-myristoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-

glycerol)] (LMPG), and 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-

glycerol)] (LPPG).  The spectra are shown in Figure III.B.1.1.  In SDS there are 106 

signals, DPC 109 signals, LMPG 119 signals, and in LPPG 133 signals, with an average 

signal to noise ratio of 92, 125, 144, and 133 respectively.  All spectra were collected 

using 1 mM Rv3004 and the same acquisition parameters.  Rv3004 is a well behaved 
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protein, in that all detergents tested yielded acceptable spectra.  LMPG had the highest 

signal to noise ratio and the signals were slightly better dispersed than with LPPG, which 

displayed more resonances.  Rv3004 has 122 amino acids with 8 prolines, thus we expect 

a maximum of 113 backbone resonances.  The presence of 133 signals could indicate 

more than one conformation; though all spectra showed evidence of either 

conformational heterogeneity or protein flexibility because there are only three 

tryptophans in the amino acid sequence but there are consistently four distinct tryptophan 

resonances in the spectra.  All further characterization was done in LMPG for Rv3004.   

 In addition to detergent, protein concentration was sampled.  Higher 

concentrations can lead to aggregation and poor spectra.  Using lower concentrations of 

protein that yield excellent spectra in a reasonable number of scans is beneficial because 

the protein yield from one batch of cells can be used for more experiments, saving time 

and money.  For Rv3004, protein concentrations of 400 M, 800 M were screened.  The 

corresponding spectra are in Figure III.B.1.2.  The red resonances are from the 800 M 

sample and the blue resonances are from the 400 M sample.  Each spectrum has the 

same number of resonances, though some are obviously shifted.  The shifts could be due 

to differences in sample preparation; this would indicate that some residues are more 

susceptible to the solvent environment than others.  Further experiments were executed 

using a concentration of approximately 1 mM based on protein availability and the NMR 

time schedule.  By preparing all samples to the same concentration, small changes in 

chemical shifts can be avoided.   

 The last condition trial performed was a pH titration.  A lower pH is advantageous 

for solution NMR because the optimal pH for minimizing amide exchange is 

approximately 3.3.  If amide exchange is not quenched as much as possible, there will be 

no spectrum due to the relatively similar time scales of solution NMR and amide 

exchange.  Spectra were recorded at pH 3.5, 4.0, and 5.0.  The results for Rv3004 are in 

Figure III.B.1.3.  Looking closely at the magnified glycine and tryptophan regions, the 

pH 4.0 sample displayed the most resonances.  In the tryptophan and glycine regions, pH 

5.0 shows a total of two fewer resonances than the sample at pH 4.0.  The pH 3.5 sample 

also showed 2 fewer resonances than the sample at pH 4.0 in the enlarged regions.  It 

may be that pH 4.0 is a midpoint between a slightly unfolded state at pH 3.5 and a more  
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Figure III.B.1.1.  Rv3004 detergent screen.  Each sample was prepared with 5% 

of the respective detergent, 1 mM Rv3004, 25 mM sodium acetate, 10% D2O, at 

pH 4.0 and run at 50°C on the 720 MHz spectrometer. 

A – Gly region overlay of all four detergents  

B – Trp region overlay of all four detergents 

 

Green is DPC, Red is LMPG, Purple is LPPG, Blue is SDS. 

DPC LMPG

LPPG SDS 

A 

B.
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Figure III.B.1.2.  Rv3004 protein concentration screen.  Samples were prepared 

using varied concentrations of Rv3004, 5% LMPG, 25mM sodium acetate, 10% 

D2O, pH 4.0.  Samples were run at 50°C.   

Blue is the 400 M sample and Red is the 800 M sample. 

A. 

B. 
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C. 

Figure III.B.1.3.  Rv3004 pH screen.  Samples were prepared with 1mM Rv3004, 

5% LMPG, 25mM sodium acetate, 10% D2O, at varied pH.   

A – pH 3.5, green signals 

B – pH 4.0, red signals 

C – pH 5.0, blue signals 

D – magnified overlay of A,B,C glycine region 

E – magnified overlay of A,B,C tryptophan region 

D. 

E. 

B. A. 
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folded state at pH 5.0.  This would explain fewer signals for both pH 3.5 and pH 5.0.  

Due to the differences between the spectra, it was desirable to prepare all samples to 

nearly the same pH.  Further samples were prepared at pH 4.0, ± 0.1 pH unit, though in 

retrospect, preparation at pH 5.0 may have been a wiser choice.   

