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Introduction

The support from the Department of Energy enabled us to initiate research on several

proteins from the bacterial mercury detoxification system; in particular, we were able to

determine the structures of MerP and related metal binding sequences. We have also

worked on the membrane transport proteins MerF and MerT.

These studies are significant because are enormous amounts of highly toxic

organomercurial compounds in the environment because of industrial pollution and gold

mining as well as natural geochemistry. Methyl mercury and other Hg (II)-containing

organic compounds are harmful to humans through both acute and long-term exposures,

and they are known to affect fetal development. The most widely known example of an

affected human population surrounds Minamata Bay in Japan. According to recent

estimates, as many as 1,500 people died and another 50,000 suffered health effects from

their exposure to organomercurial compounds dumped into the sea as industrial waste.

Perhaps the best-publicized example of an acute poisoning is that of Professor Karen

Wetterhahn of Dartmouth College who died several months after an accidental exposure

to a few drops of methyl mercury through her gloves while working in a chemistry

laboratory. The damaging effects were irreversible using currently available medical

technologies. The food chain is highly effective at concentrating mercury-containing

compounds in the large fish and marine mammals that provide much of the protein in the

diet of many humans. Details about the amounts of mercury in the food supply that result

in human diseases and birth defects remain controversial largely because of their

potential economic and political impact. Chemical and biological studies of mercury

toxicity are well justified as both environmental and biomedical research. We propose to



apply the methods and concepts of structural biology to the membrane transport proteins

involved in the biological detoxification of mercury-containing compounds.

Hg (II) reacts avidly with the exposed sulfydryl groups present in the vast majority of

proteins. Since the activities and stabilities of proteins are affected by chemical

modifications, mercury-containing compounds are universally toxic to biological

organisms. Although organomercurial compounds are among the oldest known

antibacterial agents, some bacteria thrive in the presence of high concentrations of the

same mercury-containing compounds that kill humans and most other bacteria in very

low doses. For example, bacteria found in the mercury-polluted sediment from Minamata

Bay contain a transmissible plasmid that encodes proteins whose functions impart an

efficient mechanism for detoxifying mercury. The principal goal of the proposed research

is to describe the structural basis for the functions of the membrane transport proteins

involved in the mercury detoxification process, since this may provide input for the

design of agents that ameliorate the effects of acute mercury toxicity in humans and

contribute to chemical or biological mechanisms for reducing the amount of Hg (II) in the

environment.

The most thoroughly investigated bacterial mercury detoxification system is remarkable;

it functions by transporting the toxic Hg (II) into the cell, where it is converted to metallic

mercury, Hg (0), which is not only significantly less toxic but also sufficiently volatile to

be passively eliminated. Cultures of bacteria containing the mer operon grown in the

presence of Hg (II)-containing compounds produce a sheen of metallic mercury on the

surface of the culture. Proteins encoded in the mer operon are responsible for three

essential steps: 1.) Hg(II) is bound in the periplasm and transferred to a membrane

protein. 2.) Hg(II) is transported across the cell membrane into the cytoplasm. 3.) Hg(II)

is reduced to Hg(0) in the cytoplasm. Finally, the volatile Hg(0) diffuses passively out of

the cell. Some isolates of the bacterial mercury detoxification system have an additional

enzyme in the periplasm, organomercury lyase that removes organic ligands from Hg(II)

and distinguishes broad-spectrum from narrow-spectrum detoxification systems.



The mer operon consists of structural genes for the proteins that carry out these steps and

the metal-binding repressor (MerR) that regulates their expression. We determined the

three-dimensional structure of MerP, the periplasmic protein that binds Hg(II), in solution

by NMR spectroscopy (Steele and Opella, 1997), and have studied the structures and

metal-binding properties of peptides with sequences corresponding to the metal-binding

loops of this class of proteins (Veglia et al, 2000; Opella et al, 2002; DeSilva et al, 2002).

MerP transfers Hg(II) to the membrane proteins MerF or MerT that transports Hg(II) into

the cell. We propose to determine the three-dimensional structures of MerF and MerT as

the first step towards understanding their metal transport functions, and the next step in

our program to describe the molecular basis for mercury detoxification in bacteria. In the

cytoplasm, Hg(II) is reduced by the enzyme mercuric reductase (MerA) to Hg(0); its

structure has been determined by X-ray crystallography, and recently its N-terminal

“MerP-like” domains have been separately characterized in solution by NMR

spectroscopy.
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NMR Structural Studies of merP and homologous domains

The first step in this research was to determine the structure of MerP, the prototypical

metal binding protein with the characteristic GMTCXXC sequence in its metal binding

site (Steele and Opella, 1997). MerP is a compact globular protein with 72 residues in a

babbab fold. As shown in Figure 3, the two α−helices lie on top of a four-strand

antiparallel β−sheet. Significantly, the structural and dynamic differences between the

reduced and mercury-bound forms of MerP are found only in residues proximate to the

metal binding site. Sequences representative of the proteins and peptides homologous to

MerP investigated in this research are compared in Figure 1.

