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Evaluation of a H-3C NMR Spectral Library
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A simple database 6fC/"H-13C spectral lists for 11 673 natural products was created in standard commercial
database format. Over 50% of the spectra were predicted using HOSE code descriptors derived from the
50% of spectra having experimental values. Prediction errors obtained by prediction of and comparison to
the experimental spectra revealed an exponentially decaying dependence between the average absolute error
and the depth of the matching HOSE codes. A subset of the library containing ovetH-08D assigned
experimental spectral lists were used to test against eight alternate query data sets. These sets represent
query data from various combinations of &%, 1D-DEPT, and 20H-13C spectra. Simulated query lists

were generated using Monte Carlo methods. As expected, queries based'bR'¥Deéata were more

likely to find the correct match under unfavorable conditions.

INTRODUCTION ask then if an incomplete and impreci€ list extracted
from a 2D spectrum would return the correct compound
when submitted as a query against a library36f spectra?
Furthermore, could the query be improved by adding
correlatedH data extracted from the same 2D spectrum and

13C NMR spectroscopy plays a significant role in the
identification and classification of unknown organic com-
pounds from natural products. This is largely due to the well-
known and exquisite dependence of tH€ chemical shift : L o
and proton splgting patteprn of each carbon atom on its local would th|_s offset the ls3|gn|_f|cant?cost of rebuilding '&C
chemical environment and its number of attached protons,sloec'[ral library as 8H-°C library*
respectively. Furthermore, the highly resolved spectra, af- Using the in-house program, SIMSERS a starting point,
forded by a large chemical shift range and narrow peak & new application has been developed to provide general
width, easily convert to highly reduced lists of chemical shift access both 2BH-*C and 1D**C data in a NMR spectral
positions with minimal loss of informationpeak intensity  library of natural products. The new application, SimSearch,
and width are features not generally used in dereplication. Was coded in a variety of fourth generation programming
Libraries of such spectral lists are common for synthetic languages, uses standard database software, and was the
organic compounds and are an invaluable tool for confirming Platform for the comparative evaluation of 1D and 2D NMR
the identity of known compounds. In the field of natural data for querying a small 2D NMR library, vida infra.
products, where>154 000 compounds have been reported SimSearch includes a neC spectrum predictor, which also
in the literature, most compounds are absent from com- required extensive evaluation. The evaluations were carried
mercially available spectral libraries. However, the predictive out using general methodologies developed to measure
correlation between molecular structure &#2INMR spectra  prediction and search engine performance. Spectral prediction
have provided a variety of ready vehicles to expand libraries accuracy was tested by removing each spectrum record out
of experimental spectra with calculated speéfta. one at a time and then predicting the missing spectrum from

Even if it were reasonable to make a comprehensive library the structure of original molecule. Performance and response
of predicted spectra, one is faced with the fact that a completeOf the search engine to query types were evaluated using
13C spectrum is still the most costly data to acquire in terms Monte Carlo simulated spectra. Simulated spectra were
of time and/or sample. Newer and more sensitive NMR generated by perturbing the peak positions of an original
equipment have not yet fully alleviated this significant parent spectrum. Small random deviations in chemical shift
problem, but one can use even more sensitive techniquegPpm-noise) were added to each peak position. Searches were
based ortH-detected 2D*H-13C spectroscopy. An HSQC repeated using newly simulated spectra for each of eight
spectrum provides both carbon and proton shifts in a fraction combinations of virtual 1D and 2D NMR data.
of the time required for a completéC spectrum. However,
there are two drawbacks to this technique. First, quaternary EXPERIMENTAL SECTION
carbon centers are systematically absent from the HSQC
spectrum. This poses an especially serious problem when Over 17000 natural product structure records were
quaternary carbons Comprise over 50% of a molecule. gathered from a Variety of internal MDL ISIS databases.
Fortunate|y, guaternary carbons Comprise on|y about 30% These were merged into a single database with 11 673 unique
of the average natural molecule. Second, the precision oféntries, 5733 of which containé&C assignments. Complete
these 2D spectra is at least an order of magnitude lower than'H-"*C assignments were recorded for 1076 of the assigned

corresponding directly detected 1D spectra. It is relevant to entries. Inevitably, as a database of this nature grows, errors
from the manual transcription process and even from the