A detergent screen was performed for Rv1861 using LMPG and SDS.  The 

resulting spectra can be found in Figure III.B.1.4.  The spectrum in SDS is excellent with 

resolution of 98 signals, though some are of unequal intensity.  Rv1861 has 110 amino 

acids and no prolines, therefore we expect 109 resonances.  There are 21 glycine residues 

in the amino acid sequence and based on the spectrum, it appears they are all resolved.  In 

addition, there are four tryptophans, and exactly four indole signals.  The LMPG 

spectrum is essentially unresolved.  Though both SDS and LMPG are anionic, SDS may 

be better able to solubilize Rv1861 as a monomer, yielding a better spectrum.  In the 

SDS-PAGE results for Rv1861 there was significant oligomer formation, hence LMPG 

may not be able to separate aggregated Rv1861.  Though the results are not shown, 

attempts were made to solubilize Rv1861 in both octylglucoside (OG) and dodecyl 

maltopyranoside (DDM).  Rv1861 was completely insoluble in both.  Further 

characterization of Rv1861 was performed in SDS, the added benefit being the relatively 

low cost of using SDS.  It also ensured that there would be no other residual detergents 

from purification because purification is also done in SDS.  Because SDS is known to 

denature water soluble proteins, an SDS concentration titration was performed.  Samples 

were prepared at 125 mM SDS, 250 mM SDS, and 500 mM SDS.  In each spectrum the 

signals were well dispersed, unlike the poor dispersion characteristic of an unfolded 

protein.  The best spectrum was recorded using 250 mM SDS.   

 The purpose of condition trials is to methodically sort through different conditions 

to sift out the best.  In the end, the conditions yielding the best spectra were incorporated, 

merging the information gained from screens on both proteins.  Each screen could have 

been performed on each protein to further hone the conditions.  Based on the resolution 

of the final HSQC and the regularity with which such spectra were recorded, the 

conclusion is that the conditions are adequate for both proteins.  To recapitulate, all 

further solution NMR samples were prepared in 25 mM sodium acetate, 5% LMPG or 

250 mM SDS, approximately 1mM protein, 10% D2O, pH 4.0, at 50°C.  Other buffers  
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SDS LMPG 

Figure III.B.1.4.  Rv1861 detergent screen.  Samples were prepared with 

5% LMPG or 250 mM SDS, 1 mM Rv1861, 25 mM sodium acetate, 10% 

D2O, at pH 4.0.  Run at 50°C on the 600MHz and 720 MHz spectrometers.  

The LMPG spectrum shows no resolution while SDS displays 98 of an 

expected 109 signals. 

 

 

Rv1861 Rv3004 

Figure III.B.1.5.  Optimal HSQC spectra for Rv3004 and Rv1861.  Samples 

prepared using 1 mM protein, 25 mM sodium acetate, 10% D2O, pH 4.0.  Run at 

50°C on the 600 MHz and 720 MHz spectrometers. 
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could have been sampled, such as potassium phosphate, but considering the low pH, a 

buffer with a comparable pKa seemed the appropriate choice.  In addition, temperature 

ranges could have been sampled, but 50°C consistently yielded excellent spectra.  The 

main concern of high temperature would be protein integrity, and there were no signs of 

protein degradation during or after the experiments, therefore a screen was not 

performed.  The optimal HSQC spectra for both Rv3004 and Rv1861 are shown in Figure 

III.B.1.5. 

Once conditions were optimized, hydrogen/deuterium (H/D) exchange 

experiments were also performed on Rv3004.  These experiments were meant to probe 

the solvent accessibility of Rv3004 within the LMPG micelle.  The residues that exhibit 

little to no exchange are very well protected from the environment, or they may 

experience a very strong interaction with a neighboring atom preventing interaction with 

the solvent.  Likewise, residues that readily exchange an amide proton for a deuterium are 

exposed directly to the solvent or are in a very flexible region of the protein.  Once a 

protein has been assigned, H/D exchange can corroborate the secondary structure.  If a 

region is supposed to be a transmembrane α-helix, it should be encapsulated by a micelle 

and therefore have little interaction with the solvent.     