Figure 1: The sequences of several MerP-like proteins and peptides. The two Cys residues in the metal-
binding site are used to align the sequences.

The two-dimensional 1H/15N heteronuclear multiple quantum correlation (HMQC)

spectrum of a polypeptide corresponding to the first metal binding domain of the protein

associated with Menkes disease (MNK1) is shown in Figure 2. This protein is

homologous  to MerP. This spectrum displays essentially complete resolution among all

amide resonances. The line widths in both dimensions are narrow, and there is excellent

chemical shift dispersion because of the substantial amount of β-sheet in the protein.

Since the resonances from nearly all backbone sites have been identified and assigned for

both reduced and metal-bound forms of the protein, it is possible to identify those

residues affected by metal binding by inspection of the chemical shift changes (Steele

and Opella, 1997; DeSilva and Opella, 1999).

MERP      ATQTVTLAV PGMTCAACPI   TVKKALSKVE  GVTKVDVGFE  KREAVVTFDD  TKASVQKLTK  ATADAGYPSS  VKQ
PEPTIDE        TLAV PGMTCAACPI   TVKK
MNK1 MDPSMGVNSVTISV EGMTCNSCVW   TIEQQIGKVN  GVHHIKVSLE  EKNATIIYDP  KLQTPKTLQE  AIDDMGFDAV  IHNPD
MNK4      LTQETVINI DGMTCNSCVQ   SIEGVISKKP  GVKSIRVSLA  NSNGTVEYDP  LLTSPETLRG  AIEDMGFDAT  LSD
ATX1    MAEIKHYQFNV V.MTCSGCSG   AVNKVLTKLE  PDVSKIDISL  EKQLVDVYTT  LPYDFILEKI  KKTGKEVR.S  GKQL



The results of several double- and triple-resonance three-dimensional experiments

provided the resonance assignments noted in the spectrum. The triple-resonance HNCA,

HNCOCA, and CBCACONH experiments directly assigned nearly all of the backbone

resonances, and gave many chemical shift measurements. The Cβ chemical shifts were

particularly valuable in identifying the most probable type of amino acid associated with

each Cα and Cβ resonance. The summaries of the short- and medium-range NOEs and

other measurements clearly show that the MNK1 domain, like MerP (Steele and Opella,

1997) has two α-helices and four β-sheets.

A total of 790 distance restraints were derived from the NMR experiments on MNK1.

249 intra-residue, 220 sequential, 231 medium and long range, 60 torsion angle and 30

hydrogen bond restraints were used in the structure calculations. There were

approximately 10 restraints per residue. The 20 lowest energy structures were used in the

analysis. The average structure of MNK1 is compared to that of MerP in Figure 3. We are

in the process of adding orientational constraints from residual dipolar couplings

measured from weakly aligned samples; this should be particularly useful for increasing

the resolution in the metal binding loop where the NOEs are relatively sparse. The most

notable features of the structure of this class of proteins are that the two helices lie above

the plane of a four-strand β sheet, which has a slight left-handed twist common to many

Figure 2: 1H/15N HSQC spectrum of uniformly 15N
labeled MNK1 polypeptide in solution.



antiparallel β sheets. This twist is more pronounced in the last short strand. A β bulge

breaks the sheet at the beginning of the second strand. The helices are roughly parallel

and are oriented at an angle of about 15o relative to the axis of the β  sheet. The

interhelical angle is about 50o. This follows the twist of the b sheet as the helices are

packed against the sheet. The long loop connecting B1 and the first helix contains the

metal binding site with the GMTCXXC sequence. In the mercury-bound form the two

Cys residues lie above the loop toward the surface of the protein.

As mentioned above, only a limited number of resonances undergo substantial shifts

when mercury is added to the protein. It is notable that the residues associated with these

resonances are near the metal binding loop in the three-dimensional structure of these

proteins, although not necessarily in the sequence. The largest changes occur in the loop

connecting strand B1 and helix H1, and part of the way into helix H1. Chemical shift

changes also occur in the region between strands B2 and B3, directly below the metal

binding loop. Smaller, but significant, shifts are observed for the residues connecting

helix H2 and strand B4, which are near the binding site. The essential conclusion to be

drawn is that the tertiary structure provides the framework for the metal binding loop

with the GMTCXXC sequence. This finding led to the experimental studies on peptides

containing only those residues that constitute the metal binding loop.