* Corresponding author e-mail: Scott_K_Smith@merck.com. literature itself can lead to significant contamination of the
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Figure 1. Complete HOSE code description (seven spheres) of a central carbon atom of paraherquamide.

data which is then propagated into the predicted data. ISIS/ HOSE code-chemical shift pairs were loaded into a
PL scripts were used to detect obvious chemical shift errors, PERL accessible database file, CDB, and linked to a HOSE
such as shifts-350.0 ppm, as well as errors based on a few code search routine. Grouping by carbon multiplicity,
simple rules regarding proper ranges of chemical shift rangesalphabetical sorting, and a simple binary search algorithm
for several easily identifiable functional groups. Structures was used to coarsely match HOSE codes from an unassigned
were also checked for disconnected or five-coordinate molecule to a HOSE code in the CDB database. The
carbons and inspected when flagged by an outlying chemicalchemical shift in the assigned database, associated with the
shift. The training structures and assignments were furtherbest matching code or codes, as measured by the number of
refined by iterative submission of the full training set, matching shells or “match-depth”, was assigned to the query
stripped of its assignments, to the prediction module. code. When the same number of matching shells are found,
Comparison of the estimated shifts with the assigned shifts, the algorithm continues searching for the best match, element
in the training set, provided another means to detect suspecby element within the first nonmatching shell. The protocol
assignments or structures. used to make the final selection varied depending on the

HOSE code structure representation was chosen for thenumber of discrete codes having the greatest and equal
shift prediction model, despite this method’s inability to Match-depth. Selections were grouped into three general
encode for geometrical/stereochemical isomerism. The re-categories in the following manner. One-to-one matching
sulting bimodal distributions of chemical shifts for identical Petween the query code and a single training code was
HOSE codes were handled in both the prediction stage and@ssigned the “match-type” category “best”. One-to-many
at the search engine. We chose to keep with HOSE COdema}tqhmg (i.e. isomers) between the query code and.a set of
descriptors as they were used in the original SIMSER training codes used two protocols. When the bimodal
application with but one modification. The size limit of four  distribution of chemical shifts for a set of HOSE codes was
spheres was removed from the HOSE code generator so thagMall (<5 ppm), the distribution was reduced to its average
the new module generates an inclusive description of anyfor the subsequent assignment. When the dlstrlbuuqn was
given molecule (Figure 1). The chemical shift prediction 'arge &5 ppm), the extremes of its values were assigned,
module was written entirely in PERL 5 and consists of three @nd the matching typed was set to “max” and “min”,
modules: the HOSE code generator, a database of chemicalespectively. Proton assignments were propagated along
shifts paired with their related HOSE code, and search engineWith carbon assignments only when the match-type was
for that database. To achieve inclusive molecular descriptors,Pest, thus avoiding interpolation errors in the proton dimen-
the whole molecule must be traversed and accounted for,S!ON-
including ring closures. Perception of all ring closures ina  Thorough testing of these PERL modules was performed
structure gives rise to the smallest set of smallest rings fromto verify its basic operation, to provide feedback for error
SDF connection tables. This was achieved by application of correction, and to provide data for evaluating prediction
the chain-message algorithnas described by Balducci and performance. Refinement cycles consisted of submitting each
Pearlmar?®.In short, as the structure is traversed, atoms and of the training set structures to the prediction engine. Identical
bonds are recorded. When a branch point is reached, thematches were discarded, forcing the search to provide a
traversal splits to follow all possible paths. Finally, if two predicted shift from the remaining data. The effect of
separated traversals collide, the collision is detected signalinginclusive HOSE code generation was characterized using
aring. The object-oriented programming supported in PERL information retained from the last refinement cycle. This
5 was especially suited to handling and processing the ASCllinformation included shift errors, match-depth, match-type,
input and output of HOSE code generation. and molecule/atom identifiers.
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The final predicted assignments were combined with the  *H-'3C shift -pair and -triplet data obtained from 2D spectra
real assignments and loaded into a production Oracle can be represented by points in a pseudo-three-dimensional
database. A copy of the subset of ré&al-**C spectral shift space where the carbon dimension is one axis, the first
assignments was extracted into an Access database. Theggroton shift is the second axis, and the second proton shift
data provided an opportunity to test the use of correlated is the third axis. (Asymmetric methylene protons usually have
2D data in a chemical shift library. A search engine was different*H chemical shift values, while methyl protons do
written which accepts any combination8€ shifts,H-13C not.) Equation 3 is a simple extension of eq 2 to accom-
shift pairs, and multiplicity data. A resulting hit list was modate'H-13C spectral data and reduce it to a scalar using
ranked by a normalized similarity index calculated from the their sum, the Manhattan-Distance of the three dimensions.
minimum number of smallest errors arising from a peak- Thus, the similarity between a query point@,Q, H.Q)
by-peak comparison of query to library spectrum. Although and a library point (€, HiL, H,L) is a function of the
the entire database can be searched, it is clearly faster tadifference between the related shifts projected onto their
delimit the number of spectra to compare by some selectionrelevant axis. Normalization o8, is maintained by the
rules such as total number of peaks or a maximum absolutejntroduction of an adjustable paramek#™2 the maximum
error. The search is initiated with a list of carbon chemical allowed absolute shift difference in the proton dimension,
shifts, a range for the number of peaks to look for in a and a calculated parametefwhere n= 1 + count of proton
spectrum and a maximum absolute shift error. The searchshifts correlated to the carbon shift).
engine, written as a stored procedure in PL/SQL for the
Oracle version and Visual Basic for the Access version,