H/D exchange samples were prepared as described previously, but instead of 

solubilizing the protein and detergent in water, it was resuspended with the appropriate 

water/D2O solution.  One sample was made using 30% D2O and one was made using 

90% D2O.  The samples were left to incubate for 36 hours at 42°C before running an 

HSQC experiment.  The resulting spectra can be found in Figure III.B.1.6., they are 

labeled A and B.  In theory, the residues prone to exchange, or very solvent exposed, 

should disappear in 30% D2O because the rate of proton/deuterium exchange is 

approximately equal to the timescale measured by solution NMR.  In 90% D2O all 

resonances that are capable of exchange with the solvent should broaden out.  The 

presence of over 100 signals in each Rv3004 spectrum indicates Rv3004 adopts a 

conformation with very little solvent accessibility.  The 30% spectrum has 120 signals 

and the 90% D2O sample has 105 signals.  There are a small number of resonances 

sensitive to high concentrations of D2O.  It is unlikely that the whole protein is protected 

by the micelle, but there are several resonances appearing in D2O samples that were not 
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visible in the standard sample.  Rv3004 may be folded so compactly that D2O does not 

readily exchange with the solvent exposed region and the micelle may fully encapsulate 

transmembrane region.  These experiments should also be done for Rv1861.  When 

assignments are made, this information will be quite useful.   

In the spectra for both 30% and 90% D2O, it should be noted that the histidines 

side chain resonances are visible at two different 
15

N chemical shifts.  These are the 

resonances from the histidines comprising the N-terminus tag that allows for purification 

by nickel affinity chromatography.  The samples were prepared in exactly the same 

fashion and the experiments were performed on the same spectrometer, the signals should 

overlay neatly.  These signals are also notable because in general, they are not observed.  

The histidines are not part of the native protein and thus should not be folded into a rigid 

structure.  Being not folded, the protons should readily exchange with the solvent leading 

to diminished signals or no signals.  Their presence implies they may have a rigid 

structure in Rv3004.   

 2.  Weak Alignment 

 Weak alignment of proteins in solution NMR creates an anisotropic environment, 

reintroducing some of the dipolar coupling that would otherwise be completely averaged 

out in solution experiments.  The residual dipolar couplings are measured by comparing 

the difference in coupling values for an isotropic spectrum and an anisotropic spectrum.  

The difference is referred to as the residual dipolar coupling.  These can be applied as 

structural restraints during structure calculation after assignment of the protein backbone.  

In addition, after backbone assignment, a map of the dipolar waves can corroborate the 

structure.  Disruptions in the waves, a change in periodicity, or intensity indicates a 

significant structural change.  At the most basic level, the presence of periodicity implies 

a helical nature for that region of the protein.  Alignment can be induced through many 

means, in this attempt; proteins were aligned by mechanical alignment using compressed 

polyacrylamide gels.  Neutral gels were made in different concentrations of 

polyacrylamide ranging from 5%-7%.  Positively charged gels were made by using 15% 

and 25% APTMAC, also in a polyacrylamide range from 5%-7%. 

 For Rv1861, there were no successful weak alignments.  In neutral 5%, 6%, and 

7% acrylamide, there was no discernable residual dipolar coupling from a random  
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B. 

Figure III.B.1.6.  Rv3004 hydrogen/deuterium exchange experiments.  

Samples were prepared using 1mM Rv3004, 5% LMPG, 25mM sodium 

acetate, at pH 4.0, using varied amounts of D2O incubated for different periods 

of time.   

Blue resonances correspond to a sample run in 10% D2O. 

A – 30% D2O for 36 hours 

B – 90% D2O for 36 hours  

A. 
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Figure III.B.2.1.  Rv3004 residual dipolar coupling data.  A – isotropic spectrum,  

B – anisotropic spectrum, C – measured residual dipolar couplings for 105 

residues, D – RDC Histogram 
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sampling of 20 resonances.  In all of the positively charged gels, ranging from 5%-7% 

acrylamide and 15% and 25% APTMAC, the majority of signals were broadened out 

completely.  It is a small protein and may be a very compact monomer with considerable 

isotropic behavior inside a large micelle, despite the restrictions of the neutral gels.  In 

addition, the SDS micelle is highly negative in charge, likely generating significant 

electrostatic interactions with the positively charged gel.  Extensive interaction would 

create an overly anisotropic effect thus broadening the signals.   