Figure 3: The three-dimensional
structures of MerP-like proteins that we
determined in solution by NMR
spectroscopy. A. MNK1 (DeSilva and
Opella, 1999). B. MerP (Steele and
Opella, 1997).

A. MNK1         B. MerP



Peptides Corresponding to the Metal Binding Loop of MerP-like Proteins

We have synthesized, characterized the metal binding properties, and determined the

three-dimensional structure of the 18-residue peptide TLAVPGMTCAACPITVKK

(Veglia et al, 1999), which corresponds to residues 6 through 23 that constitute the metal

binding loop of MerP. As expected, in the absence of metal ions, the 18-residue peptide

does not appear to have a preferred conformation in solution; its CD spectrum has

substantial negative intensity at 200 nm, characteristic of an unstructured polypeptides,

and its two-dimensional 1H/1H NOESY NMR spectrum contains only a few weak cross-

peaks. However, dramatic spectral changes occur upon addition of mercury, indicating

that the peptide folds into a highly stable, unique conformation when it binds a metal.

The negative intensity in the CD spectrum is reduced; many 1H NMR resonances shift

and become noticeably broader; and there is a substantial increase in the number and

intensity of cross-peaks in the two-dimensional 1H/1H NOESY NMR spectrum. These

NOEs provide the distance constraints used for determination of the three-dimensional

structure of the peptide in solution.

The average structure of residues 6 – 12 of the peptide (corresponding to residues 11 – 17

of MerP) is shown in Figure 4A. The structure of the same sequence in MerP is shown in

Figure 4B for comparison. The backbone structure of the peptide is relatively well

defined for those residues shown in Figure 4A, with an RMSD to the mean of 1.2 Å for

their alpha carbons. The N-terminal five residues of the peptide are unstructured in

solution, although the corresponding residues (6 – 10) are highly structured in MerP since

Figure 4: Structures of the GMTCAAC sequence
determined by NMR spectroscopy. A. The sequence in
the 18-residue peptide in solution (Veglia et al, 1999). B.
The sequence in the metal-binding loop of MerP in
solution (Steele and Opella, 1997).



they are sandwiched between the third and fourth β-strands. The three-dimensional

structures of the crucial GMTCAAC residues bound to Hg(II) are remarkably similar in

the 18-residue peptide and the 72-residue protein. Notably, in both structures the two Cys

side chains point towards the interior of the loop and coordinate the metal ion. In

addition, the methyl group of Ala16 points toward the metal and the methyl group of

Ala15 is located on the outside. As in MerP, the side-chain of Met12 is not close enough

to be involved in metal binding. This is also the case for the proteins MNK4 and Atx1

whose metal binding loops have sequences virtually identical to that of MerP. In the

structures in Figure 4, Thr13 points away from the metal, ruling out possible interactions

with its side chain oxygen. In contrast, the Thr14 and Thr13 side chains of Atx1 and

MNK4 are significantly closer to the metal binding site, approaching a distance

consistent with secondary bonding interactions that may affect discrimination among

metal ions. The metal binding loop of the peptide appears less extended than in MerP,

possibly because the conserved hydrophobic residues proximate to the metal binding loop

in the protein are absent in the peptide.

199Hg NMR spectroscopy is ideal for elucidating the coordination geometry of peptides

and proteins that bind Hg(II), since 199Hg is a spin S = 1/2 nucleus with a chemical shift

that is highly sensitive to its ligands and has an enormous range (>3000 ppm). Figure 5

contains directly detected 199Hg NMR spectra of Hg(II) bound to several of the proteins

being investigated. The chemical shift of Hg(II) bound to MerP in aqueous solution is

–816 ppm, well within the range observed for linear bicoordinate aliphatic thiolate

compounds. In contrast, the 199Hg chemical shift observed for Hg(II) bound to MerR,

which is tricoordinate (3 Cys residues) is –106 ppm, and this result correlates well with

those for structurally characterized tricoordinate aliphatic thiolate compounds. Thus, the

resonances in Figure 5 are from bicoordinate mercury bound to MerP, MNK1, MerT, and

the 18-residue peptide corresponding to the MerP metal binding loop.

Figure 5: 199Hg NMR spectra of Hg(II)
bound to proteins and peptides.