makes an initial query for spectral records with the appropri- S = 2H *
ate number of peaks. A subquery compares the query list to § 0 2 ‘L 2
the spectra returned by the first query. Originally, the " "
SIMSER application calculated a difference indg from st (Manhattan Sum)
the set of smallest errors. As shown in eq 1, an explicit
penalty for unmatched peaks is included, and the final total | |CQ —CLl l —H, ' |H2 —H2|
is partially normalized to the average of the peak counts in 1—— —— o e
the query and library spectra. Search results were then ranked nl C H
in ascending order starting from the smallBst
D s1, =0, if |¢? -ct|> ™™
penalty for misses P
, e . —_— Q L dmax Q _ 4L
Cdma.x*(Qn+Ln_2H)+E|CQ_CL| or |Hl H]|>H or |H2 H2|>H

D = /L

§ (Qn + Ln ) / 2 HIQ = First (Query/Library) proton shift

h_ﬂ_____d
normalization H 2Q Lo Second (Query/Library) proton shift

.dmax . . . . . . . .
C = adjlisswble maximum difference The normalization function outside the summation sign
c? - Query ~ C ppm; Q, = #peaks in query list in egs 2 and 3 also provides some degree of penalty in the
ct = Library ‘3Cppm; L, = #peaks in library spectrum event that peaks_ in_the query do not match the number in
D =0if lCQ _CLI 5 e H = countof (D, > 0) thelllg)rary. That |s,.|t can be seen as a penalty flfnct)en (