 For Rv3004, there was one successful weak alignment in a neutral 7% gel.  There 

were 105 resonances for which residual dipolar couplings were measured.  They range in 

value  from +7 Hz to -7 Hz.  The chart of measured couplings, as well as a histogram of 

coupling values, can be found in Figure III.B.2.1.  The spectra from which these 

couplings were measured can be found in the same figure.  The histogram shows a 

regular spread of values with a small spike at 0 Hz.  This data suggests that the majority 

of Rv3004 is well structured, corroborating the H/D exchange data.  In an isotropic 

environment, the protein tumbles freely and there is no dipolar coupling.  By subjecting a 

protein to an anisotropic environment, rigid portions will no longer tumble leading to 

residual dipolar couplings depending on their orientation to the alignment axis.  Floppy 

regions will exhibit zero or very small residual dipolar coupling values because they will 

still be able to move isotropically in an anisotropic environment.  The same series of 

positively charged gels used for Rv1861 were also used for Rv3004.  As with Rv1861, 

the majority of signals disappeared for all positively charged gel anisotropic spectra.  The 

LMPG micelle is also highly negatively charged and perhaps there is too much 

electrostatic interaction between the gel and micelle, leading to an overly anisotropic 

environment and no signals.   

 These attempts at alignment using polyacrylamide gels are by no means 

exhaustive.  The next logical experiment would be negatively charged gels or stretched 

gels, both utilizing polyacrylamide (Chou et al. 2001).  In addition, the ATCUN motif, 

which binds Cu
+2

 ions, could also be used to render a less isotropic environment 

(Donaldson et al. 2001).  The use of synthetic organic tags that chelate lanthanide ions 

could also be used to measure residual dipolar couplings (Ikegami et al. 2004).  If none of 

these methods were tried or they all failed, paramagnetic relaxation enhancement effects 
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could also be measured (Donaldson et al. 2001).  They would serve as structural 

restraints during structure calculation, just as residual dipolar couplings.   

 3.  Specific labeling of proteins 

 Specific labeling of proteins for solution NMR can be very helpful during the 

assignment of the backbone.  It can relieve apparent ambiguities, especially in very 

congested regions of a spectrum.  Without an assignment, it can still be helpful to know 

where particular residues are located on an HSQC spectrum.  D2O exchange experiments, 

paramagnetic relaxation experiments, and other experiments that probe solvent 

accessibility or protein flexibility can reveal more information if there is a general picture 

of where particular residues are located.  Ligand binding studies can elucidate 

mechanisms and implicate involved residues if some knowledge of specific residue 

location is available, despite not having a final structure.  Rv3004 was successfully 

labeled with valine and leucine.  These residues were chosen because of their extensive 

presence in the predicted transmembrane region of Rv3004.  The spectra for these 

experiments can be found in Figure III.B.3.1.   

There are 12 valine and 17 leucine residues in Rv3004 and there are 4 valine and 

7 leucine residues in the predicted transmembrane region.  The leucine spectrum shows 

17 resonances, but one does not align with the fully labeled sample.  The valine spectrum 

displays 15 signals, 13 of which overlay with a resonance from the fully labeled sample.  

The valine data implies that in the fully labeled sample there are 13 valine resonances for 

12 valine residues.  This would indicate that Rv3004 has two slightly different 

conformations where one valine residue experiences two different environments.  The 

valine data also suggests that the specifically labeled sample has two more signals than 

the fully labeled sample.  This could be the result of minor scrambling of the 
15

N valine 

during cell growth.  Another scenario is that these resonances are also apparent on the 

fully labeled sample, but the resonances do not overlay very well.  This could mean that 

there are several slightly different conformations for Rv3004.  It is certain that the 

apparently aberrant resonances are not the result of sample preparation issues.  Each 

specifically labeled sample was prepared in the exact same manner as the uniformLy 

labeled sample.  In addition, the experiments were performed using the same 

spectrometer.   
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Figure III.B.3.1.  Rv3004 specifically labeled samples.  Specifically labeled 

sample overlaid with uniformLy labeled sample.   

A – Leucine labeled sample, 17 anticipated Leu signals 

B – Valine labeled sample, 12 anticipated Val signals 

 

Purple resonances correspond to a uniformLy labeled sample, Green and Blue 

resonances correspond to the specifically labeled samples. 

A. 

B. 

A.  Measured RDCs 

for obvious leucine 

residues in Hz:  7.2, 

-0.64, -1.7, 6.36, 

-1.14, -1.44, 3.32, 

-2.45, 1.27, -4.77, 

-6.79, 1.27, -6.82, 

1.47, 4.11, -4.07. 