Remarkably, the GMTCAAC sequence retains metal-binding specificity in an 18-residue

linear peptide. There are only 1 – 2 orders of magnitude difference in the metal binding

affinities between the peptide and the protein from which the sequence was derived. This

demonstrates that peptides with high affinities and specificities for metal ions can be

designed based on the structures of the native metal binding proteins in solution. Details

of the influence of more distant residues will be described in the proposed research,

which will add to the sophistication of the design process. Nonetheless, based on our

preliminary results, it is likely to turn out that only a limited number of residues are

needed to have a selective chelating agent. This bodes well for the design of reagents

capable of removing heavy metals from the environment as well as humans exposed to

these toxins.

NMR Structural Studies of the Membrane Proteins MerT and MerF

The amino acid sequences of MerT from Tn501 and MerF from pMJ100 are compared in

Figure 6. The secondary structures of these proteins are compared in Figure 8. The

experimental solution NMR data from micelle samples are consistent with the

hydropathy plots in showing that MerF is missing the C-terminal trans-membrane helix

of MerT, but otherwise the proteins are quite similar. The locations and sequences

surrounding their two pairs of Cys residues in both proteins are especially important

because they define the locations of the metal binding sites. These proteins incorporate

metal binding sites with two adjacent Cys residues compared to the Cys residues

separated by two intervening residues in the MerP-like proteins. This turns out to have

profound consequences on their metal binding behavior, and its investigation is a high

priority in the proposed research.

Figure 6: Alignment of the sequences of
MerT of Tn501 and MerF of pMJ100. The two
pairs of Cys residues involved in metal
binding are highlighted.



The development of a general NMR approach to structure determination of membrane

proteins is a major subject of investigation in the laboratory. Two-dimensional 1H/15N

HSQC spectra of uniformly 15N labeled MerF and MerT in lipid micelles are shown in

Figure 7. These spectra are of very high quality and show essentially complete resolution

of all amide resonances, in spite of the relatively broad line widths and limited chemical

shift dispersion in these helical proteins. These spectra enable relaxation measurements

and three-dimensional experiments. These results are also important because they

demonstrate the integrity of the polypeptides before they are placed in phospholipids for

orientation.

Figure 7: Assigned two-dimensional heteronuclear correlation NMR spectra of uniformly 15N labeled mercury
transport proteins in micelles. A. MerF. B. MerT.

A. MerF B. MerT



Solution NMR spectroscopy is considerably more difficult for membrane proteins in lipid

micelles than for globular proteins in aqueous solution. The use of triple-resonance three-

dimensional experiments was essential to obtain the resonance assignments. Because of

the problems resulting from the relatively slow correlation times, 2H, 13C, and 15N labeled

proteins were required and highly optimized sample conditions. The backbone

assignments enabled the secondary structure of MerF and MerT to be determined

experimentally. The parameters available for characterizing the secondary structure are

shown in Figure 8. Taken together all of the parameters are consistent in showing that

MerF has three and MerT has four trans-membrane helical segments.

Hydrophobic membrane proteins like MerT and MerF can be reconstituted into

phospholipid bilayers and bicelles. Unoriented bilayer samples are useful in

characterizing the dynamics of backbone and side-chain sites. The principal approach we

Figure 8:  Secondary structure of MerF and MerT based on hydropathy plots and experimental NMR
parameters for the protein in lipid micelles.

A. MerF  B. MerT       
B. MerT



are developing for determining the structures of membrane proteins relies on the

spectroscopic properties of oriented samples.

The solid-state NMR spectra in Figure 9 demonstrate that we have been able to prepare

uniformly 15N labeled samples of MerF and to orient the protein both in phospholipid

bilayers mechanically between glass plates and magnetically in bicelles. Because these

are uniformly 15N labeled samples, not much resolution is available in one-dimensional

spectra. However, they do demonstrate that we successfully oriented MerF in bilayer

environments.

These results serve to characterize the general features of the mercury membrane

transport proteins. The combination of sequence analysis, along with relevant site-direct

mutagenesis results indicating the importance of the Cys residues, hydropathy analysis,

and preliminary NMR results give working models for MerT and MerF.

Figure 9: 15N NMR spectra of uniformly 15N labeled MerF. A. Mechanically oriented bilayers. B.
Magnetically oriented bicelles.

A. MerF    B. MerT 

     B. MerT

Figure 9: 15N NMR spectra of uniformly 15N labeled MerF. A. Mechanically oriented bilayers. B.
Magnetically oriented bicelles.