P e)le'x?, wherex = min(Q,, L), € = miss count, and' = (1

Equation 2 shown below mean centers and normalizes+ 2|Q, — Ln|/X). WhenQ, = L,, it reduces toX—¢)/x2. This
peak difference®, individually before converting them to  combined normalization and penalty function is independent
a similarity index and summing them. The final total is any chosen maximum shift difference and remains between
normalized to unity by an empirically derived function of 0 and 1; therefore, results from searches run under different
the number of hits, query peaks, and library peaks. Searchconditions may be compared. Equation 3 reduces to eq 2,
results are ranked in descending order of similarity index. except for the mean centering term, when proton data are
Multiplicity information, when available, was used in the unavailable in the query spectrum list.
subsearch to delimit the number of query and library peaks For completeness, eight virtual spectral-data combinations
to pair up for determining the minimum number of smallest were chosen for the 1D/2D query comparison (Table 1). The

errors. ideal query mode was represented as a combination of 2D
o IH-13C data available from an HSQC spectrum, multiplicity
ggm;‘fﬁgggoﬁ St, information available from a DEPT spectrum, and quaternary
e — carbons available from a directly detecté@ spectrum. The
2H D, - c? least ideal query mode was represented as a directly detected
Slg =\ —5— |* - S w— 13C spectrum wherein it was assumed that quaternary carbons
0, +L, ¢ went undetected because of poor signal-to-noise, and no
multiplicity data were obtained.
s1, = 0if |CQ _ CL| 5 cfmax Quantitative comparison of these eight query data types
— Pt was performed using Monte Carlo S|mulat|0n methods on
¢® =—3———  meancentering the 2D subset of the full database. Queries were based on

H C spectral data for nemadectin, selected from this subset (Figure
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Table 1. Query Modes Defined by Their Corresponding Spectral Data Sources, Distribution of Data Objects, and Total Number of Data Points

simulated query data mult > 0 mult=0 H total
query mode (7-Cy, 15-CH, 6-CH, 7-CHy) (28) (quaternary) (7) (34) (104)
1D MQ DEPT® & °C + + - 63
Mg DEPT + - - 56
MQ high SIN*C - + - 35
Mg low S/NC - - - 28
2D MQ DEPT-edited HSQC &°C + + + 97
Mq DEPT-edited HSQC + - + 90
MQ HSQC &1%C - + + 69
Mg HSQC - - + 62
Table 2. Overall Prediction Results: Summarized by Quantile and
Multiplicity
population (%) error (ppm) multiplicity error (ppm)
50 <0.9 CH +3.3
80 <4.0 Ch +2.6
90 <0.4 CH +2.3
99 <21 C +19

greater thant15 ppm. The largest errors were used to
pinpoint drawing or assignment errors in the original data
for correction. After three cycles of prediction and correction,
the average prediction error dropped to 2.6 ppm, with only
2.3% of the outliers greater than 15 ppm, and no errors
Figure 2. Nemadectih a 16-membered macrolide was selected greater than 110 ppm. No further refinements were per-
from the H-13C database as a representative structure having aformed. This process was halted when 97.5% of the predicted
variety of carbon types and functional groups. assignments were withig:15 ppm of their correct values.
Prediction errors from the last refinement cycle of the
training set were grouped into 5 ppm bins over the full carbon
spectrum Figure 3. The box-plots clearly show a significant
skew to the data such that the median error is approximately
half the average error because of the occurrence of errors
up to 100 ppm. These results demonstrate that the errors in
the predicted shifts are independent of chemical shift position
and the population distribution of the carbon chemical shifts
in the library. The average error 2.6 ppm is comparable to
ppm for carbon, 0.050.5 ppm for proton) to make one full the error reported originally for SIMSER. This is well within

cycle. The full cycle was repeated 660 times for each deviations observed in experimental data due to variations
query mode. Match results (where the similarity index was . P

> 0.25) were saved to a file for analysis. The top-GD in sample preparation aloriélhe average of the shift errors

hits (the number of simulation cycles) at each noise level grouped by molgcule for_aII 5733 assigned structures are also
were used to count the number of times the spectrum of shown. The assigned shift database was organized by carbon

nemadectin was found at the top of the ranked search results?ype’ but no statistically meaningful correlation between