B.  Measured RDCs 

for obvious valine 

residues in Hz: 

-2.44, 0.45, -6.79, 

1.27, -6.86, -4.16, 

18.86, 2.41, -1.54, 

-7.01, -5.49, -6.46, 

-7.24 
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A. 

Figure III.B.3.2.  Rv3004 H/D exchange data overlay with leucine and valine data.  

Green signals from D2O sample and Purple signals from specifically labeled samples 

A – Leucine sample overlay with 30% D2O sample  

B – Leucine sample overlay with 90% D2O sample 

C – Valine sample overlay with 30% D2O sample 

D – Valine sample overlay with 90% D2O sample 

B.

C. D.
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Figure III.B.3.3.  Rv1861 
15

N-leucine labeled.  10 anticipated leucine peaks. 

Red signals are from a fully labeled sample, blue signals are from specifically 

labeled sample. 
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From the weak alignment data, we can determine the RDCs for the leucine and 

valine resonances that overlay with the fully labeled sample.  Of the 32 signals in both 

spectra, 29 overlay well with the fully labeled sample.  The values for the signals that  

could be clearly identified are listed in Figure III.B.3.1.  Only two of these values have an 

absolute value less than 1 Hz.  They range in value from -7 Hz to +7 Hz.  Based on the 

relatively large coupling values for these resonances, we can assume the regions 

containing these residues are well structured.  Many of these resonances are from the 

predicted transmembrane α-helix and therefore we can also assume the helix is well 

structured.   

In addition to the weak alignment data, the specifically labeled samples can also 

be overlaid with the H/D exchange data to prove the solvent accessibility of these 

particular residues, this analysis can be found in Figure III.B.3.2.  The leucine region 

shows the same number of leucine residues at 30% and 90% D2O.  The valine sample 

shows the same result with all signals present at both 30% and 90% D2O.  This supports 

the weak alignment results for both leucine and valine residues.  The regions containing 

these residues are very well structured allowing for no exchange with the solvent.   

 Rv1861 was successfully labeled with methionine and leucine.  The methionine 

sample results are discussed further in solid state NMR, chapter 3.C.  Rv1861 has 10 

leucine residues, 8 of which are predicted to be in transmembrane regions.  The spectrum 

recorded for the leucine labeled sample is displayed in Figure III.B.3.3.  The expected 10 

leucine resonances were observed and they overlay nearly perfectly with the uniformLy 

labeled spectrum.  Near perfect overlay for two independently prepared samples indicates 

that samples are very reproducible.  Other specific labeling of both proteins, especially of 

residues that may be buried in the transmembrane regions will prove useful in the 

analysis of many other experiments. 

C.  Solid State NMR of Rv1861 

Rv1861 is well suited for study by solid state NMR.  Of the 110 amino acids 

comprising Rv1861, 64 are predicted to be in transmembrane α-helices.  These 

transmembrane α-helices form characteristic PISA wheels allowing for immediate 

structural characterization.  Two samples were prepared for use in solid state 

experiments.  The first was a uniformLy 
15

N labeled Rv1861, the second was a 
15

N 
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methionine labeled sample.  If the uniformLy labeled sample can be aligned and 

subsequently yield a well resolved PISEMA spectrum, then several wisely chosen 

specifically labeled samples would be enough to map the helical tilt and rotation, for a 

preliminary structure.  The condition trials that were necessary for solution NMR samples 

are not necessary for solid state NMR samples.  The conditions for solid state NMR of 

membrane proteins are well defined.  (Kim et al. 1998; Wang et al. 2000; Li et al. 2007)   

 For the following solid state NMR experiments, Rv1861 was expressed and 

purified by the author, the sample was prepared by Dr. Philip Gao, and the NMR 

experiments and analysis were performed by Dr. Conggang Li.  The uniformLy labeled 

Rv1861 was aligned using a DMPC:DMPG (4:1, w/w) liquid crystalline bilayer with a 

protein to lipid ratio of 1:10 (w/w).  First, a one dimensional spectrum was recorded to 

ensure the feasibility of the experiment.  The successful two dimensional PISEMA 

spectrum is shown in Figure III.C.1.  The predicted helix tilt based on the spectrum is 

37°.  Based on the intensity of the signals, there may be two helices tilted at this angle.  

The PISA wheel has been drawn on the two dimensional spectrum as a guide.   

 In order to further elucidate the precise locations of the independent helices, an 

15
N methionine labeled sample was generated.  There are five methionine residues in 

Rv1861.  One methionine is the start codon and the others are predicted to be scattered 

through each of the three transmembrane helices.  The acquired two dimensional 

spectrum can be seen in Figure III.C.1.  The predicted PISA wheel from the uniformLy 

labeled sample is overlaid on the methionine spectrum.  The methionine resonance seems 

to agree with the 37° tilt angle.   

 Experiments using 
15

N labeled leucine and alanine were also attempted.  

Expression, purification, and labeling were successful, but an aligned sample was never 

achieved.  For the leucine labeled sample there was never an observable signal, either the 

protein was lost during sample preparation or the concentration was never significant 

enough to record a spectrum.  The alanine sample was slightly more successful in that a 

powder pattern was observed.  To make an aligned sample with either residue labeled 

would be enough information to plot the helical tilt and rotation, leading to an initial 

structure for Rv1861.  Further experiments should include more attempts at leucine and 

alanine labeled samples.   
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Figure III.C.1.  Rv1861 uniformLy and Met labeled samples.  PISA wheel 

representative of 37° helical tilt overlaid on both spectra.  3 of 5 anticipated Met 

peaks are visible. 
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CHAPTER IV 

CONCLUSIONS 

 

 The initial characterization of Rv3004 and Rv1861 by solution and solid state 

NMR has been quite fruitful.  Optimal sample preparation and experimental conditions 

for obtaining high quality HSQC spectra of two membrane proteins from Mycobacterium 

tuberculosis, Rv3004 and Rv1861, have been determined.  Knowing these conditions, 

further experiments to map specific amino acids will be successful and simple to perform.  

Then, solvent accessibility and protein flexibility can be ascertained.  Finally, three 

dimensional experiments will map out the protein backbone and allow assignment of all 

residues.  Distance restraints could be garnered and a final, high resolution structure 

could be calculated.   

 We have learned that Rv3004 is a very stable and well structured protein.  The 

presence of over 100 signals for both H/D exchange experiments indicates Rv3004 is 

well structured and largely protected from the solvent.  The RDC histogram created from 

the weak alignment data supports a well defined structure for Rv3004.  In addition, the 

RDC values for the leucine and valine labeled samples ranges from -7 Hz to +7 Hz with 

only two of all 29 values having an absolute value less than 1 Hz.  In addition, the 

presence of all leucine and valine resonances at both 30% D2O and 90% D2O further 

supports the notion that these regions are well structured.  There is virtually no solvent 

accessibility to these residues.  These results demonstrate specifically that the regions 

containing the leucine and valine residues are well ordered, which bodes well for the 

majority of them being in a transmembrane α-helix.   

 We have discovered that Rv1861 is a high molecular weight oligomer that is very 

likely involved with ATP binding.  From the SDS concentration titration we know that 

Rv1861 shows no signs of denaturation at concentrations up to 500 mM SDS.  This is 

corroborated by SDS-PAGE results showing Rv1861 oligomers.  Based on our PFO-

PAGE analysis, Rv1861 exhibits only one high molecular weight structure because every 

trial shows exactly one band for the protein.  Our leucine labeled sample displays great 

signal dispersion suggesting the protein is well structured.  
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Having successfully obtained two aligned solid state NMR spectra for Rv1861 

bodes well for making more aligned samples in the future.  The structure of Rv1861 by 

solid state NMR is within reach.  It would be beneficial to the field of NMR to be able to 

compare the structures of the same protein by both solution NMR and solid state NMR.  

It would then be possible to compare the efficacy of detergent micelles versus liquid 

crystalline bilayers as membrane mimetics.  Knowing more about how micelles 

encapsulate membrane proteins relative to a more biologically relevant lipid bilayer could 

lead to great advancements in membrane protein biophysics because there would be a 

better understanding of the limitations and necessary assumptions.   

 The successful solution and solid state NMR results for Rv3004 and Rv1861 add 

vital information to the growing field of membrane protein structural genomics.  Rv3004 

was one of several membrane proteins used to refine methodologies for membrane 

protein characterization by solution NMR (Page et al. 2006).  Rv1861 was one of three 

full length proteins to yield excellent PISEMA data demonstrating the power of solid 

state NMR for solving preliminary structures of large membrane proteins (Li et al. 2007).  

In addition to methodology development, solving the structure and function of either 

protein would be beneficial to the field of tuberculosis research.  Based on current global 

tuberculosis statistics as reported by the WHO, any contribution to the fight against 

tuberculosis is of great importance.  
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