The average of the similarity index for the top hit at each carbon type and prediction error was observed. Table 2

: summarizes the results from the final prediction test.
noise level for each query mode was also calculated. 7 .
query The majority of codes (90%), which were not perfectly

matched (i.e. isomers), were assigned chemical shifts ac-
cording to the depth and type of match. As expected, match
To verify that the HOSE code generator was functioning type and depth were strongly correlated with prediction error.
properly it was tested on a variety of structures, including The average error for a given match depth was fit using
large multiring macrocycles. In every case the correct numbernonlinear regression to a three parameter exponential func-
of ring closures was determined, and under no circumstancegion. These fits were further refined by partitioning the match-
did the module fail to produce a complete HOSE code. sphere scores and chemical shift errors by match-type (Figure
Subsequent conversion of the assigned structures and unast). Clearly, the min/max match-type demonstrated the least
signed structures to HOSE codes produced 135 425 andconsistent prediction performance. The models were useful
150 000 codes, respectively. in estimating the error to expect when using the prediction
Exhaustive testing of the chemical shift prediction module engine on unassigned structures. The fitted parameters and
was carried out ostensibly for two reasons; to obtain a estimates for the predicted library are summarized in Table
measure of the quality of the structure/spectral data itself 3. Finally, the completed set of 11 673 experimental and
and to determine what correlation exists between prediction predicted spectra were loaded into an Oracle database.
accuracy and the match-type and match-depth. The first The subset of fully assignéti-13C spectra was left in an
attempt at the “leave-one-out” prediction test resulted in an Access database for all subsequent Monte Carlo simulated
average prediction error of 4.0 ppm with 4% of the errors test searches. The purpose of these simulations was to

2). Uniformly distributed noise was generated using Access
(Visual Basic rand() function) and transformed using the
requisite scaling and shift to obtain 10 different magnitudes
of PPM noise centered on zero. Thus, the position of every
peak for nemadectin was perturbed independently for every
query. The resulting query spectra were submitted to the
search engine against the 1076 recbtel*C database. This
process was repeated with at 10 noise levels from1@

RESULTS
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Figure 3. Prediction errors as a function of chemical shift. Box-plots were used to present the complete range and profile of errors in 5
ppm sections of the ful*C spectrum. Outer wiskers are 10th and 90th percentile limits; the shaded region is bounded at the 25th and 75th
percentile limits: heavy line - mean; light line - median. (The boundary of the box closest to zero indicates the 25th percentile. The lines
within the box mark the median and mean; the boundary of the box farthest from zero indicates the 75th percentile. Whiskers above and
below the box indicate the 10th and 90th percentiles, and data points shown above and below the whiskers are the outlying 10%.)
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Figure 4. Prediction errors as a function of shell depth and match-type.

Table 3. Prediction Error Modél

indexes to increased ppm-noise for any given query mode

match-type Do D K error (spheres- 4) was enhanced by a simple fourth power transform. Unit
best 6.0e-1 15  6.le-1 19 normalization of the similarity index permitted this operation
av 4.9e-1 11 5.8e-1 1.6 to highlight differences between high and low Sl values
min/max 4.6 16 9.6e-1 5.0 without changing the overall range of the Sl data- 9.

2 Estimated error= Do + D*exp~Kspheres

The transformed 3ldata for each Monte Carlo simulation

were grouped by noise level, sorted, and plotted for each

determine the noise response of eight query modes asjuery mode as shown in Figure 5. The trajectory of the noise
described in Table 1. While typically a search would be response of each query mode show that at low levels of
truncated at the top 2560 hits, for this work all similarity injected noise the resulting hits are resolved into two distinct
indexes greater than 0.25 were saved for additional process-groups, separated by a clear transition in the magnitude of
ing and analysis. The relative change in the raw similarity Sl. The transition coincides with the number of times Monte
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Figure 5. Trajectory plots of results from Monte Carlo simulated queries.

Carlo simulations were executed on the query mode in where quaternary carbons are missing but not noted as being
question, implying that the parent spectrum was the highestsystematically absent, demonstrates that the least robust set
ranking hit in each of those queries. As the level of injected of data to search is an incomplete set which one assumes to
noise increases, the transition becomes less discernible, untibe complete. Figure 6b shows the (probabifity) finding
at the highest levels there is no measurable differencethe parent spectrum in the set of hits above the transition.
between hits. The transitions in the 2D query modes survive The large decrease in probability occurring atbppm for
down to 5 ppm’s of injected noise, but those in the 1D query all query modes coincides with ti@™>error limit (5 ppm)
modes survive only to 3 ppm, suggesting that the 2D modesused in these queries. This observation is probably an artifact
are, in general, more robust than the 1D modes. In fact, theof the simulation conditions, assuming that the Monte Carlo
2D mode with the least amount of data (gm) for its query simulated spectra with*5 ppm noise should have more
performs nearly as well as the ideal 1D mode (QM). The unmatchable peaks than those witb ppm noise. Nonethe-
trajectory plots for the 2D-QM query mode, albeit the most less, the trend that 2D query modes perform slightly better
expensive data set to acquire, shows that in some casesthan 1D modes is consistent with the rest of the results.
similar spectra may be detected as a second plateau and
transition in the plot. DISCUSSION

Figure 6a shows the average value dffSit the hits above Careful analysis of shift prediction results from refinement
the transition in each query mode. While the differences are of the experimental data confirmed that prediction accuracy
not dramatic, the trend confirms differences implied by the depends on the matching depth of HOSE code spheres. It
trajectories shown in Figure 5. The 1D-gm query mode, was also established that the dependence is an exponential



EVALUATION OF A H-13C NMR SPECTRAL LIBRARY

0.8+

0.7 4 Similarity

0.6
0.5 4

0.4 4

Similairity"4

Probability"4

Injected Noise (ppm)

Figure 6. Summary results of Monte Carlo simulated queries: (a)
averaged Slfor the first ranked matches in each search mode and
(b) probability that the correct parent spectrum was found at the
top of the ranking for each search mode.

function which asymptotically approaches a lower limit. It

can be concluded that beyond seven spheres the dominant

source of error originates from errors in the database such
as, faulty transcription, publication errors, solvent/pH effects,
and the bimodal distribution of shifts for stereo- and
geometrical-isomers.

The match-depth score for a pair of HOSE codes provides
an atom centric similarity index, which proved useful in
estimating prediction errors in unassigned libraries. But the

estimated errors should be viewed with some caution as they (4)

are expected to be systematically too low.
Monte Carlo simulated queries of a spectral database
yielded useful insights regarding the overall performance of

J. Chem. Inf. Comput. Sci., Vol. 41, No. 6, 200469

spectrum is a measure of the resolving power of the different
guery modes, and the noise level at which the transition is
no longer discernible is a measure of the robustness of the
query modes.

It appears that the added dimensionality of a query by the
use of'H-13C spectral data has only a modest but beneficial
effect on search results. However, the most practical
advantage of using 2D data comes from the significant
savings in time afforded by indirect detection techniques.
Furthermore, it was clearly demonstrated the least reliable
searches are produced by 11T spectra with a low signal-
to-noise ratios. This is consistent with the fact that those type
of spectra product the fewest data points on which to search,
and they give no information regarding the possible and
probable absence of quaternary carbon data. With 1D-DEPT
or 'H-13C spectra one can inform the search-engine that
guaternary carbons are systematically absent. Indeed, when
there are enough protonated carbons in the compound to
compensate for lost quaternary carbon data, the HSQC
spectrum should provide the most efficient route to derep-
lication of natural products by NMR because of its high data
content relative to the time required to obtain those data.
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